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Abstract: Reliance on groundwater is outpacing natural replenishment, a growing imbalance that
requires detailed and multi-faceted water resource understanding. This study integrated water-sta-
ble isotopes and hydrogeochemical species to examine hydrogeochemical processes during ground-
water recharge and evolution in the Lake Malawi basin aquifer systems. The findings provide in-
sights into groundwater source provenance, with non-evaporated modern precipitation dominating
recharge inputs. Grouped hydrochemical facies exhibit five groundwater water types, prominently
featuring Ca-Mg-HCQOs. Modelled hydrogeochemical data underscore dominant silicate dissolution
reactions with the likely precipitation of calcite and/or high-Mg dolomitic carbonate constrained by
ion exchange. Isotope hydrology reinforces water resource system conceptualisation. Coupled iso-
topic-hydrogeochemical lines of evidence reveal a discernible spatial-seasonal inhomogeneity in
groundwater chemical character, revealing a complex interplay of meteoric water input, evaporative
effects, recharge processes, and mixing dynamics. Findings show that measurable nitrate across Ma-
lawi highlights a widespread human impact on groundwater quality and an urgent need for de-
tailed modelling to predict future trends of nitrate in groundwater with respect to extensive fertiliser
use and an ever-increasing number of pit latrines and septic systems arising from rapid population
growth. This study not only refined the Lake Malawi basin aquifer systems conceptualisation but
also provided isotopic evidence of groundwater and lake water mixing. This study sets a base for
groundwater management and policy decisions in support of the Integrated Water Resources Man-
agement principles and Sustainable Development Goal 6 objectives for groundwater sustainability
in the transboundary Lake Malawi basin.

Keywords: isotope tracers; hydrogeochemistry; sustainable development goal 6 (SDG 6);
geochemical modelling; groundwater sustainability

1. Introduction

Access to safe drinking water and sanitation is a fundamental human right, as stated
in the United Nations (UN) resolution 64/292 [1]. The provision of clean water is further
enshrined as a critical global priority in Sustainable Development Goal 6, ‘Clean water
and sanitation’. Despite this, a considerable proportion of the global population lacks ac-
cess to adequate water services. Recent figures estimate that ca 2.4 billion people reside in
water-stressed countries, and ca 2.2 billion people lack access to safely managed drinking
water (2020 and 2022, respectively) [2]. This issue is particularly prevalent in many rural
and peri-urban communities in sub-Saharan African (5SA) countries, including Malawi.
Groundwater plays a vital role in supplying drinking water and supporting domestic
needs, especially in regions with limited water distribution networks. It constitutes
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approximately 50% of global freshwater resources, serves about 40% of irrigated agricul-
ture, and provides around one-third of the water supply for industry. Its significance ex-
tends to human development and economic growth [3]. However, excessive groundwater
extraction and declining groundwater levels present sustainability challenges [4]. Sustain-
able management approaches are necessary to ensure the long-term availability of
groundwater resources. Groundwater has been particularly critical in building resilience
to climate change and ensuring water security in the Southern African Development Com-
munity (SADC) region [5]. Approximately 65% of Malawi’s population heavily relies on
groundwater for drinking and domestic use [6,7]. This is even more significant in rural
areas where 82% of the population relies on groundwater. Considering the unpredictable
nature of precipitation and inconsistent surface water flows in Malawi [8], groundwater
is viewed as a reliable alternative for water supply provision, especially during drought
periods [9]. The significance of groundwater in surface water dynamics in Malawi,
through its significant role in base flow, further emphasises the importance of groundwa-
ter within Malawi’s water security.

Malawi’s aquifer lithology influences groundwater quality [6]. Geogenic and geo-
chemical factors influence groundwater quality in Malawi, in some instances leading to
elevated levels of salinity, fluoride, iron, sulphate and chlorides [10-13]. Raised levels of
sulphate in weathered basements [14] and high salinity in alluvial aquifers have been re-
ported, with the latter resulting in the abandonment of several boreholes [15]. Malawi also
faces challenges regarding groundwater supply impacted by aquifer stress and improper
infrastructure development by non-governmental organisations, resulting in a scourge of
stranded groundwater assets across the country [16]. Rapid population growth, changing
lifestyles, unpredictable precipitation, higher agricultural demands, water resource deg-
radation, and climate change add to a list of drivers confounding Malawi’s water prob-
lems [17,18]. The agricultural sector, employing over 80% of the population and driving
Malawi’s economy, uses a substantial amount of the country’s renewable freshwater re-
sources, exerting heavy pressure on Malawi’s water resources [19]. To address these is-
sues, Integrated Water Resources Management (IWRM) and sustainable water manage-
ment techniques such as borehole garden permaculture [20,21], alongside advanced tech-
nologies like isotope hydrology tracers, can play a crucial role in understanding and man-
aging groundwater resources sustainably [22]. Notably, isotope hydrology tracers provide
insights into the conceptualisation of hydrological-hydrogeological systems [23,24],
groundwater dynamics, recharge processes, and water-source provenance [25-28], aiding
in science-led policy decisions [29]. Yet, despite their benefits, the use of advanced tech-
nologies to facilitate sustainable water resource management is limited in low-income
countries, and their potential to inform SDGs (e.g., SDG 6) has not been fully explored
[30-32]. Establishing shared laboratories for the routine use of isotope hydrology tracers
can significantly improve water resource management in low-income countries.

The overarching aim of this work was to establish a conceptualisation of the ground-
water in the Lake Malawi basin (LMB) aquifer systems, focusing on isotope hydrology
and hydrogeochemical baseline characterisation, spatial-seasonal effects on groundwater
mineral signatures, geochemical controls on groundwater quality and evolution, ground-
water-resource provenance, and hydrogeological system conceptualisation. Specifically,
this study addressed the following research questions: (a) What are the background iso-
tope hydrology and hydrochemical signatures of groundwater in the LMB? (b) How are
the LMB aquifer systems recharged, and what are the isotope hydrology and hydrochem-
ical signatures of distinct recharge inputs? (c) What are the geospatial and seasonal effects
on groundwater quality and mineralisation? (d) What are the key geochemical controls
on groundwater quality and evolution? and (e) How do isotope hydrology, hydrogeo-
chemical and geospatial characteristics help refine the conceptualisation of the LMB aqui-
fer systems? This study is consistent with the IWRM principles and SDG 6 objectives, with
the potential to underpin sustainable groundwater resource management in Malawi and
the wider region. This study aligns with the International Atomic Energy Agency (IAEA)
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Technical Cooperation (TC) project objectives (RAF7021 regional project) for sustainable
water management and supports transboundary water management initiatives under the
2004 ZAMCOM agreement and was supported by the Scottish Government’s Climate Jus-
tice Fund Water Futures Programme (CJF).

2. Study Area

The Lake Malawi basin (LMB) is a transboundary region that covers Lake Malawi
and its surrounding surface areas in Malawi, Mozambique, and Tanzania (Figure 1a). It
lies within a seismically active belt at the southernmost region of the East African Rift
System (EARS), with a combined lake and land surface area of ca. 126,500 km?, 97,740 km?
of which is land surface [6]. The study area is constrained to the Lake Malawi basin section
within Malawi’s international boundary (Figure 1b), spanning ca. 64,785 km? of land sur-
face, with ca. 32,955 Km? of land surface occupied by Mozambique and Tanzania. The
study area covers 13 water resource areas (WRAs) of national significance, mainly focus-
ing on the 11 major water resource areas with a substantial contribution to Lake Malawi
hydrology (Figure 1b). It leaves out two minor WRAs encompassing Chizumula and Li-
koma islands in the middle of Lake Malawi with minimal contributions to the Lake Ma-
lawi hydrology.
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Figure 1. Study area showing (a) study area location in Malawi and its transboundary extent (Ma-
lawi, Mozambique, Zambia, and Tanzania), and (b) study area extent with water resource areas
(WRAS) (c) Malawi location in Africa.
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2.1. Water Resources

Water resources in the study area consist of surface waters such as rivers, lakes, la-
goons, and water reservoirs, as well as groundwater reserves found in aquifers [33]. The
surface water and groundwater resources are, in part, shared across borders, requiring a
multinational approach for equitable and sustainable management such as the 2004
ZAMCOM agreement. With a total of 49,032 groundwater points (community water sup-
ply boreholes and protected shallow wells) distributed across the basin, only approxi-
mately 85.8% are functional or partially functional [6]. The majority (63.8%) of these
groundwater points consist of community water supply boreholes fitted with hand
pumps, followed by protected dug wells [6]. Annual averaged surface runoff contribu-
tions to Lake Malawi are around 391 m3/s (for Malawi), 486 m3/s (for Tanzania), and 41
m?/s (for Mozambique), with a mean outflow of 395 m3/s [6]. Lake Malawi’s stand fluctu-
ates between 471.5 and 477 masl, with a range of 474 to 475.3 masl recorded in 2022, con-
tributing to an annual recharge input of 35.9 km? [6]. The highlands and catchment areas
contribute to surface water runoff, which eventually replenishes rivers and streams flow-
ing into Lake Malawi, with 63% of Malawi’s surface runoff water discharging into Lake
Malawi [33]. Key surface water storage reservoirs include Kamuzu Dam I and Kamuzu
Dam II on Lilongwe River, with a combined supply capacity of 125,000 m3/day. The
Lunyangwa Dam on the Lunyangwa River has a supply capacity of 25,900 m?/day [34],
and the Bwanje Valley Dam on the Naminkokwe River has a supply capacity of 5.6 million
m? [30]. The Kamuzu Dams primarily supply water to Malawi’s capital, Lilongwe, while
the Lunyangwa Dam serves Mzuzu City, Ekwedeni township, and other surrounding ar-
eas. The Bwanje Valley Dam supports the Bwanje Valley irrigation scheme, providing a
water supply source, hydropower generation potential, and environmental flows. Other
water storage reservoirs include the Chitete Dam in the Kasungu township and the Lusa
Dam in Mchinji, which are mainly used for water supply, irrigation, and supporting small-
scale fish farming for rural livelihoods.

2.2. Topography

The Lake Malawi basin has a diverse topography, ranging in altitude from 471 to
2521 m, with a mean of 1102 masl (Figure 2a). It consists of highlands, plateaus, rift valley
escarpments, rift valley plains, and rift valley floors (Figure 2b). Notable highland features
include Dedza mountain, the Dzalanyama range, the Mchinji highlands, the Viphya
mountains, and the Nyika highlands, which vary from 667 to 2521 m, with a mean eleva-
tion of 1618 m asl. The plateaus primarily feature gentle slopes, including wetland ecosys-
tems locally known as ‘dambos’ that easily flood with no well-defined channels. The dambos
play a significant role in groundwater storage and subsequent draining within the plat-
eaus. The Kasungu-Lilongwe plain is the most extensive plateau, covering ca 6000 km?
and ranging in altitude from 1000 to 1800 m asl [30]. This area is predominantly agricul-
tural, with few remaining areas of indigenous savannah scrub woodlands and forests. The
underlying strata of the plateaus consist mainly of colluvium overlying in situ layers of
saprolite (weathered bedrock) [15]. The rift valley escarpment spans from north to south,
containing rivers that erode the rift valley scarp as they flow into the rift valley plain,
exposing the bedrock [13]. The escarpment varies in altitude from 480 to 2035 m, with a
mean of 924 m asl. The western Lake Malawi shoreline is dominated by the rift valley
plain, featuring steep sloping land between the Lake and plateaus. The rift valley plain
ranges in altitude from 471 to 1550 m, with a mean of 574 m asl. The rift valley floor en-
compasses the Lake Malawi basin and its surrounding walls, including rocky slopes and
escarpments. It also includes a series of terraces that slope from the rift valley walls to-
wards the Lake Malawi shoreline [35]. The topography significantly impacts climate, hy-
drology, groundwater occurrence, and population distribution and influences water sup-
ply demands.
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Figure 2. Study area showing (a) topography (SRTM elevation data: USGS) and main drainage sys—
tems and (b) physiographic zones and water reservoirs.

2.3. Geological Setting

The Lake Malawi basin is a rift valley basin mostly made up of basement complex
rocks, constituting metamorphic and igneous rocks from the late Precambrian to lower
Paleozoic periods [36]. The geological successions across the basin include Quaternary
Alluvium and Colluvium, Cretaceous to Pleistocene formations, Jurassic Age Chilwa Al-
kaline Province formations, Jurassic Age Karoo Stromberg Volcanic formations, the Karoo
Sedimentary Series from the Permo-Triassic period, and the Basement Complex for-
mations from the Late Precambrian and Lower Paleozoic periods [36]. The basin is char-
acterised by various geological processes such as escarpment formation, faulting, fractur-
ing, erosion, rift valley floor development, and sedimentation [37]. There are major faults
occurring from north to south and north-northwest to south-southwest, with notable fault
lines along Lake Malawi [38]. The geological features of the basin exhibit a dynamic envi-
ronment where geological and geomorphological processes are continuously occurring
with a potential influence on its hydrogeology [33]. The presence of basement-complex
rocks, consisting of late Precambrian to lower Paleozoic metamorphic and igneous rocks,
forms the basin foundation, resulting in low-yielding aquifers. However, the weathered
zones of these aquifers, about 15-30 m thick in plateau areas, serve as important sources
of domestic water supplies [33]. Uplift and erosion resulting from the rift valley’s devel-
opment have reduced aquifer thickness, especially along escarpment crests and near bed-
rock outcrops, impacting groundwater availability. Alluvial deposits beneath lakeshore
plains, formed by sedimentation from rivers and the lake, create high-yielding aquifers
with varied characteristics both vertically and laterally. The fracture zones of the rift valley
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escarpment, formed by faulting and fracturing processes which increase permeability and
water flow, create medium-yielding aquifers [38]. Ongoing geological processes, such as
faulting, fracturing, erosion, and sedimentation, continuously impact aquifer permeabil-
ity, storage capacity, and water resource availability [37]. Thus, an understanding of the
geological characteristics and processes is crucial for effectively managing and sustaining
the water resources of the basin.

2.4. Hydrogeological Setting

The hydrostratigraphic units within the aquifer system of the Lake Malawi basin en-
compass a weathered and fractured basement, as well as consolidated and unconsolidated
sedimentary units (Figure 3). These units constitute three primary aquifer groups: consol-
idated sedimentary rock, unconsolidated sedimentary units overlying weathered base-
ment, and weathered basement overlying fractured basement [6]. The unconsolidated
sedimentary units overlying weathered basement aquifer constitutes intergranular pore
spaces that facilitate groundwater transmission. The weathered basement units overlying
fractured basement aquifer comprises intergranular pore spaces, fissures, fractures, and
joints that enable groundwater flow. The consolidated sedimentary rock largely consti-
tutes sandstone and shale, while the unconsolidated sedimentary units overlying weath-
ered basement aquifer is mostly made up of colluvium and alluvium. The weathered base-
ment overlying fractured basement aquifer mostly constitutes charnockitic gneiss and
hornblende-biotite-gneiss. The basement complex is a primary source of groundwater in
Malawi, and its mineral content largely influences the groundwater quality in the basin.
Key rock minerals include plagioclase, pyroxenes, feldspars, amphiboles, and biotite [39].
These are largely natural sources of chemical species like calcium, magnesium, sodium,
and potassium. Plagioclase minerals are sources of calcium and sodium during weather-
ing, and the type of plagioclase in Malawi is more calcium-rich than sodium-rich. There-
fore, there is more calcium in groundwater as it dissolves [13]. The dissolution of mafic
minerals releases magnesium ions (as well as iron and other ions) in groundwater, some
of which bear fluoride ions [12]. The consolidated sedimentary aquifers are found in the
northern part, where they occur sparsely, while the unconsolidated sedimentary units
overlying the weathered basement group largely occur on the western side. The weath-
ered basement units overlying the fractured basement aquifer group are mostly found on
the eastern side, particularly along the rift scarp zones. Isolated outcrops of basement li-
thologies occur in the basin, with some folded exposures, especially along the Malawi-
Zambia border [6]. The Lake Malawi shoreline areas within the rift valley plain are char-
acterised by unconsolidated fluvium, colluvium, and alluvium sedimentary units where
they overlay weathered basement units. The potential yield of the unconsolidated sedi-
mentary units overlying the weathered basement aquifer is estimated to be around 20 L/s,
while water supply boreholes within the weathered basement overlying the fractured
basement aquifer have a lower yield of up to 2 L/s [13].



Water 2024, 16, 1587

7 of 27

Aquifer Type Aquifer Type
Unconsolidated Sediments Weathered Basement
overlying Weathered & overlying Fractured
Unconsolidated Fractured Basement Basement
Sedimentary Units
overlying Saprolite Dambo / River
& Weathered Unconsolidated Fluvial

Low Storage

Basement

’ ’ U, fidasad u 1d d
gJi < Alluvial Deposits Colluvial Sediments
\-. - -
Fractur " = =
High Transmission ’ ()

o

Sediments

Saprolite Weathered

Arsenic & Fluoride Risk Basement overlying

7 Fractured Basement 8

Hotspring ’ R

= 3

. : ' == 3 = Laterite { om %

T O ——D = e : =5 com 3

- /) & C 27 r

“6/@6 " —( . =2 ’;, </ < St £ _;" ,r Frldur'es 100m &

0“( < )\ igh Tr: on o
e ’ Low Storage

o

£

Arsenic & Fluoride! Circulation E

Risk [N Fsoom 3

(i . 800m ©

©

-

1000m §

o

Figure 3. Idealised cross-section hydrostratographic units (aquifers) in the Lake Malawi basin (after
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2.5. Climate

The Lake Malawi basin climate is classified as tropical-continental, influenced by var-
ious factors such as altitude, relief, and presence of Lake Malawi [6]. The Koppen-Geiger
system categorises the climate as Aw or Savannah, described as “Not (Af) and Pdry <100
- MAP/25”, where Af is rainforest, MAP is mean annual precipitation, and Pdry is the
precipitation of the driest month [40]. The basin has a dual-season system, with a wet
season from November to April and a dry season from May to October. The dry season,
driven by south-easterly winds, is mostly cool-dry from May to August and hot-dry from
September to October. The wet season is influenced by north-easterly winds; the Inter-
tropical Convergence Zone (ITCZ), the Congo Air Boundary (CAB), and Tropical Cy-
clones and accounts for ca 90% of annual precipitation [41,42]. The majority of rain falls
between December and March, with January receiving the highest amounts in most areas
of the basin. However, there is a contrasting pattern near the western shoreline of Lake
Malawi, where peak precipitation is usually observed in March [43].

Annually, precipitation ranges from 623 to 1654 mm, averaging 927 mm. The rift val-
ley plain, bordering Lake Malawi, receives the most rain, with a mean of 1036 mm, which
is linked to lake effects [44]. In contrast, the western plateaus exhibit more aridity, which
is linked to topographic isolation. The basin’s diverse relief and proximity to Lake Malawi
have a significant impact on the spatial distribution of precipitation [44,45]. The mean an-
nual temperature ranges from 12.9 to 24.7 °C, averaging 20.5 °C. The Nyika highlands
experience cooler temperatures, averaging 17.6 °C, whereas the rift valley lakeshore plain,
with the lowest topographic extremes, experiences hotter temperatures, averaging 23.4
°C. The coldest months in the LMB are June and July, while the hottest months are October
and November. The presence of Lake Malawi moderates the surrounding areas, resulting
in a mean daytime temperature of 30.3 °C and a night-time temperature of 10.3 °C [46].

3. Materials and Methods
3.1. Sampling and Analytical Techniques

Three groundwater sampling surveys were conducted between 2021 and 2022. The
sampling design provided a representative geographical spread and balanced
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hydrogeological coverage. The sampling timelines captured seasonal and topographic ef-
fects on groundwater dynamics. Sampling coverage was constrained by ease of access,
more so in the wet season when travel to remote or low-lying flood-prone areas was risky.
Water samples were collected from boreholes, dug wells fitted with handpumps, and hot
springs that were in constant use for water supply during sampling and purged when not
in use to ensure the samples were representative.

Isotope hydrology samples (n = 327 subdivided into 160 wet season samples and 167
dry season samples) were collected in 50 mL high-density polyethylene (HDPE) bottles
with inner caps, sealed with waterproof tape, preserved at 4 °C, and kept away from direct
sunlight during transportation and at the laboratory. A set of samples was analysed using
a laser spectroscopy-based technique using the Picarro isotopic water analyser (Model:
L2140-i, Picarro Inc., Santa Clara, CA, USA) at the IAEA laboratory in Vienna, Austria.
Another set of isotope hydrology samples was analysed using a Picarro isotopic water
analyser (Model: L2110-i, Picarro Inc., Santa Clara, CA, USA) at the Central Water Labor-
atory in Lilongwe, Malawi. The isotope hydrology samples were analysed in non-consec-
utive duplicates in high-precision mode with dry synthetic air carrier gas. Each such anal-
ysis consisted of six injections. Lake Kyoga and Standard-09 (Greenland Ice) working ref-
erence materials (RMs) were enriched and depleted, respectively. The controls were
Standard 11 (Monaco Lagoon) and Standard 06 (Heidelberg tap water) for quality assur-
ance and quality control purposes. Data reduction was performed in the Laboratory In-
formation Management System (LIMS) for lasers [47] using residual memory correction
after ignoring the first three injections. Two reference points were used to normalise the
Vienna Standard Mean Ocean Water (VSMOW)-Standard Light Antarctic Precipitation
(SLAP) scale. The long-term deviation of control samples demonstrated that the measure-
ments were accurate to within 0.1%o or better for 680 and 0.5%o or better for 62H, and the
isotope analysis results were reported as ratios compared to V-SMOW standards (Equa-
tion (1)).

Rs - Rstd

x 1000 1)
Rstd )

Ss/std = (

In Equation (1), Rs is the isotopic ratio of the sample, Rstd is the isotopic ratio of the
standard, and 0 is the delta notation, where 0g/stq is reported in per mil (%o). The d-pa-
rameter (d) was calculated from Dansgaard’s equation [48] relating to the 080 and 6H
of water, defined as d = 52H - 86'80%e.. The process of handling water samples, including
onsite measurements, sample collection, transportation, holding, preparation, and analy-
sis, followed the International Standard Procedures (ISP) [49]. This adherence ensured the
consistency and reliability of the isotopic data generated.

On-site measurements (electrical conductivity (EC), total dissolved solids (TDS), and
pH) were conducted using a portable multi-meter (Model: HI-98194, Hannah Instruments,
Woonsocket, RI, USA). A pair of water samples were collected from each site, one acidified
and the other non-acidified, using 1L polyethylene bottles rinsed with distilled water. The
water quality samples (n =727) were labelled, preserved at 4 °C during transportation and
storage, and filtered through 0.45 um Whatman filters prior to analysis at the laboratory.
Anions (F, Cl, NOs, and SOs) were measured using Metrohm ion chromatography (Model:
850 Professional IC, Metrohm, Switzerland), while cations (Na, K, Mg, Ca, Fe and Mn)
were measured using an inductively coupled plasma spectrometer (Model: iCAP 6200,
Series Thermo-Fisher Scientific, Waltham, MA, USA) at the Environmental Analytical La-
boratory of the University of Strathclyde in Glasgow, Scotland. Carbonate and bicar-
bonate were measured using a titrimetric method, while alkalinity was measured using a
photometric analyser (Model: KONE Aquakem V.7.2.AQ2, Skalar, Breda, The Nether-
lands). All field sampling measurements and laboratory analyses were conducted in line
with the ISP [50], and the accuracy of the hydrochemical analysis was validated using the
ionic balance method, adhering to an allowable ionic balance error (IBE) of + 5% (Equation

(2)) [50].
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Y:(Cations — Anions)
Y:(Cations + Anions) X

IBE% = 100 (2)

3.2. Computation of Gibbs Diagram, Chloro-Alkaline Indices, and Saturation Index (SI)

Gibbs diagram plots used the anionic weight ratio Cl/(Cl- + HCOs) and cationic
weight ratio Na*/(Na* + Ca?) as functions of log-transformed TDS) [51] and was used to
identify geochemical reactions controlling groundwater chemical evolution in Lake Ma-
lawi basin. Schoeller chloro-alkaline indices, defined in Equations (3) and (4), were em-
ployed to refine evidence of cation exchange reactions and ascertain the nature and extent
of their occurrence in groundwater within the Lake Malawi basin.

ClI~ — (Na* + K%)
(C17)
CI- — (Na* +K*)

CAI (II) = 4
(D (HCO; +CO2~ + SOZ~ + NO;) @

CAIL (1) =

(©)

In Equations (3) and (4), if the CAI-I and CAI-II are less than zero, the cation exchange
is a forward reaction. If the CAIL-I and CAI-II are greater than zero, the cation exchange is
a reverse reaction [52]. The saturation index (SI) was used to evaluate the equilibrium state
with respect to groundwater and solid mineral phases [53-55]. The SI, defined in Equation
(5), was calculated using PHREEQC software (version 3.7.3), which calculates the loga-
rithm of the ratio between ion activity product (IAP) and solubility product (Ksp) [56].

<IAP )
SI = log < ©®)

Sp

In Equation (5), IAP =ion activity product, Ksp= solubility product, where an SI equal
to zero indicates an equilibrium state. If the Sl is less than zero, the groundwater is under-
saturated with respect to the mineral phase, and there is potential for mineral dissolution.
When the Sl is greater than zero, the groundwater is oversaturated.

4. Results
4.1. Hydrogeochemical Characteristics

The groundwater pH ranged from acidic to alkaline (pH: 4.5-9.4), with a mean of 6.9
and a median of 6.4. The Total dissolved solids (TDS) varied widely from 23 to 2662 mg/L,
with a mean of 305 mg/L and a median of 210 mg/L (Figure 4, Supplementary Material
(SM)-Table S1). The dominant cations were calcium, sodium, and magnesium, with con-
siderable variation. The majority of groundwater samples (88%) had TDS below 600 mg/L,
which falls within the World Health Organisation (WHO) recommended guidelines for
good taste. The remaining 12% had elevated TDS concentrations exceeding 1000 mg/L
[57]. While most groundwater samples were aligned with the WHO'’s recommended
guidelines, there were cases where the groundwater may not fully meet the taste and pal-
atability expectations. Bicarbonate, chloride, and sulphate were the dominant anions, with
nitrate and fluoride present at generally low to moderate concentrations.
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Figure 4. Observed hydrochemical interquartile plot for groundwater in Lake Malawi basin: It
shows the distribution of electrical conductivity (EC) (uS/cm), total dissolved solids (TDS) (mg/L),
total alkalinity (TA) as CaCOs (mg/L), total hardness (TH) as CaCOs (mg/L), and major ions (mg/L)
in groundwater.

Previous studies reported arsenic occurrence [11] and widespread risks of fluoride
[12] in groundwater. This study found that nitrate was ubiquitous in groundwater, de-
tected in most of the groundwater points (93.1%) and varied widely from <0.001 to 235
mg/L, with isolated outliers recorded in the northern part of the basin (Figure 5a). The
nitrate concentrations were generally consistent with the recommended WHO guidelines
for drinking water (Figure 5b). Given there is no natural source of nitrate in Malawi’s
groundwater, the ubiquitous nature of this contaminant points towards human-induced
pollution. This highlights a critical need to model nitrate-related contamination sources
across the country, considering a surge in likely sources, including pit latrines, septic sys-
tems, and extensive fertiliser use due to SDG 6 drivers and the current population boom.
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Figure 5. Spatial distribution of nitrate concentrations in groundwater across the LMB. (a) shows
general distribution of measurable nitrate and (b) shows measurable nitrate concentration pro-
jecting potential impact.

4.2. Hydrogeochemical Facies

A Piper plot was used to examine groundwater hydrogeochemistry, delineating dis-
tinct hydrogeochemical facies based on dominant cationic and anionic species [58]. This
approach refined the understanding of the hydrogeochemical signatures of Lake Malawi
basin groundwater and how minerals in the host rock matrix impact the groundwater
along its flow path. The classification of hydrogeochemical facies identified five ground-
water types (Figure 6): (1) Ca-Mg-HCO:3, (2) Ca-Mg-S0Os4, (3) Na-Cl, (4) Ca-Mg-50s-Cl, and
Na-HCO:s-Cl (5). The most prevalent groundwater type was Ca-Mg-HCOs, comprising
73.9% of the groundwater samples. This dominance suggests groundwater evolves from
recharge through geochemical reactions with primary silicates and secondary carbonates
and/or high-Mg dolomitic carbonate rock matrices. The close proximity of distinct hydro-
chemical facies suggests groundwater mixing from multiple sources, supported by the
presence of mixed water types (Ca-Mg-SOs and Na-HCO:s-Cl). A mixing trend observed
in a cation ternary diagram (Figure 6) suggests cation exchange reactions, increasing the
dissolved sodium concentration by exchanging with calcium in clays.
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Figure 6. Piper plot for groundwater samples: Various colours show hydrochemical facies
based on electrical conductivity (EC), a proxy indicator of total dissolved salts (TDS).

The spatial distribution of the water types aligned with the TDS, exhibiting greater
uniformity in highland plateau areas and more inhomogeneity in low-lying areas, espe-
cially in the lakeshore and flood plains (Figure 7a,b). This inhomogeneity suggests the
influence of various factors, such as the seepage of surface water into groundwater, the
presence of older groundwater with higher calcium or sodium concentrations due to pro-
longed travel time, and the dissolution of minerals resulting in calcium, sodium, and mag-
nesium in solution.
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Figure 7. Spatial distribution of (a) TDS and (b) water types in groundwater across LMB.

4.3. Mechanisms Controlling Mineral Envichment

Groundwater mineral enrichment is influenced by geochemical reactions (e.g., eva-
oration, precipitation, and mineral weathering) along a flow path [29]. The Gibbs diagram
(Figure 8) identifies water-rock mineral reactions as the dominant geochemical mecha-
nism controlling groundwater mineral enrichment. It also depicts an increasing cationic
weight ratio Na*/(Na* + Ca?*) with a corresponding minimal change in the TDS, suggesting
cation exchange as another controlling geochemical reaction. Tables 1 and S5 display var-
ious rock minerals and their respective interactions with water, resulting in the release of
ionic species into groundwater that influence its chemical composition.
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Figure 8. Gibbs diagram showing key mechanisms controlling groundwater chemistry.

Table 1. Natural sources of ionic species in groundwater present in Lake Malawi basin aquifers.

Mineral/Ion Species Source Chemical Formulas Ionic Species Reaction Type
Carbon Dioxide (COz) CO2 (+H20) H+, HCOs~ Congruent
Plagioclase (Na,Ca)(Al,S1)40s Ca?, Na* Incongruent
Anorthite CaAl2Si20s Caz, HCOs- Incongruent
Biotite K(Mg,Fe)s3(AlSisOmw)(F,OH): K+, Mg, F- Incongruent
Calcite CaCOs Ca?*, COs-, HCOs~ Congruent
Albite NaAlSizOs Na* Incongruent
Muscovite KAI2(AlSisO10)(F,OH):2 K+, F- Incongruent
Olivine Mg25i04 Mg Incongruent
Amphiboles Cax(MgFeAl)s(AlSi)sO2 Mgz, Ca? Incongruent
Fluorapatite Cas(POa)sF Ca?,F-, POs Incongruent
Fluorite CaF: Ca?, F- Congruent
Pyrite FeS: SO4> Incongruent

The calcium vs. bicarbonate (Ca*/HCOs") weight ratio was used to examine car-
bonate mineral-related geochemical reactions (e.g., the dissolution of calcite and apparent
high-Mg dolomitic carbonate controlled by the dissolution of Mg-silicates and plagio-
clase) controlling Lake Malawi basin groundwater mineral enrichment. The results iden-
tified high-Mg dolomitic carbonate dissolution as a controlling geochemical reaction, re-
vealed by the clustering of groundwater data within 1:1 and 1:2 HCOs-/Ca?" weight ratios
(Figure 9a).
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Figure 9. Relationship between major ion concentrations of groundwater samples, (a) Ca* vs.
HCOs, and (b) Ca? vs. Mg?~.

The calcium vs. magnesium (Ca?/Mg?") weight ratio was used to further examine the
carbonate and silicate mineral-related geochemical reactions controlling the Lake Malawi
basin groundwater mineral enrichment. The results identified dolomitic carbonate disso-
lution and calcium or magnesium silicate dissolution as the controlling geochemical
mechanisms of groundwater mineral enrichment (Figure 9b), revealed by a dominant
Ca?/Mg? weight ratio greater than 1:1, clustering within 1:2 equiline. A groundwater data
subset plotted above the 1:1 equiline for the Ca?/Mg?* weight ratio suggests excess Ca?"
derived from other geochemical reactions.

Cation exchange reactions were examined using the linear relationship of adjusted
calcium and magnesium concentrations (Ca? + Mg - HCOs - SO4*) vs. sodium and po-
tassium adjusted concentrations (Na* + K* — CI) to refine the cation exchange reaction
controlling insights. The aforementioned adjustments were made to eliminate any poten-
tial influence deriving from silicate weathering, gypsum (unlikely), and halite (unlikely)
dissolution reactions. The resulting slope for the linear relationship agrees with the ex-
pected ideal slope of -1, suggesting silicate mineral reactions with forward cation ex-
change reactions (Figure Sla) [59]. The Schoeller chloro-alkaline indices (CAI-I; CAI-II)



Water 2024, 16, 1587

16 of 27

calculated based on Equations (3) and (4) suggest the dominant occurrence of cation ex-
change forward reaction influencing groundwater mineralisation (Figure S1b).

4.4. Geochemical Modelling

Geochemical modelling identified probable reactions controlling chemical evolution
and chemical changes resulting from such reactions [29]. The saturation index (SI) calcu-
lated based on Equation (5) provided insights into an equilibrium state with respect to
groundwater and solid mineral phases [53-55]. The results showed that groundwater
from 58% of the samples was undersaturated (Slaldte: —2.8 to 0) with respect to mineral
phase calcite (CaCOs), while the remaining 42% was at equilibrium or oversaturated (SI-
aldte: 0 to 1.9) with respect to mineral phase calcite (CaCOs) (Figure 10a). The negative
Slealdte suggests a thermodynamic potential for calcite to dissolve in the groundwater. The
positive Slaidite suggests conditions likely to reverse the reaction, resulting in the precipi-
tation of calcite from the solution phase. The Slaidite near zero or remaining as a constant
down gradient along the groundwater flow path suggests apparent equilibrium condi-
tions in the groundwater system (where the mass transfer precipitation/dissolution of car-
bonate minerals continues as silicate weathering occurs). The negative Slealite is associated
with groundwater recharge in highlands, which is characterised by low pH. The positive
Slaldite is associated with high groundwater pH, likely influenced by the weathering of sil-
icate minerals, raising carbonate ions (COs?") while reducing hydrogen ions (H*). It should
be noted that the saturation index for carbonate species is co-dependent on an accurate
field measurement of alkalinity, pH, temperature (in situ), and pCOz; thus, with uncer-
tainty, the slightly positive values may, in fact, be in equilibrium. Given calcite is generally
not kinetically hindered, the results shown in Figure 10a likely, therefore, converge to
equilibrium (through the precipitation of carbonate phases or, where highly undersatu-
rated, dissolution).
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Figure 10. Saturation indices (SI) for (a) calcite, (b) dolomitic carbonate, and (c) fluorite from
groundwater samples in the Lake Malawi basin.

Groundwater from 61% of the samples exhibited undersaturation conditions (Sldolo-
mitic carbonate: —5.6 to 0) with respect to mineral phase dolomite (CaMg(COs)2), which here is
considered the end-member of a high Mg dolomitic carbonate (the source of Mg most
likely from the incongruent dissolution of ferromagnesian silicate minerals). The remain-
ing 39% exhibited oversaturation (Sldolomitic carbonate: 0 to 3.6) with respect to mineral phase
dolomite (Figure 10b). The negative Sldolomitic carbonate suggests a thermodynamic potential
for a high Mg dolomitic carbonate to dissolve in groundwater. The positive Slaclomitic carbonate
suggests conditions are likely to reverse the reaction, resulting in high Mg carbonate pre-
cipitation from the solution phase. The precipitation of dolomite is kinetically hindered,
and, therefore, high SI values may be due to slow rates of high Mg carbonate precipitation.
These geochemical reactions suggest the presence of carbonate minerals undergoing con-
tinuous dissolution and precipitation in groundwater. The SI ranges for Gypsum
(CaS04.2H20) (Slgypsum: —6.9 to —0.4) indicate this evaporite mineral is not actively involved
in geochemical reactions but is able to dissolve in the Lake Malawi basin groundwater
should it locally exist (Figure S2). Given there is no current geologic evidence for the oc-
currence of these minerals, a detailed mineralogic analysis of aquifer materials is needed,
and thermodynamic interpretation should be avoided.

It is possible that deep fluid flow (hidden hot springs) is also a source of sulphate and
fluoride and requires further investigation [60]. The SI of Fluorite (CaFz) spanned from
-8.8 to —0.8, approaching apparent equilibrium. This trend may be a common ion effect
with calcite (Figure 10a,c), but given the increasing concentrations of fluoride, there is a
need for further substantiating evidence of deep fluid circulation from geothermally ac-
tive areas, herein the source of fluoride ions in groundwater [60].

4.5. Isotope Hydrology Characteristics
4.5.1. Precipitation Stable Isotope Signatures

The isotope hydrology of precipitation in the Lake Malawi basin was measured on
samples collected at four observatory stations as part of the Malawi Network of Isotopes
in Precipitation (MNIP) (Table S2). The precipitation 8H signatures (n = 91) ranged from
—111.2%o to +12.4%o, with a mean of —35.6%o, and d'®0 signatures ranged from —14.3%o to
+1.0%o, with a mean of —6.1%o (Figure 11a,b; Table S3). The precipitation d-parameter was
distributed between —2.2%o and +19.3%o, with a mean of +13.3%.. The mean d-parameter
of +13.3%0 showed that the recycling of atmospheric moisture by large-scale evaporation
process off Lake Malawi was highly likely, a proxy indicator of an isotopic offset of the
local air mass from the global air mass (Figure 11a). This isotopic offset ascribed to the d-
parameter in precipitation is consistent with the African Great Lakes region isotopic effect.
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Figure 11. (a) Plot of 5H-5'80 signatures for precipitation samples from MNIP stations and lake
sites in the Lake Malawi basin. A blue line (slope of 8; d-parameter of +13.3%o) represents the distri-
bution of the d-parameter for local precipitation, a proxy for an isotopic offset of local air mass from
the global air mass represented by the Global Meteoric Water Line (GMWL). The red line represents
the lake evaporation line (LEL). (b) Histogram providing the distribution of d-parameter for precip-
itation and lake water samples.

The wide range of measured isotopes (range: +123%o for dH, +15.3%o for 0'%0) is at-
tributed to controlling factors such as evaporation, different moisture sources, and the
influence of Lake Malawi producing spatial and seasonal variations [30,42,44,45].

4.5.2. Groundwater Stable Isotope Signatures

Groundwater O?H range from -47.4 %o to —15.8 %o, with a mean of —34.6%o, and 580
ranged from -8.9%. and —2.5%o, with a mean of —5.6%. (Figure 12a; Table S4). The d-pa-
rameter ranged from -10.5 to +28.6%o, with a mean of +10.0%. (Figure 12b). Most ground-
water samples, categorised as Group G1, were depleted in heavier isotopes and aligned
with the Global Meteoric Water Line (GMWL), suggesting groundwater recharge from
modern non-evaporated local meteoric waters (Figure 12a). This is defined by the mean
groundwater signatures corresponding to the mean precipitation signatures. A subset of
samples, Group G2, deviated below the GMWL, exhibiting isotopic enrichment, promi-
nent during the ‘dry season’ in low-lying and near-lake sites, ascribed to secondary evap-
orative fractionation. The secondary evaporative fractionation prior to groundwater re-
charge occurs either during the initial runoff preceding infiltration, within the groundwa-
ter body itself, or from infiltrating isotopically enriched surface water (e.g., from irrigation
return). The Group G2 could also be influenced by deep-seated hydrothermal waters (Fig-
ure 12c). The Group G3 samples plot above the meteoric water line. Precipitation, which
comes from moisture in a closed evaporative basin and/or is initially snow, may have sig-
nificantly enhanced the d-parameter for this group [61,62]. Recent studies of 57O further
elucidate these effects, and future studies of 7O in precipitation in the African Great
Lakes region are highly warranted [63].
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Figure 12. (a) Plot of ?H-0"80 signatures for groundwater and lake samples in Lake Malawi basin.
(b) Histogram showing the distribution of the d-parameter for groundwater and lake water samples.
(c) Plot of 8H-0'80 signatures for groundwater samples and associated controlling process influ-
encing isotopic signatures in Lake Malawi basin.

Overall, the mean 6'8O-5?H signatures of groundwater were consistent with the mean
0180-0?H signatures of modern local precipitation. The evaporation trend in Figure 12a is
a proxy indicator of lake water and groundwater mixing, suggesting lake water infiltra-
tion to the aquifer and groundwater discharge to the lake water system.

4.5.3. Dynamics: Spatial Distribution and Seasonal Effects

The spatial distribution of 0?H-0"0 signatures aligns with geographic expectations,
with enriched 62H-0'80 signatures predominant in low-lying and near-lake sites and de-
pleted 2H-0'%0 signatures dominant in highland plateau sites (Figure 13). Nonetheless,
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there was no statistically significant evidence of a distinct elevation effect on isotopic sig-
natures of groundwater (Figure S3). There was a discernible seasonally variant disparity
in the spatial distribution of H-0'0 signatures, wherein certain upland and lowland
sites exhibited enriched and depleted 82H-0'%0 signatures, respectively (Figure S4). The
order of magnitude of the hydraulic head is consistent with progressive groundwater iso-
topic fractionation, whereby shallow groundwater (susceptible to phreatic evaporation)
exhibits less negative 9H-0'80 signatures than deep groundwater. Near-geologic fault
groundwater sites exhibit complex isotopic signatures’ inhomogeneity ascribed to multi-
influential process controls linked to groundwater sample flow path chronicle and/or
evaporative effects (Figure 13).
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Figure 13. Spatial distribution of groundwater (a) 8'¥0 and (b) 0*H signatures in the Lake Malawi
Basin.

Groundwater 5?H-0'%0 signatures for wet and dry seasons reveal distinct patterns
(Figure 14). Dry season 9?H-0"0 signatures exhibited evaporative influences on ground-
water either pre- or post-recharge and the potential infiltration of enriched lake water.
They were enriched in heavier isotopes than wet season 02H-6'80 signatures, with a wider
intra-seasonal inhomogeneity. However, some anomalies defy seasonal expectations,
with enriched 5H-0"0 signatures in the wet season and depleted 5H-0'%0 signatures in
the dry season. These anomalies may be attributed to a combination of factors, including
local recharge mechanisms, mixing of water sources, and anthropogenic influences. This
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Figure 14. Box plot of groundwater d’H-0'¥0 signatures and d-parameter for wet and dry seasons
in the Lake Malawi Basin.

4.6. Integrated Isotopic-Hydrogeochemical and Geospatial Insights

Examining d?’H-0'%0 signatures in conjunction with hydrogeochemical data provides
a refined understanding of the groundwater recharge process and evolution. The preva-
lent Ca-Mg-HCQO:s groundwater type, characterised by low mineralisation and alignment
with the GMWL, indicates a recent recharge from local precipitation that has not under-
gone significant evaporation (Figure 15). Another common type, Ca-Mg-SOs groundwater
with a slightly higher electrical conductivity that plots just below the meteoric water line,
suggests evaporative effects either pre- or post-recharge. The mixed groundwater types,
Na-HCOs-Cl and Ca-Mg-SOs-Cl, plot along the GMWL but with outliers, suggesting the
mixing of groundwater from multiple sources. Diverse processes, such as mineral-water
reactions and evaporative effects, contribute to these mixed groundwater types. The Na-
Cl groundwater type plots along and slightly below the GMWL, suggesting the mixing of
older groundwater with newer meteoric water, with the latter dominating isotopically.
Given the limited constraints on this observation, additional investigation is necessary to
elucidate the findings. The combined isotope hydrology and hydrogeochemistry results
point towards a mix of processes impacting groundwater evolution. The complexity of
hydrochemical types and isotopic signatures, particularly near the lakeshore area at Lake
Malawi, suggest intricate groundwater flow patterns and historical influences converging
in this region.
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Figure 15. Plot of 8’H and 5'%0 signatures for groundwater samples based on groundwater types
and electrical conductivity in Lake Malawi Basin. The mixed water type group comprises Ca-Mg-
S0Os-Cl and Na-HCOs-Cl.

5. Discussion
5.1. Origin of lonic Species in Groundwater

Groundwater hydrochemistry exhibits a wide array of cationic and anionic species,
dominated by Ca?, Na*, HCOs-, and Cl-. These ionic species are attributed to a range of
natural and anthropogenic processes. Sodium (Na*) is mainly obtained through the
weathering of silicate rocks like albite (NaAlSisOs), a sodium-rich plagioclase feldspar.
Other sources of Na* include cation exchange reactions that exchange calcium (Ca?") from
sodium-rich groundwater in clay. Highly localised evaporation and precipitation of trona
(Na:CO»-NaHCO»2H:O) in thermal spring sites constrained in the northern part of the basin
yields sodium bicarbonate (NaHCO:s) deposits, which dissolve to release Na* in ground-
water. Calcium (Ca?) is primarily derived from anorthite (CaAl2Si20s), a calcium-rich pla-
gioclase, along with other rock minerals like hornblende (Caz(MgFeAl)s(AlSi)sOz2) and cal-
cite. Magnesium (Mg?*) sources include the weathering of magnesium-bearing silicate
minerals like biotite (K(Mg,Fe)s(AlSis)10(OH,F)), olivine (Mg25iOs4), and amphibole (horn-
blende (Cax(MgFeAl)s(AlSi)sOz2)). Potassium (K*) is likely derived from muscovite
Kal2(AlSisO10)(F,OH)2 and biotite, typically found in sediments. Carbonate species (COs?-
and HCOs") in groundwater are derived from carbonate mineral reactions, primarily cal-
cite dissolution. The presence of SO# in groundwater suggests the occurrence of oxida-
tion reactions of pyrite rock mineral (FeSz) or deep fluid migration. The detection of NOs
in Malawi’s groundwater, where no geogenic source exists, suggests human influence.
Identifying and addressing human-driven nitrate contamination sources is crucial for
achieving Sustainable Development Goal 6 objectives. Fluoride (F-) occurrence in ground-
water can be attributed to various minerals, including micas, fluorapatite (Cas(POs)sF),
fluorite (CaFz), and concealed thermal springs [60].

5.2. Groundwater Evolution

Groundwater recharge in the Lake Malawi basin primarily occurs as a result of the
infiltration of precipitation, a fundamental process that introduces fresh meteoric water
into the subsurface. This influx of water initiates a complex series of geochemical reactions



Water 2024, 16, 1587

23 of 27

with rock minerals driven by soil carbon dioxide as an acid source. Plagioclase feldspars,
essential components of the rock matrix, undergo incongruent reactions upon interaction
with meteoric water, leading to the release of calcium and sodium ions along with insol-
uble secondary clay minerals from complex smectites to simple kaolite (Table S5). The
dissolution of carbonate species contributes to the overall chemical composition of
groundwater in the basin. As groundwater flows through the rock matrix, incongruent
reactions with silicates continue until saturation with carbonate minerals, predominantly
calcite, is reached, after which mass transfer reactions continue at equilibrium, exerting
significant control over groundwater chemistry. The weathering of plagioclase feldspar
thus maintains an equilibrium with calcite. The presence of substantial carbonate in
groundwater leads to the accumulation of calcite over time, especially in fractures and
cavities within aquifer rocks. These fractures and cavities serve as crucial sites for the ini-
tiation of carbonate crystal formation, further influencing the groundwater system’s
chemical and isotopic composition. Noteworthy changes in the aquifer’s composition and
characteristics occur gradually due to the progressive buildup of calcite, and it is strongly
advised that future studies include carbon isotope (6'°C) dynamics. Moreover, the for-
mation of secondary calcite following the initial precipitation adds diversity to the range
of minerals present in the groundwater system. Secondary calcite is widely distributed in
fractures, veins, and cavities within granite and aquifer rocks, underscoring its im-
portance across various geological formations. Where geothermal water mixes with me-
teoric water, fluorite is likely controlling levels of fluoride in groundwater, and further
investigation is needed. In essence, the intricate interplay between precipitation, geochem-
ical reactions, mineral dissolution, and carbonate mineral precipitation shapes the
groundwater mineralisation processes in the Lake Malawi basin, highlighting the dy-
namic nature of hydrogeological systems in this region.

5.3. Implications for Water Resource Management

This study establishes a current baseline for understanding the isotope hydrology
and hydrogeochemistry of groundwater in the Lake Malawi basin. This baseline is critical
for monitoring future changes in the region’s water resources. This study’s findings are
particularly relevant in water resource areas like WRA 4, WRA 5, WRA 6, WRA 8, and
WRA 9 (Figure 1), where the Malawi Government aims to restore catchments and improve
water security, agricultural productivity, and rural livelihoods. Insights gained from this
research on groundwater recharge, evolution, and hydrogeochemical characteristics are
valuable in shaping future policies in this domain as follows:

e  Understanding the origins and influences impacting groundwater recharge can
guide the development and implementation of sustainable water resource manage-
ment policies. These policies can focus on safeguarding and maintaining groundwa-
ter quality, especially in areas at risk of pollution or contamination, thereby under-
pinning efforts towards SDG 6 targets related to water and sanitation;

e  Utilising knowledge about different groundwater types and their unique character-
istics can shape decisions related to land-use planning. Areas with sensitive ground-
water recharge zones may necessitate stricter regulations to preserve water quality
and promote responsible usage;

e Policy initiatives should emphasise the importance of the ongoing monitoring of
groundwater quality and quantity. Regulations could be implemented to govern land
practices near recharge zones and protected groundwater areas based on identified
hydrochemical features and isotopic markers;

e  Recognising the potential impact of evaporation on groundwater quality can spur the
development of strategies to mitigate these effects. Policies targeting the reduction of
evaporation-related factors, such as managing surface-water interactions or regulat-
ing land use activities, may be essential;
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e  Given the intricate nature of groundwater recharge processes highlighted in this
study, policies promoting collaboration among various stakeholders, including gov-
ernmental bodies, researchers, and local communities, can be instrumental. This col-
laborative approach can facilitate a comprehensive strategy for groundwater man-
agement and conservation;

e  The nitrate concentration in the groundwater aligns with the recommended guide-
lines by the World Health Organisation for safe drinking water, as illustrated in Fig-
ure 5. Despite this compliance, there is a pressing necessity to develop a detailed
model that specifically addresses groundwater contamination associated with ni-
trates, particularly in light of the upsurge in fertiliser use, pit latrines, and septic sys-
tems arising from the rapid population growth. By creating a more comprehensive
and focused analysis of nitrate-related pollution, we can better understand and miti-
gate the potential risks posed by these sanitation systems to ensure the continued
safety of our drinking water sources;

e  Future isotope hydrology studies should include 5*N - 580 (NOs), 6'*C (dissolved
and mineral phases), and S - 8180 (504) along with methods to study groundwater
ages;

e Inessence, this study’s outcomes provide valuable insights to guide policymakers in
crafting regulations and actions that support sustainable groundwater management,
ensure water availability, and safeguard water resources for future generations.
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https://www.mdpi.com/article/10.3390/w16111587/s1, Table S1: Descriptive statistical summary of
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scriptive statistical summary of stable isotopic signatures of precipitation from MNIP stations in
Lake Malawi Basin, Table S4: Descriptive statistical summary of stable isotopic signatures of
groundwater from Lake Malawi Basin. Table S5: Natural sources of ionic species in groundwater
and corresponding geochemical reactions. Figure S1: Cross plot of ion weight ratios on cation ex-
change in groundwater, Figure S2: Plot of saturation indices for gypsum and halite minerals in
groundwater, Figure 53: Relationship between stable isotopes signatures and elevation, Figure S4:
Relationship between 00 signatures and Elevation in Lake Malawi Basin.
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