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Abstract: Integrated Water Resources Management (IWRM) is vital to the future of Malawi and
motivates this study’s provision of the first stable isotope baseline characterization of the Shire
River Basin (SRB). The SRB drains much of Southern Malawi and receives the sole outflow of Lake
Malawi whose catchment extends over much of Central and Northern Malawi (and Tanzania and
Mozambique). Stable isotope (283) and hydrochemical (150) samples were collected in 2017–2018
and analysed at Malawi’s recently commissioned National Isotopes Laboratory. Distinct surface
water dry-season isotope enrichment and wet-season depletion are shown with minor retention
of enriched signatures ascribed to Lake Malawi influences. Isotopic signatures corroborate that
wet-season river flows mostly arise from local precipitation, with dry-season flows supported by
increased groundwater contributions. Groundwater signatures follow a local meteoric water line of
limited spread suggesting recharge by local precipitation predominantly during the peak months of
the wet-season. Relatively few dry-season groundwater samples displayed evaporative enrichment,
although isotopic seasonality was more pronounced in the lowlands compared to uplands ascribed to
amplified climatic effects. These signatures serve as isotopic diagnostic tools that valuably informed
a basin conceptual model build and, going forward, may inform key identified Malawian IWRM
concerns. The isotopic baseline establishes a benchmark against which future influences from land
use, climate change and water mixing often inherent to IWRM schemes may be forensically assessed.
It thereby enables both source-water protection and achievement of Sustainable Development Goal 6.

Keywords: stable isotopes (δ2H and δ18O); groundwater; surface water; precipitation; integrated
water resources management (IWRM); conceptual model; Shire River Basin; Malawi

1. Introduction

A plethora of factors ranging from rapid human population growth, urbanization, change in
life style to unreliable rainfall, increased agricultural demands, degradation of water resources and
catchment areas, decline in groundwater quantity and quality, climate change, call for an integrated
approach to the formulation of policies pertinent to Integrated Water Resources Management (IWRM) [1].
This poses a big challenge in developing countries. In Malawi and other countries across Africa,
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Sustainable Development Goal 6 is focused on the large populations who still lack access to safe water
and sanitation services [2]. Integrated efficiency in the conjunctive management of water resources is
required to balance competing societal demands and increasing water stress and allow development of
cost-effective measures to sustainably manage water resources. Use of advanced technologies and
tools to support such efforts is often limited in the developing countries.

Isotope hydrology has the potential to shed light on surface water and groundwater dynamics and
interdependencies that underpin IWRM [3]. The value of isotope hydrology in IWRM is well known
for enhancing understanding of the behaviour and interdependencies of groundwater and surface
water and allowing more informed decision making by water managers and policy makers [4–7]. The
potential of isotopes, often regarded as research tools, needs to be better realized and made more
readily available to developing countries to support complex IWRM needs often amidst rapid resource
development [8].

This is not to say isotope hydrology tools use has not been used across Africa, far from it. Their
use though is often restricted to international research studies with sample analysis undertaken
abroad, failing to develop in-house capacity. The range in application of isotope tools across Africa is
impressive; covering, source provenance and climate controls [9–11] modern recharge [12–14], historic
recharge and paleoclimate [15,16], flow regime and water [17–19], deep groundwater discharge to
surface water [20], groundwater–surface-water interaction [16,21,22], seasonal influence [10,23], system
stress (e.g., drought, flood and irrigation) [24–26] and contamination concerns (e.g., salinity) [27,28].
Such wide and increasing coverage of topic areas relevant to IWRM provides impetus to further widen
developing-country access to isotope tools, especially access to in-house national (or locally shared
international) laboratory facilities that facilitate isotope tool transition from one-off research studies to
everyday management decision support.

Malawi has recently made strides in achieving this transition through the establishment of
a national isotope hydrology facility and initiating stable-isotope baseline characterisation of key
catchments [29]. Prior to this, use of isotope tools supporting IWRM was limited in Malawi with
samples exported abroad [30–37]. The International Atomic Energy Agency (IAEA) has been promoting
the use of isotope hydrology in IWRM in Malawi since 2012. With funding from IAEA and the Scottish
Government supported Climate Justice Fund (CJF)—Water Futures Programme, Malawi has built
technical capacity in both basic and advanced isotope techniques for its personnel in the Ministry of
Irrigation and Water Development (MoIWD). The IAEA supported the MoIWD in establishing an
Isotope Hydrology laboratory at the Central Water Laboratory (CWL) in Lilongwe with catchment
baseline characterisation studies undertaken by CJF led by the University of Strathclyde. These
initiatives support Government efforts in attaining Sustainable Development Goal (SDG) 6, which
focuses on ensuring availability and sustainable management of water and sanitation for all people.

Our overarching goal for this research was to characterise the seasonally variant stable
isotope—hydrochemical baseline of the Shire River Basin (SRB) catchment that drains from Lake
Malawi into the Zambezi system in neighbouring Mozambique. Basin-wide isotopic characterisation
has not been previously undertaken, although isotopic data have been obtained for some SRB
sub-catchments [32,33,36]. The SRB covers much of the southern part of Malawi, and is the largest
of several catchment studies initiated that include the Linthipe catchment draining to Lake Malawi
to the north [29], the Phalombe catchment draining to Lake Chilwa, a follow-on SRB—Mozambique
transboundary study and a Malawi-wide precipitation study.

Objectives identified to meet this goal were: to provide stable isotope–hydrochemical baseline
characterisation of the SRB comprehensively covering precipitation, surface water and groundwater
components thereby providing a reference for future isotope-based applications; to characterise the
seasonal variation in isotope signatures and, to evaluate isotope signature informing of controlling
processes relevant to IWRM. The study findings are important to the implementation of the
recently announced successor project of the World Bank Funded Shire River Basin Management
Programme (SRBMP) through improvement of information and data regarding surface-water and
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groundwater resource availability. The study is also significant in that it employs knowledge of
isotopes to understanding of water resources in a transboundary catchment—both surface water and
groundwater—flowing into the Zambezi system. It is envisaged that study findings arising from
using isotopes in Malawi together with increased use in neighbouring countries will add value to the
‘Agreement on Establishment of the Zambezi Watercourse Commission’ (‘ZAMCOM’) signed in 2004
between the Republics of Angola, Botswana, Malawi, Mozambique, Namibia, Tanzania, Zambia and
Zimbabwe, aimed at ensuring efficient management of shared watercourses. This is a crucial tool in
avoiding conflict and enhancing integrated economic development in the region.

2. Materials and Methods

2.1. Study Area Setting

2.1.1. Water Resources

The Shire River Basin (SRB) lies between 9◦ and 20◦ S; and 18◦ and 36◦ E, at the southern extreme
of the East African Rift System (EARS; noting a listing of all abbreviations used herein is provided
in the Supporting Materials; Table S8). The SRB occupies an area of circa (c.) 28,800 km2, with the
Malawian section of the Basin covering Water Resources Area (WRA) 1 and WRA 14 (Figure 1). It
drains much of Southern Malawi and is divided into upper, middle and lower sections. The upper SRB,
covering c. 4500 km2, extends from Lake Malawi’s outlet point to Liwonde Barrage. The middle section
covers c. 4700 km2, extending downstream to Kapichira with Rivi-Rivi, Lisungwi and Wamkulumadzi
as major tributary rivers. The lower SRB extends from Kapichira in Chikwawa district to Malaka in
Nsanje district and covers 7200 km2 [38]. The Shire River forms the sole outlet of Lake Malawi, one of
Africa’s largest lakes that extends over some 600 km of the Rift Valley covering an area of c. 26,500 km2.
Lake Malawi’s catchment extends over much of Central and Northern Malawi that accounts for 68% of
the total c. 97,740 km2 catchment area that extends into both Tanzania and Mozambique. The lake is
of great economic significance and sustains the country’s hydro-power generation by boosting Shire
River flow rates, especially important during the peak of dry season when river flow rates become low
as inflows from major tributaries decline, often becoming dry.

The Shire flows through Southern Malawi into Mozambique to join the Zambezi River that drains
into the Indian Ocean. River flows vary seasonally in the Lower SRB from c. 400–1000 m3/s and
depending largely upon water levels in Lake Malawi, especially during the dry season [39]. The river
has major riverine inflows including the Ruo River, a transboundary river that drains WRA14 from
Mulanje Massif. Some of the basin urban centres are served by Shire River off-takes, the largest being the
City of Blantyre, which abstracts close to 100 ML/d (mega-litres per day), pumped over a head of 800 m
through a 48-km pipeline from the intake at Walker’s Ferry to the city [40]. A series of rapids—cascades
on the middle Shire River allow generation of some 99% of Malawi’s hydropower [38].

Groundwater from mainly shallow alluvial or basement rock aquifers forms the principal water
supply source for Malawi’s predominantly rural population. Rural village communities in the SRB
are frequently served by hand-pumped boreholes or gravity-fed piped water supply schemes, with c.
18,380 boreholes and 10,296 piped taps mapped as of October 2019 [41]. Poor functionality though of
many water points, with c. 30% typically non-functional, leads to water infrastructure ‘asset stranding’
and calls for larger capacity supply schemes [42,43]. The agricultural sector remains the major water
user taking 749 ML/d (79% of demand) of the available water resources in the SRB, followed by
domestic water supply at 14%, industrial sector at 4% leaving 3% unaccounted for [40]. The SRB
is a pivotal developmental hub for Malawi’s economic growth [44], with several major commercial
agricultural activities ranging from sugar, tea and cotton plantations to livestock production. A major
initiative is the Government of Malawi’s $500 million (USD) World Bank and African Development
Bank Funded Shire Valley Transformation Project (SVTP) launched in the Lower SRB, which will divert
c. 5% (20–50 m3/s) of the Shire River flow into 130 km of feeder canals and drain network to provide
gravity-fed irrigation of 45,000 hectares [45].
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Figure 1. Study area showing surface water bodies, water resources area (WRA) catchments, major
rivers, topography (variously coloured zones) and survey water-sampling points.

The Shire River (and Ruo tributary) is a transboundary surface-water body shared between Malawi
and Mozambique. The Lower SRB alluvial aquifer is also a Trans-Boundary Aquifer (TBA) [46]. Malawi
and Mozambique are members of the Zambezi Water Commission (ZAMCOM), a platform within the
SADC region seeking to promote equitable allocation of shared water courses between its member
countries/states. The aforementioned ZAMCOM agreement promotes safeguards for downstream
users’ (Mozambique) interests relative to those of upstream users such as Malawi. Therefore, there is a
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critical need to promote and enhance sustainable management of the SRB to ensure conformity with
both international and national environmental water laws and regulations.

The SRB faces a growing threat of environmental degradation stemming from developmental
pressures such as rapid population growth (c. 3% per annum), urbanization, industrialisation and
increasing waste among others from both countries of Malawi and Mozambique. The area is vulnerable
to climate change with frequent flood and drought extreme occurrences [47]. This situation leaves both
the quantity and quality of water resources to be at risk. There are cases of high saline groundwater
from community boreholes that lead to abandonment of production boreholes and possible unsafe
use of alternative unprotected and microbiologically contaminated water points to avoid salinity
problems [45,48–50]. Localised occurrence of fluoride in groundwater is a concern [51]. Unquantified
threats arise from increasingly intensive commercial agriculture (sugar, tea and coffee plantations)
and associated agrochemicals use. Occurrence of microbiological pathogens remains a concern in
unimproved surface-water sources and some groundwater sources such as shallow hand-dug wells
vulnerable with related unquantified risks to groundwater posed by widespread increased adoption of
pit latrine sanitation of basic design [52]. There is an alarming rate of deforestation that accelerates
runoff, causing siltation of surface waters, quality deterioration and weed manifestation, alongside
reduced groundwater recharge and decreased dry-season baseflows to rivers [53]. Such complexities
highlight the need for IWRM to conserve available water resources for basin rural and urban sectors,
meet environmental (ecosystem services) needs and transboundary obligations.

2.1.2. Geology and Hydrogeology

The SRB mainly comprises superficial (alluvial sediment) deposits and basement lithologies [54].
The main aquifer types are the weathered basement complex, the fractured basement complex and the
unconsolidated quaternary superficial (or ‘alluvial’) deposits and the Karoo sedimentary and igneous
sequences (Figure 2). The basement units form much of the upland areas and are dominated by gneiss
and granulite, exhibiting fractures induced from the East African Rift System (EARS) and weathering
in topographic highs from erosion. Although borehole yields from the basement are low, up to around
1 L/s, these are still sufficient for community hand-pumped supply. The basement aquifers extend over
vast areas and are hence widely relied upon. Karoo Sedimentary rocks exist unconformably on the
basement but only in the southwest higher elevations. Groundwater storage and flow occurs largely in
fractures in these well cemented low porosity rocks that may provide local supplies. Unconsolidated
sedimentary sequences of superficial aquifer deposits (alluvium and colluvium towards valley margins)
generally have good permeability, porosity and storage. They are comprised of clays, silts, sands and
occasionally gravels, deposited in the floor of the rift valley typically increasing in thickness eastwards
(>100 m) towards their faulted contact with the basement. Even though finer grained deposits may
predominate across the low-lying plains, alluvial aquifer yields are typically quite high and can on
occasion exceed 10 L/s in suitably located boreholes in the more permeable sand—gravel deposits [54].
The topographical high areas receive higher rainfalls within the SRB around Mulanje and in the north
of the Basin near Lake Malawi, providing the best recharge zones. Within the Shire River plain itself
rainfall is more limited with recharge principally occurring around February to March when top soils
become saturated [2,40]. However, estimations of recharge are not particularly well constrained as
often is the case.
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2.1.3. Topography and Climate

The SRB has diverse relief, dominated by the East African Rift System (EARS) valley and plains.
Relief ranges from 30 Meters Above Sea Level (m a.s.l.) in the south to about 3000 m a.s.l. in the
Mulanje massif. The area is characterised by highlands over 1300 m a.s.l. in the south west of Ntcheu
District where Malawi borders Mozambique and in the Mulanje District where the highest highlands
occur, but also lowlands below 200 m a.s.l. in Chikwawa and Nsanje districts within the Lower SRB
comprising extensive, semi-arid valley plains across the basin.
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A tropical climate occurs with two distinctive seasons—a wet season and a dry season, with both
cool dry and hot dry periods. The wet season starts in November ending in April. The first part of
the dry season, cool-dry, starts in May ending in August and the last part, hot-dry, commences in
September ending in October. Based on the current Köppen-Geiger system global dataset of long-term
monthly precipitation and temperature station time series, Malawi’s climate may be classified as Aw
or Savannah. The defining criteria for this climate type is Not (Af) and Pdry < 100—MAP/25, where Af
is rainforest, MAP is mean annual precipitation, and Pdry is precipitation of the driest month [55].
Rainfall in the SRB is largely influenced by Intertropical Convergence Zone (ITCZ), tropical cyclones
and the Zaire Air Boundary. Mean monthly rainfalls across the SRB range from 6 to 290 mm with the
mean of 98 between the period 1999 and 2019 (Figure S1a). Annual mean rainfall is distributed between
700 and 2500 mm in lowlands and highlands, respectively and peak rainfall occurs between December
and March. Mean monthly temperatures range from 13.1 to 32.1 ◦C with the mean of 22.9 between the
period 1999 and 2019 (Figure S1b). During the cool dry season, some highland areas experience erratic
winter rains, locally known as Chiperone, due to inflow of cool moist south-eastern winds. Mean
temperatures for the cool-dry season vary between 17 and 27 ◦C, with occasional temperature drops
spanning from 4 to 10 ◦C. Wet season mean temperatures range from 25 to 37 ◦C [40,56].

2.1.4. Data Availability

Water-resources monitoring data such as precipitation and surface-water flow and level data are
generally available, although records may not always be complete [57]. Groundwater level data are
sparse (handpumps typically inhibit measurement access), but will improve with recent commissioning
of 75 dedicated groundwater monitoring wells nationally. Surface-water and groundwater quality
data (mostly major ions, field parameter, bacterial, fluoride, etc.) data exist to a moderate degree,
enough to allow conceptualisation of occurrence and limited decision making [58]. Data are somewhat
ad-hoc though with the establishment of routinely sampled monitoring networks problematic, but
improving [43]. Collation of data into centralized accessible electronic databases also varies. The
CJF programme has made significant contributions to the development of management information
systems and mapping of all water points throughout Malawi on behalf of the government to underpin
IWRM and support attainment of SDG (6) [42,59].

2.1.5. Water Sampling and Analysis

Surface-water and groundwater sampling aimed to provide representative coverage of the study
area’s main features (Figures 1 and 2). Surface-water sampling covered the main Shire River reaches
and a cross section of representative tributaries. Groundwater sampling provided geographical spread
and balanced hydrogeological coverage of the basement and superficial aquifer systems. Survey
timings provided seasonal coverage and lowland and upland sampling points captured topographic
influences. Coverage was constrained by ease of access, especially during the rainy season where
travel to some remote or through low lying flood-prone areas was not possible. Occasional clumping
of sample sites arose from intent to underpin higher resolution local studies expected to follow, for
instance within the Chikwawa district.

Three sets of field surveys were conducted between March 2017 and April 2018 yielding a total
of 433 samples (283 stable isotopes samples and 150 hydrochemical samples). Surface-water sources
sampled included rivers, a lake and a dam. Groundwater sources included production boreholes fitted
with (Afridev) hand pumps (for community supply) (92), a hot-spring (a recreational-bathing site),
capped artesian wells (for community supply) (3) and a monitoring well (for groundwater monitoring).
These groundwater sources were predominantly in daily use for supply and hence well purged. The
initial survey was conducted during the cool-dry season between March and August 2017 when a
total of 124 (68 stable isotopes and 56 hydrochemical) samples were collected. The second survey
was during the hot-dry season between September and October 2017 and a total of 124 (72 stable
isotopes and 52 hydrochemical) samples were collected. The final survey was during the wet season
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between November 2017 and April 2018 with a total of 185 (143 stable isotopes and 42 hydrochemical)
samples collected. The stable isotopic data for precipitation throughout the study area were judged
spatially and temporally insufficient and collected local data were augmented by surrounding country
relevant data. The local meteoric conditions of the study area were therefore characterised using
stable isotope data generated from monthly samples taken between 2014 and 2019 from the Malawi
Network of Isotopes in Precipitation (MNIP) stations (Table S1) equipped with dip-in samplers that are
designed to prevent evaporation (and eliminate the need for paraffin oil [60]. These local precipitation
data were then augmented by precipitation isotopic data obtained from neighbouring international
Global Network of Isotope in Precipitation (GNIP) stations in Mozambique at Gorongosa (8 monthly
samples) and Chitengo (4 monthly samples) and Zambia at Ndola (154 monthly samples) to allow a
more complete characterisation [61] (Table S2). These stations have a similar climate and comparable
rain-bearing systems to that of the SRB. The resultant Local Meteoric Water Line (LMWL) derived
from a subdataset of precipitation amounts weighted stable isotopic samples (n = 143) (from stations
with precipitation amount data) was calculated by error-in-variables regression denoted EIV-LMWLw.
The EIV-LMWLw equation was presented with uncertainties (standard errors which represents mean
deviation of isotopic values from the EIV-LMWLw) for its slope and intercept (deuterium excess defined
as δ2H = 8δ18O significantly linked to vapour source regions) [29,62]. The regression equation for
the weighted EIV-LMWLw was then compared with an equation for a regressed entire non-weighted
dataset (n = 206) to check any variations in extent of slope and intercept that were found to be
immaterial (Supplementary Material: Regression analysis). The summary statistics of the precipitation
isotopic data were based on the entire dataset, while the LMWL and isotope-related plots were based
on the precipitation amounts weighted dataset only.

Hydrochemical samples were collected using a distilled water rinsed pair of acidified and
non-acidified polyethylene bottles, stored at 4 ◦C during transportation and holding at MoAIWD
laboratory and filtered through 0.45 µm pore size Whatman filters prior to laboratory analysis. Field
parameters (Temperature, pH, Total Dissolved Solids (TDS) and Electrical Conductivity (EC)) were
measured using a portable multimeter (Model: HI-98194, Hannah Instruments, Woonsocket, RI, USA).
Standard titration method was used to determine carbonate as CO3

2−) and bicarbonate as HCO3
2−

(standard hydrochloric acid method), magnesium as Mg2+ and calcium as Ca2+ (standard EDTA
method) and chloride as Cl− (standard silver nitrate method). A flame photometer (Model: 410,
Camlab, Cambridge, UK) was used to measure sodium as Na+ and potassium as K+ based on flame
photometry method, while an Ultra Violet (UV)/visible spectrophotometer (Model: DR/3000, Hach,
Loveland, CO, USA) was used to measure nitrate as NO3

−, sulphate as SO4
2− and iron as Fe2+ based on

calorimetric and spectrophotometry method. All field and laboratory activities (onsite measurements,
sample collection, transportation, holding, preparation and analysis) were conducted in accordance
with International Standard Methods (ISM) [63]. Standard blanks and duplicate samples were used
to assure and control quality of the analysis process, and all instruments were properly calibrated
following standard instructions prior to field and laboratory analyses, while accuracy of the analysis
results was validated by calculation of ion-balance, with adherence to an acceptable error of ±5%.

Water stable-isotope samples from surface water and groundwater were collected in dedicated
amber bottles for analysis of deuterium (δ2H) and oxygen-18 (δ18O) values using an automated cavity
ring-down spectrometer called Picarro isotopic water analyser (Model: L2110-I, Picarro, Santa Clara,
CA, USA) at MoIWD Isotope Hydrology Laboratory (IHL) based on laser spectroscopy method. Stable
isotope samples from Lake Malombe, located in the upper SRB (Figure 1), were collected remote
from estuaries c. 1 km from the shoreline via boat and bespoke depth sampler. The water isotope
samples were kept at 4 ◦C, away from sunlight during transportation and holding at the IHL. The stable
isotope analysis involved daily calibration of heavy and light standards bracketing probable isotopic
content range of the water isotope samples, together with the use of a daily control mid-range standard
intermediate between heavy and light standards. The Picarro isotopic water analyser was prepared
by running two vials of deionised water and accuracy of measurement was checked by inspecting
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concentration peaks, with adherence to an acceptable range of 19,000–21,000 ppm for abundance of
isotope ratios for both deuterium (δ2H) and oxygen-18 (δ18O). The isotopic analysis precision (2σ) was
set at ±0.2%� for oxygen-18 and ±2.0%� for deuterium, while quantification and validation of results
was accomplished via dedicated Laboratory Information Management System (LIMS) software. The
processed isotopic analysis results were reported in delta values (δ) representing parts per thousand
deviations (%�) from the international V-SMOW (Vienna Standard Mean Ocean Water) [64]. All field
and laboratory activities (onsite measurements, sample collection, transportation, holding, preparation
and analysis) were conducted in accordance with the IAEA-ISM [65].

3. Results

3.1. Stable Isotope Results

3.1.1. Isotopic Content of Precipitation-Local Meteoric Characteristics

Local meteoric conditions of the Shire River Basin were described by a Local Meteoric Water
Line (LMWL) defined as δ2H = (7.9 ± 0.1)δ18O + (11.3 ± 0.8) (Figure 3; and was calculated by
error-in-variables (EIV) regression, hence termed herein the EIV-LMWLw [62]). The EIV-LMWLw and
its prediction intervals allowed discernment of significant shifts of water isotopic signatures from the
EIV-LMWLw [61]. The EIV-LMWLw displayed a strong positive correlation in δ2H and δ18O values of
precipitation and is quite comparable with the Global Meteoric Water Line (GMWL) defined as: δ2H =

8δ18O + 10 by Craig (1961) [64], implying that local and regional precipitation isotopic signatures are
consistent with the global precipitation isotopic signatures.
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Figure 3. Plot of δ2H and δ18O for precipitation isotopic samples (n = 143). Error-in-variables local
meteoric water line (EIV-LMWLw) represents the weighted local meteoric water line for the Shire River
Basin calculated based on error in-variables regression analysis. GNIP: Global Network of Isotopes in
Precipitation; MNIP: Malawi Network of Isotopes in Precipitation; GMWL: Global Meteoric Water Line.

The local isotopic content of precipitation from MNIP stations varied widely (range: 76.8%� for
δ2H, 10%� for δ18O) due to varying rain-bearing systems coupled with geographic controls (Table S3).
This was observed to be consistent with expected isotopic composition of Indian Ocean monsoon
derived precipitation [66]. The isotopic content of precipitation from the surrounding GNIP stations
likewise varied widely but with much larger ranges (range: 145.4%� for δ2H; 20.5%� for δ18O) compared
to the MNIP station data (Table S4). Nevertheless precipitation from both MNIP and surrounding
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GNIP stations still plotted within the prediction intervals and was consistent with the low evaporative
influence (Figure 3).

3.1.2. Isotopic Content of Surface Water and Groundwater

Surface water δ2H (n = 150 samples) ranged from −44.4%� to +25.8%� with a mean of −14.9%�,
and δ18O from −7.3 to +4.2%� of mean −2.8%� (Supplementary Material (SM), Table S5). Deuterium
excess ranged from −11.9%� to +17.2%� with a mean of 7.22%�. Most surface water samples from
predominantly upland sites and a subset of the lowland sites cluster along and within prediction
intervals of the local and global meteoric water lines providing strong evidence of non-evaporated
precipitative recharge input into surface water bodies (Figure 4a). A significant proportion of lowland
sites but relatively few upland sites deviate from the meteoric water lines and were defined by a Local
Evaporation Line (LELs) of δ2H = (5.9 ± 0.1) δ18O + (1.5 ± 0.3) (Figure 4a). This provides evidence
of enrichment due to evaporative fractionation occurring mostly during the hot-dry and cool-dry
season that is more pronounced in Lake Malombe and other low-lying areas. The isotopic enrichment
observed for Lake Malombe during the wet season supports its isotopic content is not appreciably
altered by local rainfall input, but rather is predominantly influenced by Lake Malawi input (its
primary source) enriched isotopic signatures retained at this season [29]. The LELs revealed influence
of both evaporative processes and mixing or infiltration of groundwater through baseflow during
the hot dry season. Generally, the stable isotopic variation in surface water is consistent with that of
precipitation, suggesting that recent local precipitation significantly contributed to river flows in the
basin. The stable isotopic content of surface water varied widely (range: 70.2%� δ2H; 11.5%� δ18O)
consistent with local precipitation spatial variation thereby supporting local precipitation contributed
largely to river flows predominantly during the wet season. The full datasets for the stable isotopes
analysis results of surface water are presented in the Supplementary Material (SM) Table S9.

Groundwater δ2H (n = 133 samples) ranged from −40.3%� to −22.8%� with a mean of −28.4%�,
and δ18O from −6.7%� to +3.7%� with a mean of −4.7%� (Table S6). Deuterium excess ranged from
−6.72%� to +15.2%� with a mean of 8.89%�. Most groundwater samples (all upland sites and most
lowland sites) cluster along the local and global meteoric water lines during both dry and wet seasons
(Figure 4b), an indication the Indian Ocean monsoon largely contributed to precipitative recharge
input into groundwater system. A subset of samples, predominantly lowland sites, exhibited enriched
isotopic signatures especially during the hot season, shifted significantly away from the meteoric water
lines defined by a local evaporation line (LELg) of δ2H = (6.3 ± 0.1) δ18O + (0.9 ± 0.6) (Figure 4b). This
is mostly attributed to excess δ18O as a consequence of secondary evaporative enrichment occurring
either during runoff that preceded infiltration, or else within the groundwater body due to shallow
groundwater phreatic evaporation. Clustering of most groundwater samples along the meteoric water
lines provides strong evidence of a simple areal groundwater recharge input due to local precipitation.
Hence groundwater isotopic content largely follows the LMWL with considerable variation (range:
63.1%� δ2H; 10.4%� δ18O), suggesting diverse groundwater recharge dominated by local precipitation
input. Some isotopic deviation below the meteoric lines suggests significant evaporative enrichment of
groundwater, for instance near Lake Malombe particularly during the dry season. The full datasets for
the stable isotopes analysis results of groundwater are presented in the excel file in Supplementary
Material (SM) Table S10.
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Figure 4. Isotopic content of (a) surface water and (b) groundwater in different seasons (zoomed in)
with data segregated to upland (>500 m) and lowland (<500 m).

The MNIP station stable isotope precipitation data display signatures consistent with those found
in groundwater over the area marked in Figure 5 that appeared to coincide with precipitation signatures
observed during December to March. This would support recharge that was predominantly occurring
during the peak of the rainy season, which is reasonable to expect. Precipitation occurrence in the other
months (e.g., November and April) exhibited data points outside of the groundwater area marked and
supported rainfall occurring at the start and end of the rainy season, which did not appear to contribute
significantly to groundwater recharge, again this is hydrologically reasonable. These precipitation
data (recognizing more data are ideally required) exhibited enrichment signatures suggestive of the
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influence of drier-warmer conditions. It would support evapotranspiration loss of infiltrated rainwater
due to the lower humidity.Water 2020, 12, x FOR PEER REVIEW 12 of 27 
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Figure 5. Malawi Network for Isotopes in Precipitation (MNIP) stable isotopes precipitation data
depicting dominant groundwater recharge months.

3.2. Seasonal Variation in Isotopic Spatial Distributions

Spatial data support highly enriched isotopic values of surface water were observed in lowland
sites, with highly depleted isotopic values more apparent in upland sites (Figure 6). Highly enriched
isotopic values were distributed along the Shire River bankside area from upper to lower reaches of the
Basin. Groundwater exhibited a similar pattern of enriched isotopic signatures in lowland sites and
depleted isotopic signatures in upland sites (Figure 7). Highly enriched isotopic signatures were more
pronounced in superficial aquifer systems compared to the basement aquifer system, as the former
mostly occurred in lowlands characteristic of high evaporation effects, while the latter were largely
found in uplands associated with cool temperatures, less evaporative effects and probably deeper
water tables. The spatial distribution of isotopic content of groundwater appears more influenced by
evaporative fractionation in near-river lower SRB sites such as wetland vicinities (e.g., the Elephant
Marsh) where water tables are shallower and groundwater perhaps slow moving.
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Figure 6. Seasonal variation of stable isotopic content distributed spatially in surface water:
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3.3. Hydrochemical Results

3.3.1. Hydrochemical Characteristics of Surface Water and Groundwater

Surface water ranged from pH 6.10 to 8.80 and was fresh with TDS, which was generally low
varying from 13 to 603 mg/L and of mean 151 mg/L (Figure 8a; Table S7). The increased surface water
dry-season mean TDS of 159 mg/L compared to wet-season mean TDS of 123 mg/L was ascribed to
dilution and local rainfall rapid runoff input to surface water flows during the wet-season (Figure 8b;
Table S7). Increased dry-season ranges of TDS and individual solutes could be due to greater dynamic
proportionate influences of low to moderate flow rates on concentrations (recognizing though lower
sample numbers for the wet season). Groundwater ranged from 5.90 to 8.70, with most groundwater
slightly alkaline (71.6%). Groundwater TDS varied widely from very low to very high (19–6220 mg/L),
with a mean of 576 mg/L and median of 370 mg/L (Table S7). Bicarbonate dominates the anionic
content with modest to low sulphate, low chloride and negligible nitrate. Calcium and sodium are
the dominant cations. Solute concentrations are increased in groundwater compared to surface water
and attributed to increased residence time and rock matrix interaction and dissolution (Figure 8b).
Still, groundwater concentrations generally compare favourably, although not always compliant with
World Health Organisation (WHO) guidance. For instance, drinking water was characterised with
good palatability at <600 mg/L TDS (70.2% of samples), but becoming increasingly unpalatable (and
brackish) at >1000 mg/L TDS (8.3% of samples). Wet-season groundwater tended to display lower
ranges in TDS and individual solutes than dry-season (Figure 8b; Table S7). Similar to surface water
this could be due to lower sample numbers, but could be seasonally related with more pronounced
proportionate influence of table variations across the dry season. Although TDS and individual solute
groundwater concentrations were mostly within the range of dry-season variations, wet-season TDS,
bicarbonate, calcium and sulphate tended to be increased (Figure 8b). Controlling reasons were not
particularly clear with greater sample numbers required to confirm trends. Generally, though greater
seasonal dynamic in groundwater concentrations may be expected in boreholes screened closer to the
water table where seasonal variation in water levels and recharge inputs are less damped. The full
datasets for the hydrochemical analysis results of surface water and groundwater are presented in the
Supplementary Material (SM) Tables S11 and S12, respectively.

3.3.2. Spatial Distribution

The groundwater types classification based on Piper plot (Figure 9) indicates most groundwater
samples plot in the left diamond quadrant Group 1 water type evidencing a predominant
non-evaporated local precipitative recharge contribution to the groundwater system. The Piper
plot supports cation exchange occurrence especially in lowland western Shire River groundwater,
contributing to Group 2 water type dominant occurrence per Figure 10. The Group 1 water type
(Ca-Mg-HCO3) in groundwater was predominant across the SRB and more pronounced east of the
Shire River (Figure 10). It is particularly characteristic of low TDS (<500 mg/L) prevalent in uplands and
is the typical water type for recent recharge water with limited modification by geological interactions.
There is an increasing trend towards the lowlands of Group 2 (Na-HCO3) type groundwater that
occurred relatively sparsely across the basin, but was most prevalent west of the Shire River middle
reaches in the Chikwawa and Mwanza districts. It was characterised by higher TDS concentration
(>500 mg/L), and was more pronounced in the lowlands and was taken to be indicative of groundwaters
of longer residence time having undergone cation exchange leading to characteristic increased sodium
contents. Occurrence of Group 3 water type (Ca-Mg-SO4) and Group 4 water type (Na-Cl) was rather
scant, the former occurring north of the Shire River upper reaches around Lake Malombe and the
latter to the north-west of the Shire River lower reaches, typically a lowland area of high TDS water.
The composition is suggestive of older groundwater, and or groundwater that has been subjected
to evaporative concentration. This would accord with the higher and most abrupt increases in TDS
tended to occur in the lowland plains to the west of the Shire River, especially the lower reaches.
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Groundwater TDS broadly followed the topography increasing towards the lowlands according with
the general direction of basin groundwater flow draining towards the lowland plains.
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Figure 8. (a) Surface water hydrochemical composition observed seasonally: dry-season (n = 46) and
wet-season (n = 20). (b) Groundwater hydrochemical composition observed seasonally: dry-season
(n = 62) and wet-season (n = 22).
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The bivariate ratio plots support that the majority of groundwater sampled was predominantly
influenced by silicate weathering and carbonate dissolution, rather than evaporite dissolution
(Figure 11). Na/Cl molar ratios deviated from the 1:1 ratio supporting that observed sodium increases
in groundwater were most likely due to silicate weathering and subsequent increased sodium from
cation exchange.

Figure 11 

Reference 53 

Government of the Republic of Malawi. Final Report Component B—Catchment Management. In Shire River Basin 
Management Programme Phase 1 Project; Government of the Republic of Malawi: Lilongwe, Malawi, 2017. 

Figure 11. Bivariate plots of molar ratios. (a) Na-normalised Mg vs. Na-normalised Ca and
(b) Na-normalised HCO3 vs. Na-normalised Ca.

Overall and consistent with the wider SRB groundwater literature [36], observed water types and
their relative occurrence and distribution support a groundwater geochemical evolution dominated by
silicate weathering, carbonate dissolution, cation exchange and evaporative concentration with limited
influence of evaporite dissolution. This is consistent with the predominance of silicate source rocks
and limited occurrence of evaporites (halite, gypsum, etc.). The latter are typically associated with any
lower permeability, poorly flushed, shaly or marly deposits occurring. This may include influence
from laterally adjoining or underlying formations in hydraulic continuity such as the Karoo formation
sandstone and shales [48].
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3.4. Groundwater—Hydrochemical and Isotopic Evidences Combined

A plot of wet/dry season isotope signatures with points classified into groundwater types confirms
Group 1 water type follows the meteoric water lines, but with a few samples deviating (Figure 12).
These samples that shift from the meteoric water lines exhibit evaporative enrichment associated with
higher TDS values and corresponded to lowland sites in the hot dry season (Figure 4). Though the bulk
of data generally endorses a young water occurrence predominantly influenced by non-evaporated
local rainfall recharge. For the few sites outside the prediction error band, their higher TDS values
provide evidence of enrichment due to evaporative fractionation. The other water type groups (2, 3 and
4) plotted along the meteoric lines and were indicative of meteoric origin and negligible evaporation
fractionation effects.Water 2020, 12, x FOR PEER REVIEW 20 of 27 
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4. Discussion

4.1. System Conceptualisation and Isotopic Diagnostic Tools

The mutual reinforcing of isotopic signature and hydrochemical results and consistency with
hydro(geo)logical expectations enabled development of the SRB system conceptual model shown in
Figure 13. Key signature trends providing diagnostic insight into water provenance and controlling
processes are illustrated. Marked variations between wet and dry seasons justify the inclusion of
seasonality in the model developed. The conceptualisation also highlights where isotopic water
tracing may enhance understanding of key water-mixing scenario. These include predominantly
natural scenario, for instance seasonally variant groundwater–surface water interactions, as well
as anthropogenic or engineered water mixing scenario arising from say water-transfer schemes, or
changing land use such as deforestation. The basin-scale conceptualisation provides the foundation
necessary for future studies or scheme assessments that may use departures in isotopic signatures
from the benchmark baseline established. The forensic power of isotopes (including other elemental
isotopes in due time and other tracers, e.g., noble gases) to differentiate water source provenance is
fundamental to IWRM schemes that frequently involve water mixing.
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Figure 13. Isotope-informed conceptual model of the Shire River Basin.

Key isotopic diagnostic tool capability demonstrated and inherent to our conceptual model
formulation include:

• Distinct surface water dry-season enrichment and wet-season depletion, but with minor retention
of enriched isotopic signatures ascribed to Lake Malawi influences;

• Isotopic signature corroboration of wet-season river flows mostly arising from local precipitation,
with dry-season flows supported by increased groundwater contributions;

• Precipitation signatures consistent with expected isotopic composition for Indian Ocean monsoon
derived precipitation that forms the predominant water input to the basin;

• Groundwater isotopic signatures followed a LMWL of limited spread taken to signify recharge by
local precipitation occurs predominantly in core, rather than peripheral, wet-season months;

• Although few dry-season groundwater samples displayed evaporative enrichment, isotopic
seasonality was more pronounced in the lowlands.

4.2. Benefits to IWRM

The study develops not only isotopic forensic tool capability, but also documents the current
isotopic baseline benchmark condition against which future change to the SRB water resource may be
measured. This study and planned similar projects will valuably underpin IWRM implementation
in the SRB and river basins elsewhere in Malawi including the Linthipe [29], Bua, Dwangwa, North
Rukuru and Lufilya where the Government plans to undertake catchment restoration and improve
water security, agricultural productivity and rural livelihoods, notably under the World Bank funded
Malawi Watershed Services Improvement Project (MWASIP). The project has flagged a critical need for
an integrated cross-sectoral approach for water-resource planning and management at river basin level
in order to increase efficiency in the use of resources and capacities and thereby multiply impacts.
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Identified isotope tool benefits to IWRM implementation in the SRB water-resource policy
development include:

• Assessment of ‘water mixing’ occurring naturally, or within engineered IWRM schemes that may
enable identification and targeted protection of sources waters;

• Improved Water Resource Unit (WRU) management—this includes both individual and integrated
WRU management in for instance nested monitoring of subcatchments and downstream catchment
aggregates and linked groundwater bodies (mimicking approaches inherent to the European
Water Framework Directive);

• Diagnostic assessment of land use change (e.g., deforestation and urban development) influence
upon the balance of runoff to surface water, versus infiltration and recharge to groundwater [43];

• Assessment of wet/dry season dynamics recognizing significant contrast in seasonal precipitation
and water availability to address increasing water-supply demands and environmental needs;

• Insight to groundwater—surface water interactions—baseflow support to rivers, ecosystems,
and river abstractions for cities and agriculture, versus quite common mid-reach influent river
recharge to Malawian groundwater;

• Surface water and groundwater resource storage capacity and their dynamic management (e.g.,
low storage inherent to basement rock pose a fundamental resource constraint);

• Irrigation scheme impact assessment—interaction with underlying groundwater resource
including salinisation concerns—e.g., Shire Valley Irrigation Project [56];

• Transboundary aquifer and surface-water management—the SRB position upstream of sensitive
downstream international water use [46], we have undertaken a recent (2019) transboundary
Lower SRB isotope study in neighbouring Mozambique;

• Climate change management—risks to water-resource sustainability from long-term uncertainties
in precipitation inputs and runoff, evaporation and recharge balances—climate change concern
continues to fundamentally drive the CJF (Climate Justice Fund) Programme.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/5/1410/s1,
Figure S1: Mean monthly (a) rainfalls and (b) temperatures for the Shire River Basin between the period 1999 to
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in Precipitation (GNIP) Stations close to the MNIP Stations, Table S3: Statistical summary of isotopic composition
of precipitation from MNIP stations, Table S4: Statistical summary of isotopic composition of precipitation from
surrounding Global Network of Isotopes in Precipitation (GNIP) Stations, Table S5: Statistical summary of isotopic
composition of surface water from Shire River Basin, Table S6: Statistical summary of isotopic composition of
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