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Abstract: Developing countries such as Malawi require improved access to isotope tracer tools to
better characterize and manage water resources threatened by land development, deforestation and
climate change. This is the first published study to use an isotope facility developed in Malawi for
this purpose, instead of relying upon sample analyses from abroad. Results from this new facility
are used to evaluate an important Lake Malawi catchment in the Rift Valley. This work successfully
established a stable-isotope baseline, hydrochemical signatures, and system conceptualization against
which future policy change and management strategies may be measured. Precipitation isotopic
composition was consistent with the Global Meteoric Water Line, but varied, confirming different
precipitation systems nationally. Groundwater largely followed a Local Meteoric Water Line, with
limited isotopic variation indicating predominant areal groundwater recharge, but with dry-season
evaporative enrichment of groundwater near Lake Malawi. Surface-water isotopes widely varied
with local precipitation, suggesting the latter accounted for wet-season river flows, but upstream
dambo (complex wetlands occupying a shallow, seasonal waterlogged depression) helped sustain
dry-season flows. Isotope capacity reinforced water-resource conceptualization and provenance
in a hydrologically complex, but not atypical, Rift Valley system, exhibiting a noted complexity of
groundwater-surface-water interactions. The latter, critical to integrated water resource management,
requires more focused study, to which an expanded array of isotopes will contribute to tracking
Sustainable Development Goal 6 targets. This study and future catchment studies should help
underpin Malawian water-resource policy implementation on several identified fronts.

Keywords: isotope tracers; stable isotopes; groundwater; SDG 6 (sustainable development goal 6);
integrated water resource management (IWRM); conceptual model; Malawi
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1. Introduction

Water-isotope tracing is a powerful tool for conceptualizing hydrological-hydrogeological
systems [1-3], including the characterization of hydrological conditions, flow-system evolution,
groundwater—surface-water exchange, groundwater recharge and water-source provenance [4-7]. The
repertoire of isotope tracers continues to grow, offering increasing insight and versatility [8-11]. As
such, isotopes increasingly underpin integrated water resources management (IWRM) [12-14]. Their
potential to help strategically address Millennium, and now Sustainable Development, Goals (M/SDGs)
in the developing world, remains not fully realized.

Several issues conspire to create this shortfall. Access to in-house isotope analytical facilities within
developing countries may be non-existent or limited, a noted issue for Africa [15]. Although there has
still been significant isotopic characterization of African water resources [16], much of those isotope
data have been secured through sample export and analysis and interpretation abroad [17,18]. This is
especially true for developing countries where data can be very sparse [16] and in-house isotope capacity
(both analysis and interpretative) fails to develop. The development of developing country water
resources is often undertaken in isolation, rarely seeking to understand surface-water-groundwater
relationships. African rural resource development has focused almost exclusively on groundwater,
typically hand-pumped boreholes for communities [19,20], with little perceived need for isotopes,
understanding of the sustainability of the water resource at large, and system linkages.

Significant rationale exists for the uptake of isotopic tools in developing countries, and is considered
for Malawi here. Groundwater development in recent decades, although significant, has not been
that strategic; water points in Malawi, mostly groundwater-related rural community supplies, now
approach 100,000 [21]. Surface-water resources are also prominent. Lake Malawi is African’s third
largest lake and contains reservoir dams on its lake tributaries, serving, for example, its capital
Lilongwe, and a pipeline from the lake’s sole outlet, the Shire River, serving its second city, Blantyre.
Large irrigation schemes are also planned, for instance the Shire River Irrigation Project to divert ~5%
(20-50 m3/s) of the Shire River flow into 130 km of feeder canals [22]. Large lakes such as Malawi
and Chilwa are internationally significant environments and of national socio-economic significance;
their drainage basins and underlying aquifers, providing (dry season) baseflows, demand integrated
understanding. Groundwater recharge, essential to assessing sustainable aquifer yields, is often poorly
constrained [23]. Climate conditions and sources of rainfall are also complex; Malawi’s Rift Valley
location, with significant topographic variation, causes marked within-country contrasts. Significant
land use changes, e.g., urbanization, agricultural intensification and deforestation, may influence the
recharge-runoff balance and pose pollution risks. Last, but not least, climate change vulnerability is
considered high [24,25], with a predicted increased severity of droughts in Southern, and floods in
Northern, Malawi [26]. An arsenal of isotopic tools may contribute to understanding of these issues.

These issues provided impetus for the recent development of a national isotope facility in Malawi,
and the first baseline catchment study arising from that newly developed capacity presented herein.
The Government of Malawi, with funding from the International Atomic Energy Agency (IAEA)
established an Isotope Hydrology Laboratory in Malawi’s Ministry of Agriculture Irrigation and Water
development (MoAIWD) Central Water Laboratory in Lilongwe in 2018. The IAEA also helped finance
establishment of the Malawi Network of Isotopes in Precipitation (MNIP), together with foundational
water resource isotope-hydrochemical surveys and capacity building supported by the Climate Justice
Fund-Water Futures Programme (CJF)—a wide-ranging research initiative led by the University of
Strathclyde and funded by the Scottish Government to support the Government of Malawi in meeting
SDG 6. This study is the first of an initial suite of isotopic baseline hydrochemical studies aiming to
improve the conceptualization and understanding of Malawi’s water resources, and demonstrate the
practical value of the investments in resource management.

This study focused on a catchment of the Lake Malawi Basin with contrasting geographies arising
from a location at the southern extremity of the East African Rift System. The objectives of this work
were to (i) establish an isotopic baseline-hydrochemical understanding against which future change
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arising from land use development and climate change may be measured; (ii) develop an integrated
conceptual model of the system water resource that may underpin future IWRM; and (iii) identify
areas of influence of Malawian policy implementation expected from this and its companion suite of
studies on other catchments.

This study is the first to demonstrate the significance of an in-house, national isotope capacity
in Malawi, a developing country ranking 170 out of 188 in the 2015 Human Development Index [27].
The study concludes that stable isotopes reinforce the process-based conceptualization of a varied
water-resources, and helps confirm and provide insight into the diversity of groundwater-surface-water
interaction processes. As such, the developing world vitally requires increased access to such tools.

2. Materials and Methods
2.1. Study Area Setting

2.1.1. Water Resources

The study area surrounds Lilongwe City and covers the Linthipe River Catchment and South West
Lake Malawi River Catchment (including most of Water Resource Areas (WRAs) 3 and 4) (Figure 1).
The Linthipe River is one of the major riverine inflows to Lake Malawi, Africa’s second largest lake
by volume and third by area, and an integral part of the international Zambezi River Basin System.
The catchment contains several major storage reservoirs; the Kamuzu Dam I (of storage capacity
4.5 million m®) and adjacent Kamuzu Dam II (18.5 million m?) on the Lilongwe River, and the Bwanje
Valley dam (5.6 million m®) on the Namikokwe River. The Kamuzu dams supply the capital Lilongwe.
The Bwanje Valley dam primarily serves the Bwanje Irrigation Scheme, with some water supply and
hydro-power generation.
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Figure 1. Study area showing surface water bodies, water resource area (WRA) catchments, river
sub-catchments (variously coloured zones) and survey water-sampling points.

Water is used for domestic consumption, irrigated agriculture, industrial production, recreation
and tourism, fisheries production and sustenance of biodiversity. Lake Malawi is pivotal to national
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socio-economic development. Agriculture remains the major water use, followed by domestic use,
municipal water supply and industry. Water resource distribution is highly variable, both seasonally
and geographically. Around 90% of runoff in major rivers, flowing into Lake Malawi, occurs between
December and June [28]. Major water management challenges stem from population growth at c¢. 3%
and developmental pressures. Most rural communities are involved in intensive small holder farming,
with attendant deforestation that poses a significant risk of increased runoff, reduction in groundwater
recharge, and accelerated erosion, resulting in sedimentation of surface water bodies and a reduction
in water-supply reservoir capacities. IWRM policy instruments are vitally required to sustainably
manage water resources and maintain water supplies to both rural and urban communities alike, with
existing plans to boost water supply (e.g., increased Kamuzu dam I capacity and Salima District supply
pipeline from Lake Malawi), alongside irrigation (Bwanje) and hydro-power generation schemes.

2.1.2. Hydrological-Hydrogeological Setting

The study area sub-divides into four contrasting physiographic zones: the highlands, including
the Dzalanyama Range, Dowa Hills and Dedza Mountain reaching elevations up to 2400 masl; the
plateau area dominated by the Kasungu-Lilongwe Plain, a vast area of 6000 km? varying between 1000
and 1800 masl; the Rift Valley escarpment, varying in altitude between 600-800 masl; and the Rift
Valley lakeshore plains. Surface water drainage across these zones is illustrated in Figure 2a. Flows
in many rivers draining into Lake Malawi, including the Lilongwe, Diamphwe and Linthipe, are
influenced by remote upland plateau occurrence of extensive ‘dambo’ grass-covered swampy valley(s)
in the Chichewa language [29] (some illustrative areas of dambo occurrence are shown in Figure 2a).

Details of the geological setting detail are found within three articles covering various parts of the
study area [29-31]. The area is mostly underlain by Precambrian ‘Basement” Complex rocks comprising
gneisses, schists and metamorphosed igneous intrusions. The Precambrian basement intrusives, typical
of granular felsic intrusive igneous rock formation (Granite), occurs in the south west Dzalanyama
Range. The coarse-grained intrusive igneous rocks (Syenite) occur within the Kasungu-Lilongwe Plain
and parts of the Dedza District. The Quaternary alluvium, colluvium and lacustrine deposits occur
along lakeshore areas of Lake Malawi within the Rift Valley plain. Most of the alluvial deposits arise
from the erosion of rock material from the Rift Valley escarpment slopes [31,32]. The catchment area
is characterized by Basement Complex aquifers, fracture zones in the escarpment zone, and alluvial
aquifers (Figure 2b) in the rift valley floor. Basement aquifers occur in weathered or fractured zones of
Cambrian Basement Complex rocks with generally low yielding boreholes, up to 2 L/s, that dominate
the western and central areas. In the east, alluvial aquifers predominantly occur as Quaternary alluvial
deposits and may be high yielding, up to around 20 L/s [33]. They predominantly comprise mixed
clays, silts, sands and gravels. Borehole yields in the escarpment zone may be as high as 12 L/s [32,34].
Details of the above are considered further in our system conceptualization.
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Figure 2. Study area: (a) Topography and key physiography; (b) Aquifer types.
2.1.3. Climate

The Lake Malawi Basin experiences a tropical-continental climate with two distinct seasons:
a wet season from November to April, and a dry season from May to October [35]. The dry season is
characterized by south-easterly trade winds (the Mwera) and the wet season by weaker north-easterly
winds (the Mpoto). The Inter Tropical Convergence Zone (ITCZ), the Zaire Air Boundary (ZAB),
and tropical cyclones are the three large-scale (synoptic) systems that bring rainfall to the basin [35].
According to the revised Képpen-Geiger system, which is based on a large global dataset of long-term
monthly precipitation and temperature station time series, Malawi’s climate may be classified as Aw
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or Savannah. The defining criteria for this type of climate is Not (Af) & Pdry < 100 — MAP/25, where
Af is rainforest, MAP is mean annual precipitation, and Pdry is precipitation of the driest month [36].
Based on 2000-2018 precipitation data gathered from Malawi’s Department of Climate Change and
Meteorological Services (DCCMS), annual rainfall in the catchment area exhibits a mean of 956 mm
and a range of 4822128 mm.

Temperatures are also influenced by the diverse topography, typically decreasing with increasing
altitude. Mean maximum and minimum temperatures are 30.3 and 10.3 °C, respectively. Maxima
occur in October/November and minima in June/July. Malawi is vulnerable to climate change influence,
arguably already occurring on the basis of increased drought and flood event frequencies [24,25].

2.2. Water Sampling and Analysis

Water sampling was undertaken as three sets of isotopes and hydrochemical surveys aimed at
capturing seasonal variability. A total of 221 samples were collected from 69 sampling points between
March 2014 and June 2018, with a breakdown of sample type provided in Table 1. The first survey
was conducted from March 2014 to August 2015 (82 samples), the second from June to December 2017
(43 samples) and the third from June to August 2018 (96 samples). Each covered a wide range of water
types, aiming to provide representative catchment coverage. The precipitation samples from the MNIP
were collected using dip-in samplers designed to prevent evaporation (and eliminate the need for
paraffin oil) [37]. Our local precipitation data was augmented by precipitation isotopic data from the
surrounding Global Network of Isotope in Precipitation (GNIP) stations in Mozambique at Gorongosa
(eight samples) and Chitengo (four samples) and Zambia at Ndola (154 samples) to better characterize
local meteoric conditions [38]. Our Local Meteoric Water Line (LMWL) was calculated based on
errors-in-variables (EIV) regression [39] and is referred to as EIV-LMWL. Groundwater samples were
collected from community supply boreholes fitted with (Afridev) hand pumps that were in regular use
for supply and hence well purged. Lake Malawi isotope samples were collected remote from estuaries
1 km from the shoreline via boat and bespoke depth sampler.

Table 1. Summary of isotopic and hydrochemical sampling undertaken (2014-2018).

Source Type No. of Sampling Points  No. of Isotope Samples  No. of Hydrochemical Samples

Surface water 22 50 23

Groundwater 43 73 38

Precipitation 4 37 -
Total 69 160 61

Water samples for stable isotope analysis were collected using dedicated amber bottles for analysis
of deuterium and oxygen-18 ratios using an automated Picarro Isotopic Water Analyser IWA) at
the MoAIWD IHL, incorporating a water laser spectroscopy-based approach. Samples were stored
at 4 °C and away from sunlight during transportation and holding at the laboratory. Analysis
involved daily calibration of heavy and light standards encompassing the anticipated range of isotopic
composition in samples, alongside use of a daily control mid-range standard intermediate between
heavy and light standards. The IWA was prepared by running two vials of deionised water and the
quality of measurement was checked by inspecting concentration peaks with an acceptable range of
19,000-21,000 ppm. The precision (20) of isotope analysis was +0.2 ppm for Oxygen-18 and +2.0 ppm
for Deuterium. The isotopic analysis was conducted in line with International Standard Procedures [40]
and quantification and validation of results was accomplished via dedicated LIMS software.

Electrical Conductivity (EC), Total Dissolved Solids (TDS) and pH were measured on site using
a portable multi-meter (Model: HI-98194) for a representative subset of samples (61) also subjected
to hydrochemical analysis. Hydrochemical samples were collected in a distilled water rinsed pair of
acidified and non-acidified polyethylene bottles. Samples were stored at 4 °C during transportation
and at the MoAIWD Laboratory, and analyzed there for major ions, iron and fluoride. The samples
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were filtered through 0.45 pm Whatman filters prior to laboratory analysis. The anions (F~, CI7,
NO3~, SO4%7) and cations (Fe?*, Na*t, K*, Mg2+, Ca?*) were measured using ion chromatography
(Ion Analyzer—Model: IA-300) Carbonate and bicarbonate concentrations were measured using
titrimetric methods with hydrochloric acid. All field sampling and measurements, and laboratory
analyses, were conducted in line with International Standard Procedures [41], and accuracy of analysis
results was validated by calculating ion-balance, with adherence to an acceptable error of 5%. The
detailed list of surface water, groundwater and precipitation (within study area) stations is presented
in Supplementary Materials (SM)—Tables SM2a, SM2b and SM2c, respectively.

2.3. Baseflow Index Estimation

To support system conceptualization, baseflow index (BFI) estimation was undertaken. Baseflow
represents the proportion of river flow derived from groundwater from aquifers and other stored
sources. Other stored sources may include slow-moving interflow (as opposed to rapid interflow),
connected lake or wetland systems, and temporary storage in the banks of the river channel. Although it
is generally accepted that baseflow is mainly derived from groundwater, it is important to acknowledge,
in the absence of detailed site investigations, that these other sources may also contribute, depending
on the catchment characteristics, although typically to a lesser extent [42]. Baseflow is commonly
expressed as the BFI, defined as the ratio of baseflow volume to the total river flow volume. For the
current scope (non-exhaustive), we simply draw upon BFI mean data from our parallel CJF programme
activity to quantify BFI trends across Malawi using hydrometric (river discharge) data obtained from
the Surface Water Division of the Department of Water Resources in the MoAIWD.

The river data archive spans from 1953 to 2010, but with data recording gaps, and differences
in monitoring periods between gauges. BFI estimates were hence made of annual (1 November to
31 October), wet season (1 November to 30 April) and dry season (1 May to 31 October) arithmetic
means (averages) for the entirety of the data available for each gauge. This approach provided good
spatial coverage of the study area, encompassing nine rivers, but there is still a need to examine specific
time-period data in future work.

Baseflow separation was used to analyze the river data and determine BFI for 14 river gauging
stations over the time periods indicated: Nadzipokwe River 3E1 (1953-2010) and 3E2 (1957-2003),
Namikokwe River 3E2 (1957-2003) and 3E5 (1957-2010), Livulezi River 3E3 (1956-2008), Nadzipulu
River 3F3 (1957-2004), Linthipe River 4B1 (1953-2009), 4B3 (1957-2008) and 4B9 (1974-2010), Diamphwe
River 4B4 (1957-2010), Lilongwe River 4C2 (1957-2010), 4D4 (1953-2009) and 4D24 (1991-2005), Nanjiri
River 4C11 (1985-2010) and Lingadzi River 4E2 (1959-2005). Due to the sporadic nature of the river
data, this study followed the approach set out in a recent study by Kelly et al. (2019) [28] which
specifically demonstrated how to work with sporadic river data to quantify temporal variations in BFI.
The approach utilized the BFI programme, an MS Excel® based tool developed by the Department of
Geosciences in the University of Oslo [43]. The programme performs baseflow separation on daily
river flow and separates the river flow into its ‘surface runoff’ component and its ‘baseflow’ component,
which, in turn, allows for determination of the BFI. The BFI was calculated as the ratio of the baseflow
volume to the total flow volume using the smoothed minima technique developed by the Institute of
Hydrology (1980) [44], as described in Kelly et al. (2019) [28].

3. Results

3.1. Baseflow Index Results

Spatial distribution of BFI estimates confirms that baseflow is an important contributor to all river
flows (Figure 3). Dry season baseflows are typically much higher than wet season baseflows, which are
more comparable to the annual average. Overall, averages and standard deviations of the presented
BFI data are: annual 0.52 + 0.14 (27%), wet season 0.47 + 0.13 (28%) and dry season 0.86 + 0.067
(8%). The marked increase, and decreased variation, in the dry season BFI is ascribed to the greatly
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reduced run-off. Towards the mid to late dry season there is little, if any, precipitation, with river
flows becoming low (to very low) and tending to a BFI of unity—flows becoming totally dependent on
groundwater baseflow. Where groundwater levels fall below riverbed, rivers may become influent
and possibly cease to flow downstream. We do not examine low-flow data specifically, however, Sefe
(1988) [45], who examined low-flow or no-flow conditions in the Linthipe catchment indicates of the
five gauges considered in our study (covering central and northern areas), found that only the Linthipe
4B1 gauge regularly exhibited a no-flow condition.

Most annual and wet season BFI estimates, at around 0.5-0.6, indicate a consistent baseflow
contribution to river flows. Gradual release from water storage sources such as dambo can account for
the elevated BFI in upper reaches of the plateau. Low BFI values for the annual and wet season are
prominent in two gauges close to Lilongwe City, and reasonably ascribed to increased runoff from
urbanization there and the intensification of agriculture in surrounding areas. BFI trends observed
along specific rivers demonstrate that Lilongwe baseflows decline downstream in the annual and wet
season, but increase during the dry season (Figure 3). The river likely has influent reaches across the
Lilongwe Plain. The Linthipe River baseflow declines between the plateau and just downstream of the
escarpment, but a subsequent significant increase occurs towards the center of the Salima lakeshore
plain (Figure 3). These data suggest river losses to groundwater at entry to the lakeshore plain, followed
by a baseflow increase upon approaching the Lake Malawi foreshore.

-/‘_\Dowa il Salima lakeshore

R Bk plain
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Lilongwe
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Figure 3. Average annual, wet-season and dry-season baseflow index (BFI) estimates from river flow
gauging station records (all graphs are scaled per legend).

3.2. Hydrochemical Results

The descriptive summary for the hydrochemical analysis results of surface water and groundwater
is presented in the Supplementary Material (SM)—Tables SM1a and SM1b, respectively, while full
data sets for the hydrochemical analysis results of groundwater and surface water are presented in
the Supplementary Material (SM)—Tables SM3a and SM3b, respectively. Surface waters are slightly
alkaline (pH: 7.0-8.3) and fresh, with water hardness varying from very soft to hard (Figure 4a). TDS is
generally low, ranging from 42 to 349 mg/L, with a mean of 145 mg/L. Dominant anions are bicarbonate
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and chloride, and cations, calcium and sodium. Groundwater summary data reveal similar ions
dominate, but at higher concentrations (Figure 4b). The pH range was fair, from 5.3 to 8.3 and of
mean 6.91. Most groundwater points were slightly acidic, with TDS varying from low to moderate at
132-1474 mg/L, and of mean 541 mg/L and median 505 mg/L. These compare favorably with WHO
guidance, with drinking water being recognized to be of good palatability at <600 mg/L TDS, but
becoming increasingly unpalatable (and brackish) at >1000 mg/L TDS.

Groundwater may be classified into four main groups based on the Piper plot, with dominant
occurrence of the Ca-Mg-HCO3 water type (Figure 5a). Cation exchange processes are evidenced
by a mixing line in the cation ternary with the addition of sodium into the groundwater replacing
calcium. The Durov plot (Figure 5b) supports the dissolution of evaporite minerals, simple mixing,
and ion exchange as the possible controls. The majority of groundwater samples are in Fields 1
and 2, characteristic of fresh recharging waters rich in Ca-HCO3, followed by Field 5, groundwater
exhibiting simple mixing or dissolution processes. The remaining populated fields contain few samples,
inferring less important controls. These include Field 8, with three samples evidencing groundwater
associated with reverse ion exchange of Na-Cl water type, and just a single sample in both Field 3
groundwater—rich in Na-HCO3, resulting from the ion exchange process, and Field 9—end-point
waters with dominant occurrence of Na-Cl water.
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Figure 4. Observed electrical conductivity (EC), total dissolved solids (TDS) and major ions in:
(a) Surface water; (b) Groundwater.
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Figure 5. Observed groundwater data: (a) Piper trilinear plot; (b) Expanded Durov diagram (using
hydroCHEM 2.0 software).

All upland, highland—plateau area sites are predominantly Ca-Mg-HCO3 water type (Figure 6)
and accord with the quality expected of fresh recharging waters. All sites are near river systems and,
hence, where discharge occurs, baseflow is probably of this water type. The predominant Ca-Mg-HCO3
water type remains evident in the lowlands, low escarpment to lakeshore plain area at 12 sites, however,
hydrochemistry displayed is heterogeneous. The remaining eight sites contain other water types
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enriched in calcium or sodium, four of the sites being those closest to the Lake Malawi shoreline. The
reverse is shown for the most northern assemblage of lakeshore plain sites (just south of the Lilongwe
River in Salima) that exhibit enriched calcium or sodium water types towards the inland side rather
than the shoreline. This observation may be ascribed to river infiltration and/or increased precipitation
(compared to the upland plateau).
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Figure 6. Groundwater types observed spatially in the study area.

Heterogeneity of water types in the flood plain implies a combination of processes, including
river infiltration contributing lower TDS water to aquifers; enriched calcium or sodium in samples,
indicative of older groundwater of a longer flowpath and increased mineral solution and/or the
influence of lowland (phreatic) evaporation influences or wet-season infiltration of Lake Malawi
water. Certainly, the lowland groundwater hydrochemical heterogeneity is indicative of more complex,
multi-process controls compared to the homogeneity and inferred process uniformity in the probable
recent recharge-dominated upland groundwater.

3.3. Stable Isotope Results

3.3.1. Precipitation

Precipitation 52H values (n = 203) ranged from —121.2%o to 24.2%o, with a mean of —29.8%., and
5180 ranged from —17.5%o to 3.0%o, with a mean of —5.2%o (Table S1 in Supplementary Materials).
Linear (EIV) regression defined the Local Meteoric Water Line (LMWL) as: 5*H = 7.7 (0.09) 580 + 10
(0.55), R? = 0.99 (Figure 7), which compares with the Global Meteoric Water Line (GMWL) defined
by Craig (1961) [46] as 6°H = 8 '80 + 10. The local precipitation isotopic data has a mean intercept
of 14.3%o, exhibiting excess deuterium ascribed to local vapor recycling, slightly above the GMWL
intercept of 10%o. The wide variation evident in isotopic composition (range: 88.4 for °H, 10.6 for
5180) (and found in our wider Malawi studies) is ascribed to the aforementioned different rain-bearing
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systems-influenced local precipitation, alongside the influence of geographic controls upon local
rainfall variation.
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Figure 7. Plot of §°H and §'80 for precipitation isotopic samples. LMWL represents the Local Meteoric
Water Line for the Linthipe River and South West Lake Malawi Catchments calculated based on errors
in variables (EIV).

3.3.2. Groundwater

Groundwater §*H (n = 73 samples (from n = 43 points)) ranged from —43.9%o to —23.3%o of mean
~37.6%o0, and 8§80 from between —6.7%o and —4.2%o of mean —5.9%o (Table S2 in Supplementary
Materials). Deuterium excess ranged from 0.94%o to 13.0%0 of mean 9.6%o.. Most groundwater
samples plot within the prediction interval and along the meteoric water lines (Figure 8a) providing
strong evidence of non-evaporated local precipitation recharge input to groundwater in those samples,
arbitrarily assigned as ‘Group G1’ in Figure 8a. Some groundwater samples, though, assigned as
‘Group G2’, deviate from the meteoric water lines and follow a local evaporation line (LEL) defined by
§2H = 5.3 5'80 - 6.2. Such deviation is ascribed to excess §'%0 arising from secondary evaporative
enrichment and accounted for by groundwater subjected to evaporative fractionation, either during
the runoff that preceded infiltration, or occurring within the groundwater body itself (probably from
shallow groundwater phreatic evaporation), or possibly groundwater-containing infiltrated Lake
Malawi water previously subject to evaporative enrichment. Data segregation to lowland versus
upland groundwater (Figure 8b) confirms that the more enriched (although not all) of the Group G1
data correspond to ‘lowland” groundwater points in the lakeshore districts of Salima and Dedza.

In sum, groundwater isotopic compositions largely follow the LMWL with modest variation
(range: 21%o 52H, 2.5%o0 5'80) suggesting a simple areal groundwater recharge, largely by local
precipitation. Some isotopic shift below the LMWL, however, suggests significant evaporative
enrichment of groundwater near Lake Malawi during the dry season (see later). The full datasets
for the stable isotopes analysis results of groundwater are presented in the Supplementary Material
(SM)—Table SM4a.
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Figure 8. (a) Plot of 8°H and 5'80 for groundwater samples; (b) Shown (zoomed in) with data
segregated to upland and lowland sample sites.

3.3.3. Surface Water

Fifty surface-water isotope samples from 22 points (16 rivers, three reservoir (Kamuzu) dams, three
from Lake Malawi) yielded wide-ranging *H compositions from —44.3%o to —20.1%o of mean —15.3%.o,
and for 5180, between —6.8%o and 3.0%o of mean —2.5%o (Table S3 in Supplementary Materials).
Most samples plot outside the prediction interval and below the meteoric water lines, along a Local
Evaporation Line (LEL) defined by §?H = 6.3 §!80 + 0.57, comprising Lake Malawi (we note that
additionally including lake data from the Gonfiantini et al. (1979) study [47] would have resulted in
only a minor shift in our LEL intercept, from 0.57 to 0.54), the Kamuzu dam (dry season) and the river
samples arbitrarily assigned to Group S2 (Figure 9a). Although, for the lower value data (8°H < c.
—20%o0, 8180 < ¢. —3.5%o0), most do follow the meteoric water lines, comprising the Kamuzu dam (wet
season) and river samples assigned to Group S1. Samples from Group S2, Lake Malawi, during all
seasons, and the upland Kamuzu dam in the dry-season, all exhibited isotopic evidence of evaporative
enrichment, with Lake Malawi samples forming the high-evaporation end member. Samples from
Group S1, the vast majority of river samples, and the Kamuzu dam in the wet season exhibited isotopic
signatures consistent with local precipitation that followed the LMWL and infers that runoff (and rapid
interflow) accounted for most riverine flows.
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Figure 9. (a) Plot of §*H and 580 for surface water samples; (b) Shown with data segregated to upland
and lowland sites.

Six river samples exhibited a degree of enrichment, intermediate between the bulk of river data
and Lake Malawi samples. Segregating the data between upland and lowland sites reveals that the
least evaporated signatures (5°H < c. —30%o, 580 < c. —4.0%o) are mainly upland sites and the
more evaporated signatures (over the above range) are mainly lowland river sites (Figure 9b). For
instance, of the six intermediate signature sites, four are upland. Although not conclusively shown,
long residence times in dambo, vulnerable to evaporation influences may contribute to enhanced
evaporative signatures in the upland river samples. Generally, though, the variation in surface water is
consistent with that of precipitation, suggesting that recent local precipitation significantly contributes
to river flows in the catchments.

In sum, isotopic compositions of surface water show a wide variation (range: 64%o 5°H,
9.8%o 8180) consistent with local precipitation spatial variation, and support the view that local
precipitation contributes largely to river flows, particularly during the wet season. The full datasets
for the stable isotopes analysis results of surface water are presented in the Supplementary Material
(SM)—Table SM4b.

3.4. Groundwater—Hydrochemical and Isotopic Evidences Combined

The dominant Ca-Mg-HCO3 groundwater type is plotted along the LMWL length, thus
supporting the young water occurrence from non-evaporated local precipitation recharge (Figure 10a).
Relationships, however, are not clear. This water type also occurs as outliers removed from the LMWL.
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Likewise, the other water types also occur both along the LMWL and as outliers. The latter is expected,
as those water types may arise, in part, from evaporative processes. Examining the TDS of these
samples is not conclusive either (Figure 10b). Whilst some outliers do correspond with the higher TDS
anticipated from evaporation, higher TDS points also occur on the LMWL. TDS also varies across both
the data outliers and data plotting along the LMWL. Whilst not easy to interpret, collectively the data
suggest a heterogeneous mix of influential processes relating to groundwater sample flow-path history
and/or evaporative influences. Notably though, the greatest complexity of the processes suggested
by the variation in hydrochemical type and isotope signatures is most apparent near the lakeshore
area, where much of the outlier data tend to occur. This signature complexity is consistent with the
process complexity anticipated in the lakeshore plains near Lake Malawi, towards the termination and
possible convergence of different groundwater flow paths and water histories.
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Figure 10. (a) Isotopic composition of groundwater types; (b) Isotopic composition of TDS-classified
(blue lowest, red highest) groundwater types.

3.5. Dynamics: Seasonal Effects and Groundwater—-Surface-Water Interactions

Seasonal variability in surface-water isotopic composition is observed, with samples plotting
along the meteoric water lines during the wet season, but with a pronounced tendency to plot below
lines during the dry season (Figure 11a). This supports the theory of isotopic enrichment due to
increased evaporative effects occurring during the dry season. Lowland and upland river samples
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both show dry season enrichment. These results are consistent with the probable influence of dambo,
sustaining dry season flows and their extensive surface area, combined with prolonged water residence
times causing them to be vulnerable to evaporation processes.
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Figure 11. Seasonal variation in isotopic composition observed in: (a) Surface water, (b) Groundwater
samples (dry season—red symbols; wet season—blue symbols).

Groundwater isotopic composition also varies between the dry and wet season (Figure 11b).
Points cluster along the meteoric water lines during the wet season with minimal departure during the
dry season, although samples both plot along and deviate from meteoric lines. Such seasonal responses
in groundwater, regarded as slow moving and often unable to dynamically respond, suggest that parts
of the groundwater system are moderately dynamic. The fact that the majority of samples do plot
along the meteoric water lines suggests most groundwater samples comprise relatively recent, local
recharge precipitation inputs. This is consistent, with most wells sampled generally being shallow,
30-50 m depth, and screened perhaps 0—20 m below water table. Observations would also be consistent
with the low storage of the (uplands) fractured and weathered bedrock aquifers, which would lead to
a high turnover of water. The latter would also occur in the shallow alluvial aquifers, where these are
transmissive and permeable (sand/gravel rich). These observations are consistent with the ‘young’
hydrochemical Ca-Mg-HCOj3 water type widely encountered.

Groundwater points exhibiting enrichment of dry season samples (Figure 11b), displaying predominant
occurrence in the lakeshore plains (Figure 8b), support the probable influence of evaporative processes
on some areas of the lakeshore plain groundwater. The variation in hydrochemistry of these samples
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(Figure 10) does suggest that a mix of processes are responsible, including phreatic evaporation,
infiltration of evaporated influent river waters and residual, infiltrated, earlier wet-season Lake Malawi
water, yet to be flushed from the aquifer system.

Most groundwater isotope signatures occur within a quite restricted portion of the surface-water
signatures (compare shaded boxes in Figure 11a,b), suggesting the groundwater sampled did not
contain large quantities of infiltrated river, or Lake Malawi, surface water. This accords with a
groundwater baseflow-dominated exchange with the surface water system. That said, boreholes would
probably need to be very close to an infiltrating river reach, or temporarily infiltrate Lake Malawi, to
predominantly extract influent waters undiluted by resident groundwater.

3.6. System Conceptual Model

A conceptualization of the water resource system is illustrated in Figure 12 and expanded upon
below. The model is generated from our survey findings above and knowledge gained from our
detailed review of the hydrogeological [33] and geological (memoir) literature pertaining to the study
area [29-31] variously referred to below. Whilst dated, this late 1960s to early 1980s archive of research
remains valuable due to its limited updates since. The linking of isotopic lines of evidence to processes
is conveniently summarized within the Figure 12 ‘isotopic signatures’ labels. The key ‘flow processes’
and ‘hydrochemistry’ controls are also labeled. Conceptualization of the various physiographic zones
is briefly expanded upon below.

l l Not to scale

Highlands
l Plateau (Lilongwe Plain)
Rift Valle
l l Escarpmeryit
Rift Vall
\ * v l Lakeshorae::;ins Lake
@ Malawi
@ Dambo @ @ i
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Wetseason lakeshore plain flooding — high water tables @ Occurrence of young groundwater from fresh recharge
@ Typical groundwater baseflow discharge to Lake Malawi @ Mild evaporative enrichment of groundwater
@ Limited wet season — high level lake recharge to aquifer Dry season-highly enriched groundwater

@ Dry season shallow phreatic groundwater evaporation

Figure 12. System conceptual model of water resource occurrence, process controls and isotopic
signature features (acknowledging the contributions of flow understanding from Smith-Carington and
Chilton, (1983) [33] (their Figure 3.18)).



Water 2019, 11, 2600 18 of 24

3.7. Dambo

A Dambo comprises a system of poorly defined water channels in waterlogged sediments.
Predominantly fine-grained sediments accumulate in the centre, with more sandy, permeable deposits
at the head and periphery [29]. Groundwater is near the ground surface, draining into the dambo
from the surrounding fractured basement aquifer units with supporting, often perennial, baseflow
to the dambo from adjoining weathered basement and colluvium [31,33]. Geological control occurs,
dambo and water courses aligning with faulted or jointed areas of structural weakness that may
serve as preferential conduits of groundwater flow [29,30]. Rainfall on saturated dambo results in
steeply rising river hydrograph limbs, forming anomalously broad peaks. These arise from delayed
discharge of impeded, tortuous flows through and around the dambo low-permeability sediments
and grasses. Dambo hence provide temporary reservoir storage, buffering precipitation inputs and
delaying groundwater baseflow expression. Although end-of-wet-season flows may ultimately decline
steeply, accelerated by high evaporative losses from the dambo surface, often, slow groundwater
underflow and subsequent baseflow contributions persist, allowing dambo to sustain river flows
overall, or for much of the dry season [33]. Our observed enhanced evaporative isotopic signatures in
some upland river samples support the above conceptualization.

3.8. Plateau—Upland Area

Water courses traversing the plateau appear subject to geological control. The long, straight stretch
of the Lilongwe River on the South Lilongwe Plain near the Likuni Mission area may be ascribed
to the strike of the gneisses or strike joints [30]. Such occurrences may facilitate the groundwater
discharge to baseflow, although flows from the underlying weathered basement to the plateau reaches
are probably not significant [33]. Superficial deposits may be thick, up to 40-50 m on the Lilongwe
Plain, with the accumulated sandy riverbed alluvium common to many major rivers that could support
baseflows [29,30]. On some reaches, groundwater levels may be (seasonally) below the base of the river,
which then become influent and recharge underlying groundwater [33]. Upland area isotope signatures
generally support a non-evaporated rainfall recharge to groundwater and direct rainfall input to
surface flows and young groundwater from recent recharge. A greater spatial and temporal density
of sampling would be required to confirm the seasonal and/or spatial groundwater—surface-water
relationships postulated, together with further hydrograph-river gauging works. Hydrochemical
contrasts between mostly young waters appear to be limited, and hence less diagnostic.

3.9. Rift Valley Escarpment

Approaching the rift valley up-warped escarpment edge, weathered basement-superficial deposits
are typically thin and groundwater underflows through the eastern plateau area are potentially limited.
Most groundwater likely drains towards increasingly incised, deep gorge, main river channels and
contributes to the baseflow. Rivers dissect the escarpment that falls stepwise to the rift valley floor due to
“en echelon” faulting where gorges and rapids occur [33]. Main rivers are joined by many smaller rivers
(e.g., the Ngodzi) having their headwaters in the escarpment (Figure 2a, recognizing smaller rivers are
not shown). Although baseflow may occur from the fractured basement rock to the rivers and underflow
into the alluvial deposits, these are likely modest, as groundwater storage and transmissivities are
generally low (although not easily quantified due to (faulted) system discontinuity) [33]. Our survey
does not characterize this zone, but it is reasonably surmised that hydrochemical-isotope signature
ranges may begin to increase as they manifest gathering process complexities.

3.10. Lakeshore Plains

Very gentle gradients across the rift valley lakeshore plains lead to significant deposition of river
sediment loads, with channels becoming tortuous and the plains vulnerable to wet season flooding.
Dambo may also occur on the lakeshore plain [31]. Most main rivers leave the escarpment on a level
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with the lakeshore plain, and may initially lose much of their flow into the alluvial sediments and
weathered basement that is hydraulically contiguous close to their entry to the plains, especially where
flowing over alluvial fan-permeable sediments that have debouched from the escarpment [33]. Streams
there may often cut through the thin veneer of sediments into basement rock. Further downstream,
groundwater baseflows to rivers may, however, subsequently return and increase across the plain. The
Linthipe River BFI data (Figure 3) referred to earlier support this conceptualization. Larger rivers
rising in the highland often continually flow, albeit at much reduced rates in the dry season, and most
smaller streams exhibit ephemeral intermittent flow and cease to flow in the dry season [33]. For
instance, Walters (1972) [31] observes that “many streams die away into the sandy alluvium before
reaching the lake”.

The Lilongwe-Linthipe system approaches perennial flow due to the extensive catchment upstream,
but it should be noted that flows, on average, cease for around 25 days annually [31]. Similarly,
Sefe’s (1988) [45] aforementioned low-flow analysis of the Linthipe (gauge 4B1) confirms that no-flow
conditions occur in the dry season around the Salima lakeshore plain. Intermittency is ascribed to the
remote upland-dambo primary sources of flow to the river and the likelihood of groundwater levels
being beneath river levels, especially in the permeable alluvial deposits, extensive around Salima, that
build during flood events. Moreover, influent river conditions of good quality water, causing locally
improved groundwater quality (lower TDS), were observed here by Smith-Carington and Chilton
(1983) [33]. That river leakage, combined with increased precipitation (1400 mm pa in the lakeshore
Linthipe estuary area compared to 800-1000 mm pa in the Lilongwe Plain), [48], were predicted by
Smith-Carington and Chilton [33] to cause an increased groundwater recharge of fresh water and
further counteract the typical progression of increased salinity by mineral solution in groundwater
slowly migrating towards the lakeshore. The heterogeneous hydrochemical water type and TDS data
in this area display such trends, as per our earlier discussion of Figure 6 (data points in the north east).
These process complexities, adding to the evaporative enrichment of the shallower groundwater and
the Lake Malawi interaction—flooding, are supported by the increased variation in hydrochemical type
and isotope signatures apparent near the lakeshore area, where most outlier data tend to occur. The
significant range in the processes contributing to isotope signature variations is apparent in Figure 12.
It is an area deserving of more focused study.

3.11. Lake Malawi—Groundwater Interaction

Whist hydraulic gradients towards Lake Malawi in the low-relief lakeshore plains are minimal at
0.001-0.01, transmissivity estimates from pumping tests in the Salima district area of 100-300 m?/d
cause the estimated underflow in the alluvium and discharge to the lake to still be significant; discharge
was calculated at around 0.13-0.38 x 10° m?® annually per kilometer of shoreline (for a gradient of
0.0035) [33]. Some wet season flow reversal in the local vicinity of the lake shoreline is likely, as
more rapidly responding lake levels can become 1-2 m higher than the groundwater, thereby driving
temporary storage of invading lake water into the alluvial aquifer. However, such invaded water
may later return to the lake upon the seasonal re-establishment of gradients towards Lake Malawi.
Smith-Carington and Chilton (1983) [33] calculate storage of invading lake water equivalent to around
10% of the groundwater discharge-to-lake volume (calculated above), with the invasion estimated
to reach just 500 m inland. Hence, although exerting a relatively small influence volumetrically, this
may generate complexity in near-shoreline groundwater hydrochemical and isotopic signatures. The
complexity of the isotope signatures in the lakeshore plain—Lake Malawi approach and the dry-wet
season isotope contrasts observed are supportive of the above dynamic interactions, together with
the large flood event and groundwater evaporative processes occurring. Again, more targeted high
resolution spatial and temporal studies would be necessary to isolate details of individual processes
and their interactions.
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4. Discussion and Conclusions

4.1. Catchment Management Implications

This study has successfully used stable isotope tracers to establish an isotopic baseline—
hydrochemical understanding for an important Lake Malawi catchment. The catchment includes its
capital city Lilongwe, but also extensive rural-agricultural areas with representative coverage of the
divers Rift Valley physiography. The study has reinforced the conceptualisation of water resource
occurrence and provenance in what has proven to be a hydrological-hydrogeological complex scenario,
but one that can reasonably be assumed to be representative of a Rift Valley catchment. This is the first
published study to use an isotope facility developed in-house within Malawi, that has not relied upon
the export of water samples for analysis or interpretation abroad. The study endorses that isotope
tools may offer increased insight and/or confirmations, including about the nature and type of water
resources available, not just in Malawi, but in any country. Making such tools more widely available to
developing countries would allow a more robust delivery of SDG 6 and sustained future IWRM.

The complexities associated with groundwater—surface-water interactions and their diverse
occurrence in the study area is a notable feature. These include: delayed, slow-release of water from
dambo, that may critically sustain system flows in the dry season; the occurrence of influent and
effluent river reaches in various parts of the plateau and lakeshore plains, some of which may exhibit
seasonal reversals; and a complexity of processes occurring at the Lake Malawi—foreshore interface
where, again, the seasonal reversal of groundwater and lake water flows may occur. Resolving the
detail of these and other processes will require more focused, higher spatial/temporal resolution
studies, to which isotope tools may be significant. It is especially important that an increased range
of tracer isotope and chemical (e.g., CFCs) forensic tools become more available, building upon the
stable isotope base achieved. In Malawi, these need to be underpinned by expansion of the fledgling
isotope precipitation sampling station network, and continued monitoring, to generate LMWL for
all ‘Managed Catchments’. This is important, recognizing the wide variation evident in precipitation
isotopic composition that is attributable to different rain-bearing systems nationally, alongside more
local geographic controls.

Improved isotopic characterization is warranted for the various aquifer types and specific flow
pathways, especially those that may serve as a pollutant linkage and pose health risks. For instance,
it could be used to assess fault-assisted flows to the surface of deep-sourced groundwater that may
drive some of Malawi’s salinity [49], fluoride [50] and arsenic [51] risks. Expanding isotope capacity
to include tritium (and helium), nitrogen-15 and carbon isotope fingerprinting may help document
salinity provenance [52]. The development of isotope capacity and tracer range may likewise assist in
the attribution of land-surface sources of groundwater pollution, which are expected to grow—arising,
for instance, from agriculture and basic sanitation provision (notably pit latrines)—that have been
challenging to attribute in Malawi based on hydrochemical data alone [53]. Furthermore, as INRM
will become increasingly vital, isotopes may assist understanding of the probable mixing of water
source types that may occur in, e.g., water transfer, wastewater injection and irrigation schemes.

The influence of land use and climate change on system water resources is of particular concern
due to the water system connectivity evident herein and expected in other Rift Valley catchments. It is
clear that changes in the management of land around dambo may have significant knock-on influences
far downstream, due to its significance as a sustaining dry-season river source. Concerns surrounding
increasing agricultural activity around dambo, recognized by Smith-Carington and Chilton (1983) [33]
over 35 years, ago remain very valid today. These include the increased channeling of flows, enhanced
erosion, higher flood peaks and earlier cessation of dry-season flows. The strategic need to “promote
management systems and technologies that protect fragile lands” that include “dambo” areas “is
recognized in Malawi’s current National Agricultural Investment Plan” [54]. Similarly, the knock-on
effects of extensive deforestation across Malawi in the last decade (and longer) upon groundwater and
surface water resources and ecosystem services is already a significant concern, and has been observed
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to lead to increased occurrence in Malawi of flooding and extreme low-flows that are predicted to
persist [25]. Isotopic tools may help improve diagnosis of water-system linkages to furnish the optimal
response to deforestation concerns.

4.2. Implication for Policy Implementation

In due course, from this study and its ongoing companion (catchment) studies, the underpinning
of Malawian policy implementation is expected on several fronts, important agenda items including;:

1.  The Government of Malawi should evaluate the sustainability of current catchment management
plans to verify if they meet national targets for SDG 6;

2. The Government of Malawi should delineate groundwater recharge zones and protect them
from degradation;

3. The Government of Malawi should arrest (and reverse) deforestation in order to sustain
groundwater resources and prolong dry-season river baseflows;

4. The Government of Malawi should revisit water-budget calculations (e.g., Water Budget for
Lake Malawi) in light of the improved conceptualization and quantification of groundwater
contribution to surface water ecosystem services and surface-water resource volumes;

5.  The Government of Malawi should prioritize the protection of groundwater resources
from pollution;

6.  The Government of Malawi should conduct a targeted study of leakage from aging dams in order
to enhance dam-safety (e.g., Kamuzu Dam I and II);

7. The Government of Malawi should be part of a network of partners with critical mass to confront
today’s groundwater issues for the benefit of the present and future generations, by conducting
research and building capacity in all aspects in the areas necessary to achieve INRM;

8.  Climate Change is likely to intensify our dependence on groundwater, so the need for increased
access to water isotope tracer tools for technical solutions is becoming critical. There is a need to
conjunctively manage the surface water and groundwater resources that include transboundary
aquifers, as, without coherent policies, attaining many of the UN’s Sustainable Development
Goals will be a challenge.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/12/2600/s1,
Tables S1-S3 providing statistical summaries of isotopic composition of local precipitation, groundwater and
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datasets obtained.
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