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 Abstract  
 

Ψ¢ǊŀƴǎōƻǳƴŘŀǊȅ ŀǉǳƛŦŜǊΩ is the term given to a body of groundwater that is stored in 

a geological formation that cross an international or state border. Transboundary 

aquifers thus have the potential to transmit significant volumes of groundwater from 

one country to another. Transboundary water is a valuable natural resource which 

accounts for up to 40% of available drinking water and is essential in both agriculture 

and industry. Transboundary aquifers are, however, poorly understood scientifically 

and are underrepresented in international law and policy. This thesis addresses the 

need for countries to examine their transboundary aquifers at a national scale and 

prioritise them for national and local scale sustainable management. The case study 

of Malawi and its neighbouring countries of Mozambique, Zambia and Tanzania has 

been employed to do this. 

 

First, the current understanding of transboundary aquifers is examined highlighting 

the recent drive for transboundary aquifer management that has been growing since 

2000.  A critical assessment of the current status of the regional approach taken in 

assessing and identifying transboundary aquifers using a Malawi case study is 

presented. The popular approach risks only focusing on large, extensive aquifers and 

missing out smaller, more national and local scale aquifers that may be of importance 

at a smaller scale. A case is therefore made for systematic transboundary aquifer 

assessment along its national border length addressing both regional and minor local 

aquifer systems.   

 

Following on, a ƴŀǘƛƻƴŀƭ ōƻǊŘŜǊ ōŀǎŜŘ ŀǎǎŜǎǎƳŜƴǘ ƻŦ aŀƭŀǿƛΩǎ ǘǊŀƴǎōƻǳƴŘŀǊȅ ŀǉǳƛŦŜǊ 

units is conducted highlighting how best this approach can be done within a 

developing country context. A methodology for identifying hotspots within 

transboundary aquifers that may be vulnerable to the groundwater quality and 

quantity issues is then presented. This method is applied to the Malawi case study 

allowing for prioritization of transboundary aquifers for directed local level 

management based on vulnerability hotspot mapping. Finally, isotopic and 

geochemical techniques are utilised to examine one of these identified hotspots 
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more closely. A conceptual model of the selected hotspot is developed to understand 

the transboundary implications of the area in greater detail and assist in local scale 

transboundary management.  

 

Throughout the thesis, the themes of multi-scale management of transboundary 

aquifers within a sustainable development context are also discussed. In order to 

achieve Sustainable Development Goal 6, and in particular, target 6.5.2, 

transboundary aquifers need to be understood and managed more effectively. 

National scale transboundary aquifer assessments, resource prioritization and multi-

scale management can assist with this challenge.    
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thesis. A postface is then provided at the end of each chapter to highlight how the 
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1 Introduction 

 

1.1 Overview 
 

Groundwater is one of the most important natural resources on Earth. Stored in 

porous rocks and cracks underground called aquifers, groundwater accounts for 98% 

of the total water resources available to us. When an aquifer crosses an international 

ƻǊ ǇƻƭƛǘƛŎŀƭ ōƻǊŘŜǊΣ ƛǘ ƛǎ ŘŜŜƳŜŘ ǘƻ ōŜ ΨǘǊŀƴǎōƻǳƴŘŀǊȅΩ (UN Water, 2014). These 

transboundary aquifers thus have the potential for groundwater exchange between 

neighbouring countries (Wada and Heinrich, 2013). The importance of transboundary 

water resources has been understood since the мфтлΩǎ όUN, 1978 in Wolf et al., 1999) 

and recently has been brought to the international agenda due to its inclusion within 

the United Nations (UN) Sustainable Development Goals (SDGs) (UN, 2017). Goal 6 

of the SDGs calls for water and sanitation for all, and, target 6.5 in particular, requires 

full integrated water resource management (IWRM) of surface and groundwater at 

all levels, including through transboundary cooperation where appropriate.  

 

In 2011 the Scottish Government awarded a significant research grant to the 

University of Strathclyde through the Climate Justice Fund. The project, titled 

ά/ƭƛƳŀǘŜ WǳǎǘƛŎŜ CǳƴŘΥ ²ŀǘŜǊ CǳǘǳǊŜǎ tǊƻƎǊŀƳƳŜέΣ ǿŀǎ ŀƛƳŜŘ ŀǘ ǿƻǊƪƛƴƎ ǿƛǘƘ ǘƘŜ 

Government of Malawi to assist the country in achieving Sustainable Development 

Goal 6. The project had 4 work streams; asset management, policy exchange and 

support, capacity building, and research and knowledge exchange. As part of the 

research and knowledge stream, transboundary groundwater resource management 

was selected as a key focus with the objective of understanding and managing the 

countries transboundary aquifers better. Subsequently, this PhD, titled 

άTransboundary Aquifer Assessments at the National Scale: Towards Achieving 

Sustainable Development Goal 6.5έ ǿŀǎ ŘŜǾŜƭƻǇŜŘ ƛƴ Ŏƻƴǎǳƭǘŀǘƛƻƴ and cooperation 

with representatives from the Ministry of Agriculture, Irrigation and Water 

Development (MoAIWD) in the Government of Malawi to fulfil the aforementioned 

work stream objective. 
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This research is focused on the identification and subsequent management of these 

transboundary aquifers. There is a severe lack of transboundary aquifer identification 

and assessments at the national and local level due to transboundary aquifer 

assessments having almost exclusively focused on the regional level over the last 

decade (European Commission, 2015; Puri & Aureli, 2005; Zektser, 2010). As a 

consequence, the detail required to understand and manage these transboundary 

aquifers at a more national and local scale is lacking. The importance of more local 

and binational transboundary assessments and management has been highlighted in 

the research of Eckstein (2011) and Eckstein (2012). Research over the past decade 

has started to move towards increasing assessment and understanding of TBAs in 

more detail at the national scale, with key examples from Sanchez et al, 2016; Rivea, 

2015; Petre et al., 2016 and Petre et al., 2015. However, to date, no studies have 

looked to understand the transboundary aquifers at a national scale in Africa, where 

progress is hampered by limited data, weak national water policy, a drive towards 

river basin focused management and where capacity is often lacking (Smith-

Carrington and Chilton 1983; Kalin et al., 2019). Identifying and describing all 

transboundary aquifers that cross the international border of a single country can 

allow for prioritized data collection and directed cooperative management, assisting 

in the achievement of SDG 6.5.2.  

 

²ƛǘƘƛƴ ǘƘƛǎ ǘƘŜǎƛǎΣ ǘƘŜ ΨƴŀǘƛƻƴŀƭΩ ǎŎŀƭŜ ŦƻŎǳǎŜǎ ƻƴ aŀƭŀǿƛ ŀƴŘ ƛǘǎ ŘƛǊŜŎǘ ōƻǊŘŜǊƛƴƎ 

neighbours. ¢ƘŜ ΨƭƻŎŀƭΩ ǎŎŀƭŜ ǊŜŦŜǊǎ ǘƻ ǎƳŀƭƭŜǊ ǎǳō-ŀǊŜŀǎ ǿƛǘƘƛƴ aŀƭŀǿƛΦ ! ΨƴŀǘƛƻƴŀƭΩ 

ǎŎŀƭŜ ŀǎǎŜǎǎƳŜƴǘ ƻŦ ŀ ΨǘǊŀƴǎōƻǳƴŘŀǊȅΩ ŀǉǳƛŦŜǊ ƛǎ ǘƘŜǊŜŦƻǊŜ ŘŜŦƛƴŜŘ ŀǎ ŀƴ ŀǎǎŜǎǎƳŜƴǘ 

ƻŦ ŀ ǎƛƴƎƭŜ ŎƻǳƴǘǊȅΩǎ ŜƴǘƛǊŜ ǘǊŀƴǎōƻǳƴŘŀǊȅ ŀǉǳƛŦŜǊ ŎƛǊŎǳƳǎǘŀƴŎŜǎ LƴŎƭǳŘƛƴƎ ŀƭƭ 

transboundary aquifers with all bordering countries in the case of multiple 

neighbours.  

 

This thesis was developed in response to the need for better science to support 

transboundary aquifer management at the national and local scale.  In order to have 

good transboundary management and cooperation, you first need a solid and sound 

ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǎŀƛŘ ǘǊŀƴǎōƻǳƴŘŀǊȅ ŀǉǳƛŦŜǊ ǿƛǘƘƛƴ ŀ ŎƻǳƴǘǊȅ ǘƻ ōŀǎŜ ƛǘ ƻƴΤ ¸ƻǳ ŎŀƴΩǘ 

ƳŀƴŀƎŜ ǿƘŀǘ ȅƻǳ ŘƻƴΩǘ ƳŜŀǎǳǊŜΦ  
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1.2 Research Aims and Objectives  
 

1.2.1 Research Aim 
 

The aim of this research is to: investigate the role that national scale transboundary 

aquifer assessments can play in sustainable water resources management and 

establish ways in which national scale transboundary aquifer assessments can be 

conducted, advocating for multi-scale transboundary aquifer management. To 

address this research aim, 4 individual research questions were developed each with 

multiple specific objectives attributed to them. 

 

Malawi was selected as a case study to address the overall research aim as part of 

the conditions of the scholarship funding from the Scottish Government Water 

Futures Programme for this PhD.  Further interest in Malawi as a research area was 

twofold. First, the country is known to have issues with water availability and, second, 

aŀƭŀǿƛΩǎ ƎŜƻƎǊŀǇƘƛŎŀƭ Ǉƻǎƛǘƛƻƴ ŀǎ ŀ ƭŀƴŘƭƻŎƪŜŘ ŎƻǳƴǘǊȅ ƳŜŀƴǎ ǘƘŀǘ ǘƘŜ ŎƻǳƴǘǊȅ Ƙŀǎ 

many transboundary neighbours.  

 

1.2.2 Research Questions (RQ) and Specific Objectives (SO) 
 

4 Research Questions and 11 related Specific Objectives were developed to address 

the research aim and to fill identified knowledge gaps. 

 

RQ1. How have transboundary aquifer assessments up until now allowed for 

transboundary aquifer management at the national scale?  

 

SO1. With the aid of a case study, critically review assessments that focus on 

more obvious major aquifer systems. By doing so, identify gaps in current 

transboundary aquifer knowledge required for a national management 

strategy. 
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SO2. Make a case for systematic transboundary aquifer assessment along its 

national border length addressing minor, local aquifer systems and 

groundwater/surface water interactions.  

 

SO3. With the aid of a case study, discuss importance and challenges of IWRM 

in TBA management and assessments 

 

 
RQ2. Are there more transboundary aquifers than previously thought in Malawi? 

 

SO4Φ /ƻƴŘǳŎǘ ŀ ƴŀǘƛƻƴŀƭ ōƻǊŘŜǊ ōŀǎŜŘ ŀǎǎŜǎǎƳŜƴǘ ƻŦ aŀƭŀǿƛΩǎ ǘǊŀƴǎōƻǳƴŘŀǊȅ 

aquifer units. 

 

SO5. Describe the identified transboundary aquifer units shared between 

Malawi and its neighbours alongside data gaps that will require addressing to 

move forward.  

 

SO6.  Highlight current limitations in transboundary aquifer assessment and 

management that may need to be addressed in order to achieve the 

Sustainable Development Goal agenda, specifically target 6.5.  

 

RQ3. Do all transboundary aquifers require detailed assessments, management and 

agreements governing them? 

 

SO7. Present a methodology for identifying hotspots within transboundary 

aquifers that may be vulnerable to groundwater quality and quantity issues.  

 

SO8. Prioritise aŀƭŀǿƛΩǎ ǘǊŀƴǎōƻǳƴŘŀǊȅ ŀǉǳƛŦŜǊǎ ŦƻǊ ŘƛǊŜŎǘŜŘ national and 

local level management based on vulnerability hotspot mapping 

 

SO9. Discuss the importance of multi-scale management approaches to 

transboundary aquifers highlighting ways in which institutional organizations 
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and transboundary agreements and arrangements can assist in its 

implementation 

 

RQ4.  What role can geochemical and isotopic analysis play in assessing the 

transboundary nature of an aquifer? 

 

SO10. Conduct an isotopic and geochemical assessment on a selected hotspot  

 

SO11. Develop a conceptual model of the selected hotspot to understand the 

transboundary implications of the area in greater detail 

 

1.3 Thesis Structure 

 

The thesis is composed of 8 chapters; an introduction, a short literature review, a 

methodology, 4 main research components and a conclusions and recommendations 

chapter. The 4 main research chapters are each represented by an individual peer 

reviewed paper publication (chapters 4-7). These papers are cumulative and 

sequential, but, they are also stand-alone publications. 3 of the papers have been 

published in international peer-reviewed journals and 1 other is submitted and under 

review. Sections from an additional published paper are included in chapters 2 and 

8. Figure 1.1 outlines the structure of the thesis, highlighting the research questions 

and specific objectives addressed in each chapter. 

 

- An introduction chapter (chapter 1) is given and the beginning of the thesis 

providing a general introduction to the topic, the main research aim, 4 

research questions and 11 specific research objectives that will be answered 

throughout the thesis. The novelty of the thesis is also presented.  

 

- A short literature review (chapter 2) is presented to set the scene of the 

thesis, reviewing the current standards and practices within transboundary 

aquifer assessments and management and indicating key knowledge gaps 

that will be addressed throughout the thesis. Additional literature is also 

reviewed within each main chapter (chapter 4-7).  
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- A methodology chapter (chapter 3) then provides detail on the research 

philosophy adopted, research materials and the methods used.   

 

- Chapter 4 of the thesis is the first main research chapter and aims to address 

RQ1 through SO1, SO2 and SO3. Available data and literature was gathered 

and critically assessed using an integrative approach to identify current gaps 

in transboundary aquifer assessments within Malawi and the wider Southern 

African Development Community (SADC) (Synder, 2019). This chapter makes 

a case for national border based transboundary aquifer assessments. It also 

presents a series of conceptual models of TBA interactions relevant to the 

Malawi case study. A discussion then considers how TBA assessments might 

be integrated to national implementation, strategic policy development and 

agreements with neighbouring countries. Key research gaps are offered and 

justification for further research that this thesis addresses is presented.  

 

- Chapter 5 presents a methodology for conducting a national border-based 

transboundary aquifer assessment and applies the method to the Malawi 

case study. In doing so, it answers RQ2 through SO64, SO5 and SO6. The 

common hydrogeological principle that aquifers are defined by lithology 

changes was adopted to interpret which aquifer units within Malawi crossed 

its international borders. Transboundary aquifers were then delineated using 

known hydrogeological water baring units as a basis. Available literature and 

data was then gathered on hydrogeological characteristics of each 

transboundary aquifer type and presented in a discussion format. Finally, the 

chapter highlights current limitations in transboundary aquifer assessment 

and management that may need to be addressed in order to achieve the 

Sustainable Development Goal agenda, specifically targeting 6.5. 

 

- Chapter 6 utilises the concept of fuzzy logic to develop a site selection method 

in order to identify transboundary aquifer hotspots in Malawi. Data from two 

open source shapefiles (Persits, 2002; Upton et al., 2018; MASDAP, 2019) 
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were used in conjunction with water point survey data from the free data 

ƳŀƴŀƎŜƳŜƴǘ ŀƴŘ Ǿƛǎǳŀƭƛǎŀǘƛƻƴ ǘƻƻƭ ΨƳ²ŀǘŜǊΩ ŘŀǘŀōŀǎŜ όǿǿǿΦƳǿŀǘŜǊΦŎƻύΦ 

Microsoft Excel was used to clean the data and QGIS (version 3.4) was used 

to spatially present results. Results were then interpreted to provide an 

indication of which hotspots may need more attention and assessments 

undertaken over them alongside a discussion of what scale of management 

may be appropriate for each case. This chapter answers RQ3 through SO7, 

SO8 and SO9. 

 

- Chapter 7 answers RQ4 through SO10 and SO11. This chapter presents the 

results of a fieldwork campaign in Malawi and Mozambique on a hotspot 

identified in chapter 6. Isotope and geochemical analysis was undertaken on 

36 groundwater and surface water samples using Excel, Geochemist 

Workbench Student Edition 14.0, SPSS and QGIS (version 3.4). Results 

included piper diagrams, scatter diagrams and spatial maps. A conceptual 

model of the field area was created to aid interpretation of how the 

transboundary system in the area works. Recommendations for future studies 

and management are also given highlighting potential transboundary risks to 

the system. 

 

- Chapter 8 closes the thesis by providing a summary of key findings, an 

integrated discussion of key themes,  recommendations for future practice 

and recommendations for further research.  

 
- References and appendices are provided at the end of the thesis.   
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Figure 1.1- Thesis roadmap, highlighting the research questions and specific objectives addressed in each thesis chapter
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2 Literature Review 
 

 
This literature review reviews the current standards and practices within 

transboundary aquifer assessments and management, and indicates key knowledge 

gaps addressed throughout the thesis. 

 

2.1 The Importance of Groundwater 
 

Water is the most important natural resource on Earth. Water security drives 

economic development, health, and welfare (Grey and Sadoff 2007; Hunter et al., 

2010). Worldwide, water use is also increasing due to growing water, sanitation and 

hygiene (WASH) demands. However, over 783 million people across the globe still do 

not have access to an improved source of drinking water, 40% of which live in Sub-

Saharan Africa (UNDESA, 2016). Stored in porous rocks and cracks underground 

called aquifers, groundwater accounts for around 97% of the total water resources 

available (i.e. non-frozen) across the globe (IGRAC and UNESCO, 2015a). 

Groundwater provides almost half of the drinking water worldwide alongside 40% of 

the water used for irrigated agriculture and 33% for industry (Smith et al., 2016; UN 

Water, 2018). It is essential for sustaining ecosystems and providing baseflow to 

rivers (Kelly et al., 2019a). In many countries, groundwater is the only reliable 

resource for safe water supplies and food security (MacDonald and Calow 2009). 

Groundwater is often a favourable water source as these systems respond more 

slowly to meteorological conditions than surface water, and as such provide a natural 

buffer against climate variability including drought (Calow et al. 1997, 2010). 

Groundwater also generally doesn't require treatment as it is naturally high quality 

(MacDonald et al., 2012).  

 

The continent of Africa is heavily reliant upon groundwater, with an estimated 75% 

of its population dependent on this resource for basic water supplies (Altchenko and 

Villholth, 2013).  It is also essential for rural livelihoods such as livestock rearing and 

agricultural crop cultivation in many African countries (Villholth, 2013 and Foster et 

al., 2008 in Nisanje et al., 2018). The population in sub-Saharan Africa is projected to 
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double by 2050 (UN, 2019). Climate change and increasing human impacts on the 

environment are putting pressure on groundwater resources, causing quality and 

quantity issues (UN Water, 2018). Over the last decade, groundwater abstraction has 

tripled and continues to increase at around 2%/year (Van der Gun, 2012).  

 

2.2 Transboundary Aquifers 
 

Water is not bound by political boundaries and can therefore cross country and 

political borders traveling from one sovereign country or state into another (Wada 

ŀƴŘ IŜƛƴǊƛŎƘΣ нлмоύΦ ¢Ƙƛǎ ƛǎ ǘŜǊƳŜŘ ΨǘǊŀƴǎōƻǳƴŘŀǊȅΩ ǿŀǘŜǊ ƳƻǾŜƳŜƴǘΦ wƛǾŜǊǎΣ ƭŀƪŜǎ 

and groundwater often are transboundary. In fact, 40% of the water worldwide that 

we depend upon is estimated to be transboundary (Eckstein, 2017). Transboundary 

groundwater is stored and transmitted through aquifers which are permeable water-

bearing geological units. ¢ƘŜǎŜ ŀǊŜ ǘŜǊƳŜŘ Ψtransboundary aǉǳƛŦŜǊǎΩΦ {ƻƳŜ ƻŦ ǘƘŜǎŜ 

shared aquifers alone have enough water stored in them to provide the drinking 

water needs of the planet for 200 years (Puri and Naser, 2003). No two aquifers are 

the same, and this assertion is the same for transboundary aquifers (Eckstein, 2012). 

Lithology, transmissivity, storage capabilities, abstraction rates, populations 

dependency, seasonal fluctuations are just some factors that may affect how a 

(transboundary) aquifer is used  (Hiscock and Bense, 2005).  

 

A theoretical conceptual representation of a transboundary aquifer is provided in 

figure 2.1. The key feature of this figure is that groundwater can be seen to cross an 

international boundary thus transferring water from one side of the border to the 

other. The country or state that the groundwater flows from is generally termed the 

ΨǳǇǎǘǊŜŀƳΩ ǎǘŀǘŜΦ ¢ƘŜ ŎƻǳƴǘǊȅ ƻǊ ǎǘŀǘŜ ǘƘŀǘ ǘƘŜ ƎǊƻǳƴŘǿŀǘŜǊ Ŧƭƻǿǎ ƛƴ ǘƻ ƛǎ ǘŜǊƳŜŘ ǘƘŜ 

ΨŘƻǿƴǎǘǊŜŀƳΩ ǎǘŀǘŜΦ ¢ƘŜ ŘŜƭƛƴŜŀǘƛƻƴ ƻŦ ǳǇǎǘǊŜŀƳ ŀƴŘ ŘƻǿƴǎǘǊŜŀƳ ǎǘŀǘŜǎ όƛΦŜΦ 

groundwater flow direction) is essential in transboundary aquifer management as 

pollution or over-abstraction within the upstream state can have direct implications 

for those downstream.  There are however other variables that can complicate this 

idealised version of a transboundary aquifer which must be considered in terms of 

management (Eckstein and Eckstein, 2005).  
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Figure 2.2 illustrates a series of transboundary aquifer scenarios (Eckstein and 

Eckstine, 2005). Hydraulic connections to surface waters and recharge/discharge 

zones can change the way a transboundary aquifer is defined and managed. Figure 

(a) represents a simple transboundary aquifer where groundwater moves from one 

state down-gradient to another state. This aquifer is not connected to surface water 

ŀƴŘ ǘƘǳǎ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ŀ ΨŦƻǎǎƛƭ ŀǉǳƛŦŜǊΩΦ hƴŎŜ ƛǘǎ ǎǘƻǊŜŘ Ǝroundwater has been 

abstracted, it cannot be replenished by recharge (Martin-Nagle, 2011). An example 

of this aquifer type is the Nubian Sandstone Aquifer shared between Libya, Chad, 

Egypt, and Sudan (LaMoreaux et al., 1985 and Sultan et al., 2004 in Eckstein and 

Eckstein, 2005). The addition of a river along the international border (b) creates a 

transboundary aquifer system where surface water and groundwater is hydraulically 

connected and now both transboundary groundwater and surface water must be 

managed together. Examples of this aquifer type are the Ruo Transboundary Aquifer 

System and the Shire River Basin Alluvial Aquifer, both shared between Malawi and 

Mozambique (ILEC et al., 2016 and SADC-GMI, 2018). This situation is complicated if 

the surface water crosses the border as depicted in scenario (c) as the considerations 

Figure 2.1 - A theoretical conceptual representation of a transboundary aquifer 
(Puri and Naser, 2003) 
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of upstream/downstream states need to be considered for both surface water and 

groundwater while being managed together as a system, for example in the Nile River 

Basin (NBI, 2016). Similarly, in scenario (d), although the surface water is domestic, it 

is still hydraulically connected to a transboundary aquifer and therefore still needs to 

be managed as a system. This is particularly an issue when trying to apply legal 

instruments designed for surface water management to the groundwater 

component as often, aquifer boundaries do not match surface water basins. An 

example of this situation is Mimbres Basin aquifer, a transboundary aquifer shared 

between northern Mexico and New Mexico that is recharged by the Mimbres River, 

which is a domestic river inside the boundary of the United States (Hebard 2000 in 

Eckstein and Eckstein, 2005). 

 

(a) (b) 

(c) (d) 

(e) (f) 

Figure 2.2 - A series of transboundary aquifer scenarios (Eckstein and Eckstein, 2005) 
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Scenario (e) illustrates a domestic aquifer that is fed by international recharge. In this 

case, although the aquifer is not transboundary, it still has a transboundary 

implication due to being connected to an international river and receiving recharge 

from out with the country border. An example of this scenario are the Euphrates 

rivers that have their headwaters in Turkey and feed a domestic sedimentary aquifer 

within Iraq (FAO AQUASTAT in Eckstein and Eckstine, 2005). Finally, scenario (f) 

shows a transboundary aquifer receiving recharge from only one state. Here, 

groundwater is primarily located in the downstream state however is being fed by 

the upstream state, such as in the Guarani Aquifer, that is 90% confined, shared 

between Brazil, Paraguay, Uruguay and Argentina that receives its recharge in Brazil 

(Matlala, 2017). These upstream/downstream interactions are important to consider 

in transboundary management. However, often the recharge and discharge 

components of transboundary aquifers are poorly understood.   

 

The definition of a transboundary aquifer is fairly nuanced throughout the 

international community. First, within International Law, the general rule is that the 

borderline extends vertically into the sub soil. Subsequently, some could interpret 

this to mean that groundwater contained in storage beneath the ground could be 

regarded as the property of that country; This poses the crucial issue of the flowing 

component of transboundary aquifers (Llamas and Custodio, 2002). Subsequently, 

international water law has struggled to provide a way forward. Recently, the UN 

Draft Articles on the Law of Transboundary Aquifers (2008) tried to harmonise the 

definition of a transboundary aquifer through consultation of both scientists and 

policy makers (Eckstein, 2007). Within the articles, a transboundary aquifer is defined 

ŀǎ άa permeable water-bearing geological formation underlain by a less permeable 

layer and the water contained in the saturated zone of the ŦƻǊƳŀǘƛƻƴέ (UN, 2008). 

The explicit inclusion of the water within the definition was seen as a compromise 

between scientists and policy makers (Eckstein, 2007). Under this definition, a 

portion of the aquifer today may not be part of the aquifer tomorrow as groundwater 

is often in constant flux. This definition also causes confusion when member states 

try to define the physical extent of the transboundary aquifer they wish to manage 

(Eckstein, 2007). In comparison, the EU Water Framework Directive (2002) opted to 
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ŎƭŀǎǎƛŦȅ ǘƘŜƛǊ ǎƘŀǊŜŘ ƎǊƻǳƴŘǿŀǘŜǊ ǊŜǎƻǳǊŎŜǎ ŀǎ άDǊƻǳƴŘǿŀǘŜǊ .ƻŘƛŜǎέ ŘŜŦined as 

subdivisions of large geographical areas of aquifers (Dochartaigh et al., 2015). This 

was done in order to effectively manage groundwater in conjunction with surface 

water in a basin wide approach however it can cause difficulties when trying to 

understand the true extent of transboundary groundwater within European 

countries.  The Convention on the Law of the Non-Navigational Uses of International 

Watercourses (New York, 1997) defines a transboundary watercourse as a system of 

surface water and groundwater that are hydraulically connected. Finally, the UNECE 

Convention on the Protection and Use of Transboundary Watercourses and 

International Lakes (UNECE Water Convention) defines transboundary water as any 

surface or ground waters which mark, cross or are located on boundaries between 

two or more states. 

 

More recently, it has been suggested that even the extent of the geological unit 

and/or water contained within it is a redundant basis on which to define a 

transboundary aquifer. As certain areas of an aquifer are only often utilised, it is 

proposed that the delineation of the aquifer should be based on factors such as 

population density, active pumping areas, and density of active (Sanchez et al., 2020). 

Similarly, some have suggested that a certain distance from the border could be 

defined as the transboundary component of the aquifer (Eckstein, 2015). For the 

ǇǳǊǇƻǎŜǎ ƻŦ ǘƘƛǎ ǊŜǎŜŀǊŎƘΣ ǘƘŜ ǎŎƛŜƴǘƛŦƛŎ ŀƴŘ ƎŜƻƭƻƎƛŎŀƭ ŘŜŦƛƴƛǘƛƻƴ ƻŦ ΨǘǊŀƴsboundary 

ŀǉǳƛŦŜǊΩ ƛǎ ŀŘƻǇǘŜŘ: A permeable water-bearing geological unit that has the ability to 

store and transmit groundwater.  

 

2.3 Transboundary Aquifer Assessments 
 

The importance of transboundary water resources has been understood since the 

мфтлΩǎ όUN, 1978 in Wolf et al., 1999). International river basins were extensively 

studied due to their potential for conflict (Westing, 1986; Gleick, 1993; Homer- Dixon, 

1994; Remans, 1995; Samson and Charrier, 1997 in Wolf et al., 1999). Small cases of 

transboundary groundwater assessments and cooperation were seen in Northern 

African at this time, primarily the Nubian Sandstone Aquifer System and the North 

Western Sahara Aquifer System due to their strategic importance (NSAS 2002, SASS 
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2002 in Eckstein. 2011). However, it was not until the International Hydrological 

Programme (IHP) of the United Nations Educational, Scientific and Cultural 

Organization (UNESCO) established the Internationally Shared Aquifer Resources 

Management Initiative (ISARM) in 2000 that transboundary groundwater gained 

more international recognition (Rivera and Candela, 2018). The International 

Groundwater Assessment Centre (IGRAC) was then set up in 2003 when UNESCO and 

the WMO took the initiative to establish an international groundwater resource 

assessment centre that was to particularly focus on transboundary aquifer 

assessment and groundwater monitoring (https://www.un-igrac.org/).  

 

Since its formation, ISARM has launched a number of global and regional initiatives. 

These include: ǘƘŜ Ψ!ǎǎŜǎǎƳŜƴǘ ƻŦ ¢ǊŀƴǎōƻǳƴŘŀǊȅ wƛǾŜǊǎΣ [ŀƪŜǎ ŀƴŘ DǊƻǳƴŘǿŀǘŜǊǎΩΤ 

the ΨDƭƻōŀƭ 9ƴǾƛǊƻƴƳŜƴǘ CŀŎƛƭƛǘȅ ¢ǊŀƴǎōƻǳƴŘŀǊȅ ²ŀǘŜǊǎ !ǎǎŜǎǎƳŜƴǘ tǊƻƎǊŀƳΩ όD9C-

TWAP); the establishment of four regional ISARM networks of experts to identify, 

map and manage transboundary aquifers; a global inventory and a global map of 

TBAs; and assisting in the drafting of the UN Draft Articles on the Law of 

Transboundary aquifers (UNECE, 2011; ILEC et al., 2016; Rivera and Candela, 2018; 

IGRAC and UNESCO-IHP, 2015b.) IGRAC also ǇǳōƭƛǎƘŜǎ ŀ Ψ¢ǊŀƴǎōƻǳƴŘŀǊȅ !ǉǳƛŦŜǊǎ ƻŦ 

ǘƘŜ ²ƻǊƭŘΩ ƳŀǇ ǿƛǘƘ ŀƭƭ ƪƴƻǿƴ ¢.!ǎ ŘƛǎǇƭŀȅŜŘ ōŀǎŜŘ ƻƴ ǘƘŜ Ƴƻǎǘ ǊŜŎŜƴǘ ƛƴǾŜƴǘƻǊȅ 

results from many projects globally. This compilation of all international data 

constitutes a valuable starting-point for governments. There are 592 TBAs currently 

identified worldwide. Half of these are shared within European Member States and 

identified as part of the Water Framework Directive requirements. A further 80 of 

these are located within Africa (IGRAC and UNESCO, 2015a; IGRAC and UNESCO, 

2015b) accounting for 43% of the continental land surface (Altchenko and Villholth, 

2013). TBA assessments internationally have been largely focused on the regional 

scale (ILEC et al., 2016; Rivera and Candela, 2018). A large proportion of TBAs within 

Africa were identified through the GEF-TWAP regional assessments (ILEC et al., 2016). 

The aim of the GEF-TWAP was to provide the first global scale assessment of all 

transboundary waters. GEF-TWAP regional assessments were carried out by an 

appropriate representative from each country and then collected and streamlined by 

the project (ILEC et al, 2016). 

https://www.un-igrac.org/


 35 

 

 

Figure 2.3 - Transboundary Aquifer Map of the World (IGRAC and UNESCO-IHP. 2015b) 








































































































































































































































































































































































































































