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The topic of groundwater management in basin organizations is not completely new, 

and it has been discussed at international events such as the Africa Water Week, the 

Stockholm World Water Week and other similar meetings.  The process that led to the 

production of this training manual was the first time that African transboundary basin 

organizations were directly involved in a “Groundwater Management Needs Assess-

ment Survey” and in the subsequent development of training materials for transbound-

ary groundwater management.  Many international organizations such as AGW-Net, 

BGR, IGRAC, UNDP-Cap-Net, IWMI, and the former GW-MATE team of the World 

Bank supported this process and have provided valuable inputs to this manual.

Transboundary water management is of great importance to Africa as has been 

emphasized in the African Water Vision 2025; almost all Sub-Saharan African coun-

tries share at least one international river basin. In Africa there are about eighty 

transboundary lake and river basins and at least forty transboundary aquifer basins. 

The African Water Vision 2025 stresses that groundwater is the major, and often only, 

source of drinking water for more than 75 % of the African population.  Groundwater 

constitutes over 95% of the fresh water resources in Africa, and pollution and salini-

zation of this resource is often irreversible on human timescale.  As a result, a broad 

consensus has developed in AMCOW and in ANBO/INBO, (African (International) 

Network of Basin Organizations), that groundwater must be included in integrated river 

basin management. 

Although worldwide much progress has been made in river basin management, 

transboundary groundwater management has often been neglected. Among the many 

reasons for this, the most important is that the groundwater resource is highly com-

plex and has not been quantified across Africa. Most African basin organizations lack 

the technical skills and capacity to assess and manage transboundary groundwater 

resources. This renders the groundwater resource largely “invisible” to the water man-

agers who are required to manage it sustainably. 

FOREWORD
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Given the huge importance of the groundwater resource to Africa, and especially in 

light of the growing impacts of climate change, it is imperative that wise management 

of groundwater at every scale begins without any further delay. There are already 

some promising precedents in Africa that can provide helpful examples and experienc-

es that other African basin organizations can draw on.   

The recent 2012 AMCOW status report on “Water Resources Management in Africa” 

states that groundwater management systems are working satisfactorily in most North 

African countries, whereas in Central and West Africa, groundwater management 

systems are less common. The needs assessment survey shows that groundwater 

governance mechanisms are prioritized in the more arid parts of the continent, where 

the local population is highly dependent on groundwater as their primary drinking wa-

ter source.  In regions where people depend on groundwater, management systems 

are implemented. 

 “Conceptualizing Cooperation for Africa’s Transboundary Aquifers Systems”  (German 

Development Institute - DIE) sums it up by saying: “Africa’s transboundary aquifer 

basins contain huge volumes of water which are vital for the future’s economic devel-

opment and social well-being of the riparian countries. Fortunately, negative trans-

boundary effects of national use have been very rare to date. This will almost definitely 

change if the potential for Africa’s groundwater resources is exploited, and this with 

international support.  Then, cooperation between African nations will become almost 

imperative in order to prevent the “race to the pump-house”.  That’s why we have to 

act now!

We wish the students and trainers to be inspired by this manual and to disseminate 

it to all stakeholders in regional basin organizations, national and local governments, 

civil society and businesses. 

Tamiru Abiye (African Groundwater Network, Manager)

Vanessa Vaessen (Policy Advice on Groundwater, Project Management, BGR) 
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This training manual is the product of two specific policy visions. 

The first is derived from one of the pillars of Integrated Water Resources Management 

(IWRM): that all water should be managed as a unitary resource within hydrological 

basin boundaries. 

The second relates to the obvious transboundary nature of water as rivers flow from 

one country to the next. International development cooperation in the water sector is 

therefore increasingly supporting transboundary cooperation mechanisms.

Although groundwater has not been excluded from these policy visions, its integration 

into river basin management organizations and appreciation of the transboundary na-

ture of groundwater flows have lagged behind. This is a product of both the complexity 

of the groundwater resource and its ‘invisibility’ to the public eye. 

As a result, many African multi-state basin organizations do not even have a mandate 

to manage transboundary groundwater or coordinate its management between the ba-

sin states. Even where such a mandate does exist, many of these basin organizations 

have limited capacity to do so. 

As a result of these conditions, BGR / AGW-Net / IWMI carried out a ‘needs assess-

ment for transboundary groundwater management’ in nine international river basin 

organizations in Africa1. This survey revealed the varying needs in the different basin 

organizations for effective transboundary groundwater management.  

This training manual has been complied in response to the needs expressed and 

is designed to help develop capacity within the basin organizations to manage their 

transboundary groundwater issues. 

The topics covered range from policy and legislation, through bio-physical resource is-

sues to communication and stakeholder relations. Much of the material in this manual 

is also relevant for internal national basin organizations. 

Editor: Dr. Richard Owen

Africa Groundwater Network.

1 ORASECOM, LIMCOM, OKACOM, OMVS, VBA, LCBC, NSAS, NBI, NBA. 

PREFACE
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2.2 Groundwater in the hydrologic cycle
■■ The hydrologic cycle is the continuous circular process by which water evaporates from the 

oceans, condenses and falls to the Earth as rain or snow, becomes run-off and ground-

water recharge and eventually returns to the oceans through river flow and groundwater 

discharge. (Figure 2.1).

■■ The implications of the hydrologic cycle are that surface water and groundwater cannot be 

sustainably managed separately since they are inextricably bound together in the water 

cycle. 

Figure 2.1 Hydrologic cycle: linkages between surface and groundwater. 
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Importance of groundwater

■■ Although groundwater is the hidden part of the hydrologic cycle, it represents a 

much larger volume than surface water. Groundwater makes up 97% of the availa-

ble unfrozen freshwater on our planet (Figure 2.2)

■■ The surface water / groundwater ratio in Africa is similar (Fig 2.3), with ground-

water at (5,500,000 km3) dominating the available freshwater resources (31,776 

km3). 

■■ Africa is blessed with abundant groundwater resources, although perversely most 

of the largest aquifers are located either in the humid and water rich Congo basin 

or in the sparsely populated Sahara / Sahel areas (Fig 2.4) 

■■ Groundwater is the main source of water for domestic use for more than 2 billion 

people in the world – that is almost 30% of the estimated 7 billion global popula-

tion. It is often the only source of water for all uses for dispersed rural communities 

in semi-arid regions

■■ The acccelerated global development over the past few decades has been signif-

icantly supported by groundwater, as a low-cost, drought-resistant and (mainly) 

high-quality water supply for urban and rural populations and for irrigation (Module 

9: Groundwater for food production.)

■■ It is the major source of water for many mega cities (Mexico City, Dhaka, Dar es 

Salaam, etc.) 

■■ Groundwater is under-developed in many parts of the continent

■■ Additional and sustainable use of groundwater will be vital for the achievement 

of the ‘UN Sustainable Development Goals’ and for adaptation to climate change 

(Module 11: Groundwater and Climate Change)

L'eau de la 
Planète

Eau de Surface 
Douce

Eau Douce

eau saline 
(océans)

97%

glaciers et neige
68.7%

lacs
87%

eau souterraine
30.1%

eau douce 3% autre 0.9% rivières 2%

Figure 2.2 Distribution of earth’s freshwater resources
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2.3 Characteristics of groundwater
Besides its importance in terms of quantity, groundwater has a number of other 

natural and physical characteristics that makes it an important resource for eco-

nomic and social development. (Table 2.1)

However although groundwater has many positive characteristics, there are 

some critical issues that make groundwater management complex and difficult

■■ Groundwater is invisible and often there is very limited data available on its physi-

cal distribution and aquifer characteristics

■■ Groundwater flow within the aquifer systems is difficult to ascertain and can vary 

over time due to pumping, natural discharge and recharge, climate change, etc.

■■ There are usually many independent users pumping groundwater, thus making 

monitoring abstraction and managing users complicated

■■ The interaction between surface water and groundwater is often little understood 

but can have great implications for management decisions 

Figure 2.3 Regional distribution of global groundwater resources.  

Source: UNEP, 2008. http://www.unep.org/dewa/vitalwater/article32.html

http://www.unep.org/dewa/vitalwater/article32.html
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Table 2.1 Beneficial characteristics of groundwater resources 

Characteristics Explanation

Available where 
needed

Groundwater can be found almost everywhere (not neccesarily in the quantities desired)

Naturally 
protected

Groundwater is protected against direct pollution and evaporation, and often provides 
potable water without treatment

Our largest 
reservoir

Global groundwater storage is vast, providing a water buffer that can be used to 
mitigate droughts and water scarcity

Untapped 
resource

There are many untapped aquifers that can provide water for future needs if managed 
sustainably. This is particularly true in Africa (e.g. Addis Ababa and Dar es Salaam)

Stable 
temperature

Groundwater is becoming increasingly used as an important and safe source of 
renewable energy for heating and cooling, although this use is still minor in Africa. 

Environmental 
function

Dry season river baseflow is maintained by groundwater discharge. Groundwater 
dependent ecosystems (GDE) such as wetlands provide vital environmental services.

Natural 
treatment

Soils and aquifers have the capacity to improve water quality by degradation and 
sorption of biological and some chemical contaminants. 

Figure 2.4 Aquifer productivity map of Africa. Source: British Geological Survey, 2011. 

http://www.bgs.ac.uk/research/groundwater/international/africangroundwater/mapsDownload.html

http://www.bgs.ac.uk/research/groundwater/international/africangroundwater/mapsDownload.html
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2.4 Sustainable groundwater use
Worldwide, sustainable water resources development and management is rec-

ognized as an ultimate goal of national water strategies. The sustainability of 

groundwater is closely linked with a range of micro- and macro-policy issues in-

fluencing water and land use, and represents one of the major global challenges 

in natural resource management.

Whilst groundwater storage is vast (more than 97% of freshwater reserves) its replen-

ishment by recharge is finite and mainly limited to shallower aquifers, which can also 

be seriously degraded by pollution. Groundwater is the invisible part of the hydrologic 

cycle and a clear understanding of its physical environment in space and time (qual-

ity, depth, recharge, productivity) is required to take decisions on cost-effective and 

sustainable exploitation (Module 3: Aquifer systems characterization for groundwater 

management). However such information about groundwater is not routinely obtained 

in most countries.

Investment in the assessment, management and protection of the resource base 

has been seriously neglected. Practical advances are urgently needed; there is no 

simple blueprint for action, due to the inherent variability of groundwater systems and 

related socioeconomic situations. Many developing nations need to appreciate their 

socio-economic dependency on groundwater, and invest in strengthening institutional 

provisions and building institutional capacity for its improved management before it is 

too late. 

For example, in Harare (2014), the water distribution network based on surface water 

and the water treatment plant, due to aging, lack of investment and lack of mainte-

nance, lacks the capacity to serve the needs of the expanding population. Water sup-

plies are erratic, insufficient and have not reached some parts of the city for several 

years. The result has been an explosion of borehole drilling, mushrooming of bulk 

water sellers, and uncontrolled private pumping of groundwater, particularly in parts of 

the city where people can afford private boreholes. Over the past decade, groundwa-

ter levels have declined by more than 10 m and many boreholes have already dried 

up. Water level and compliance monitoring are hampered by lack of investment into 

the catchment authorities, and the situation continues to deteriorate. Many other cities 

in Africa face similar problems, e.g. Lusaka, Accra, Nairobi. 

Traditional institutional separation of surface water from groundwater has created 

fundamental communication barriers that now extend from technical experts to policy 

developers, operational managers and water users (Module 7: The role of stakeholder 

participation and communication in groundwater management). These barriers impede 

the understanding of the processes and consequences of groundwater-surface water 

interactions. 
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Ultimately sustainable groundwater use requires a comprehensive understand-

ing of the multiple factors that impact on the resource. These may include: 

■■ The impact of land use / land management which has a direct impact on both 

groundwater recharge and on groundwater pollution.

■■ The protection of the groundwater resource though separation of important water 

supply wells and groundwater recharge areas from polluting activities such as 

waste disposal sites, sewage treatment plants etc. 

■■ In water scarce areas, managed aquifer recharge (MAR), from e.g. occasional 

flood waters or irrigation excess water, can be introduced to promote sustainability 

of the groundwater resource 

■■ In all circumstances where possible, conjunctive use of surface and groundwater 

can be used to ensure the optimum sustainable use of the total water resource. 

2.5 What is IWRM?
Integrated Water Resources Management (IWRM) is an approach that promotes the 

coordinated development and management of water, land, and related resources, in 

order to maximize the resultant economic and social welfare in an equitable manner 

without compromising the sustainability of vital ecosystems. 

IWRM is not just about managing physical resources, it is also about reforming human 

systems to enable people, women as well as men, to benefit from those resources and 

to protect and manage them. Integrated water resources management is a compre-

hensive process for the sustainable development, allocation and monitoring of water 

resources and their use in the context of social, economic and environmental objec-

tives. The integration of groundwater into the IWRM paradigm can provide important 

benefits for both the water managers and the societies that they serve. 

2.6 IWRM principles and framework
There are three key ‘pillars’ that provide a framework for the implementation of IWRM 

(Figure 2.5). These are: economic efficiency; environmental sustainability; and social 

equity. All IWRM plans need to operate with these three fundamental objectives in 

mind. 

 Figure 2.5 The IWRM Implementation Triangle 

Ecosystem Sustainability

Social EquityEconomic Efficiency

Management In
stru

ments
Institution Roles

Enabling
Environment

Policy  
Legislation  
Regulation

Assessment
Information

Allocation tools

Aquifer & 
River Basin 
Cantral-Local
Public-private
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To enhance IWRM, there are three key areas for IWRM reforms:

■■ Enabling Environment – water policy; water laws and regulations; financial and 

economic instruments (Module 6: Groundwater regulation, licensing, allocation 

and institutions)

■■ Institutional Roles – organizational frameworks; institutional capacity development

■■ Management Instruments – assessment and monitoring of (ground)water re-

sources; water demand information; allocation tools, predictive models (Module 5: 

Groundwater Monitoring and Information Management).

 

These three action areas are known to be essential for implementing IWRM and are 

presently driving country level reform at all stages in water planning and manage-

ment in Africa. This usually begins with a new water policy to reflect the principles of 

sustainable management. To put the policy into practice requires the reform of water 

law and water institutions. This can be a long process and needs to involve extensive 

consultations with affected agencies and the public. 

Implementation of IWRM is best done in a step-by-step iterative process, with some 

changes taking place immediately and others requiring several years of planning and 

capacity building.

 

When beginning the process of change, consider:

■■ What changes must happen to achieve agreed-upon goals?

■■ Where and when is change possible given the current social, political, economic 

and institutional situation?

■■ What is the logical sequence for change? What changes need to come first to 

make other changes possible?

When considering how water should be managed in the future, the various areas for 

change available to the planners are identified in the Tool Box in table 2.2



12

2

MODULE

Integrated Water Resources 
Management and the  
Groundwater Management 
Framework

INTEGRATION OF GROUNDWATER MANAGEMENT INTO TRANSBOUNDARY BASIN ORGANIZATIONS IN AFRICA

Table 2.2: IWRM Tool Box: Change Areas (http://www.gwp.org/en/ToolBox/)

There are many courses and manuals (IWRM for River Basin Organizations; IWRM 

Plans, etc. at www.cap-net.org) that expand on the principles and implementation 

of IWRM more broadly. This manual focuses on the specific issues associated with 

groundwater management for basin organizations. 

THE THIRTEEN KEY IWRM CHANGE AREAS
THE ENABLING ENVIRONMENT

1. Policies – setting goals for water use, protection and conservation.

2. Legislative framework – the rules to enforce to achieve policies and goals.

3. Financing and incentive structures – allocating financial resources to meet water 

needs.

INSTITUTIONAL ROLES

4. Creating an organizational framework – forms and functions.

5. Institutional capacity building – developing human resources.

MANAGEMENT INSTRUMENTS

6. Water resources assessment – understanding resources and needs.

7. Plans for IWRM – combining development options, resource use and human interac-

tion.

8. Demand management – using water more efficiently.

9. Social change instruments – encouraging a water-oriented civil society.

10. Conflict resolution – managing disputes, ensuring sharing of water.

11. Regulatory instruments – allocation and water use limits.

12. Economic instruments – using value and prices for efficiency and equity.

13. Information management and exchange– improving knowledge for better water 

management.

http://www.cap-net.org
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2.7 Groundwater management for river basins 
Although the principles of IWRM emphasize that groundwater and surface water 

must be managed as a single resource, how to achieve this may not be imme-

diately obvious to RBO professional and technical staff, who tend to be more 

skilled in managing surface waters. There are certain distinct features about 

groundwater that water managers need to take into account in order to achieve 

an optimum level of conjunctive management of surface and groundwater. 

Table 2.3 Comperative features of groundwater and surface water

Feature Groundwater  
Resources & Aquifers

Surface Water 
Resources & Reservoirs

Hydrological Characteristics

Storage Very large Small to moderate

Resource Areas Relativity unrestricted Restricted to water bodies

Recharge Restricted to unconfined 
aquifers

Takes place everywhere with 
rainfall

Response to changes Very slow Rapid

Flow velocities Low Moderate to high

Residence time Generally decades / centuries Mainly weeks / months

Drought vulnerability Generally low Generally high

Evaporation losses Low and localised High for reservoirs

Resource evaluation High cost and significant 
uncertainty

Lower cost and often less 
uncertainty

Abstraction impacts Delayed and dispersed Immediate

Natural quality Generally (but not always) high Variable

Pollution vulnerability Variable natural protection Largely unprotected

Pollution persistent Often extreme Mainly transitory

Socio-Economic Factors

Public perseption of the 
resource

Mythical, unpredictable Aesthetic, predictable

Development cost Generally modest Often high

Development risk Less than often perceived More than often assumed

Style of development Mixed public and private, often 
by individuals

Largely public

Table 2.3 compares the hydrological characteristics of groundwater and surface water 

as well as the socio-economic factors that are important in terms of management and 

provide insight into how management strategies may be adjusted when managing 

groundwater resources. 

While no specific ‘toolbox’ for groundwater management in river basins has been 

created, water resources managers will find that as their understanding of the ground-

water resource grows, their appreciation of how groundwater can be integrated into 

river basin water resources management will increase too. The aim is to conjunctively 

manage surface and groundwater for optimum sustainable water resources manage-

ment.  

 

A focus on conjunctive management will require that the basin authority develop ca-

pacity in groundwater management. Groundwater management often entails signifi-
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cant uncertainty, for example in the extent of the resource, the recharge rate and the 

discharge and abstraction. These complexities require an adequate level of profes-

sional groundwater skill to be retained in-house by the basin authority. 

A key issue for sustainable groundwater management is balancing the increas-

ing demands of water users with the available resources by: 

a. balancing groundwater abstraction against long term average annual groundwater 

recharge

b. protecting groundwater from all forms of pollution, but especially from pollution by 

persistent toxic chemicals 

A schematized illustration of sustainable management of the groundwater balance is 

shown in Fig 2.6. This supply vs demand illustration captures all sources of supply 

from both recharge and from storage as well as considering the range of demand for 

groundwater including subsistence, economic and environmental demands. 

Although figure 2.6 focuses on groundwater management, the direct interaction 

between surface water and groundwater is a critical reason to manage these 

resources conjunctively. Some of the direct interactions are given below: 

■■ Groundwater recharge is impacted by surface water use. Damming rivers and 

abstracting water reduces downstream flow for indirect groundwater recharge 

through riverbed infiltration. This is often the major component of groundwater 

recharge in arid and semi-arid environments. Irrigation excess and wastewater dis-

charge are also sources of groundwater recharge. 

■■ Similarly groundwater use, particularly from shallow unconfined aquifers, delays 

the timing and reduces the amount of surface run-off in the rainy season and de-

creases baseflow in the dry season. Such baseflow may be of critical importance 

especially during the periods of low flow and in semi-arid climates. 

■■ Groundwater may provide perennial water to groundwater dependent ecosystems 

and the communities that survive from these resources. 

■■ Interaction between surface and groundwater can cause pollution to be transferred 

from one to the other. Groundwater pollution can persist for centuries thereby 

reducing water resources availability for generations to come.
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Artificial recharge
(irrigation losses, 

wastewater returns)

Natural recharge
(excess rainfall,  

surface water seepage)

Indirect recharge
(aquitared leakage, cross 

formational flow)

Aquifer storage
(groundwater resource)

SUSTAINABLE GROUNDWATER DEVELOPMENT

Economic Benefits Human BenefitsEnvironmental Benefits

Water for development 
Groundwater abstraction

(Agriculture & industry)

Water for the 
Environment 

Groundwater discharge
(Springs, surface water, 
wetlands, coastal zone)

Water for People 
Groundwater supply

(Drinking water  
& sanitation)

Figure 2.6 The elements of sustainable groundwater management: 

supply (above) and demand (below)

Once RBO water managers embrace the groundwater resource as a component of 

their available water resources and part of their management responsibilities, they 

soon begin to appreciate the opportunities and advantages of conjunctive manage-

ment strategies. Examples of opportunities for conjunctive management may include:

■■ Groundwater holds large volumes of water in storage, while surface water storage 

is moderate or small and often ephemeral. Conjunctive management strategy 

would suggest that surface water be allocated during the rainy season before it 

runs off and evaporates, and groundwater use be increased in the dry season to 

offset the shortfall from surface water. Groundwater volumes in storage can pro-

vide a buffer in times of drought and water scarcity.

■■ Managed aquifer recharge (MAR) of sandy aquifers may be done with surplus 

surface water during the wet season if there is excess flow. Recharging aquifers 

in this way will not only provide additional dry season water resources but will also 

allow for natural purification of any bacterial contamination in the surface water.

■■ Groundwater may be developed where demand is dispersed and moderate, while 

development of surface water may focus on large-scale demand and irrigation 

development. 

■■ Upstream and downstream interests: by considering the entire suite of water re-

sources, both surface and groundwater, along the length of a catchment, manag-

ers are better able to provide for equitable upstream and downstream demands. 
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■■ Financing of groundwater development is a key area for flexibility. In many instanc-

es, private and individual development of the resource takes place, particularly if 

the basin authority establishes a positive enabling environment such as, for exam-

ple, subsidies for electricity or borehole drilling. 

■■ Public development of groundwater may be incremental as demand rises, thus 

avoiding high financing charges and interest payments. The funds saved can 

provide the basin authority with financial flexibility to manage its expenditure for 

surface water infrastructure and other development in an optimal manner. 

■■ Many sectors depend on water:- agriculture, energy, water supply, and environ-

ment. By integrating the entire suite of available water resources, water managers 

are better able to balance the different competing needs in the catchment.  

Water resources management includes many opportunities and threats. The wise 

water manager looks beyond the direct and the obvious and considers distant and 

indirect events in order to enhance and protect the catchment water resources. Some 

of these issues are listed below: 

■■ Land and water. Land management plays a fundamental role in a number of 

groundwater related factors such as recharge and non-point source pollution, as 

well as being linked to baseflow, overland flow and run-off. 

■■ The river basin and its adjacent coastal and marine environment. The salinization 

of coastal groundwater resources has become a major issue for many coastal 

cities. Overpumping of coastal aquifers is the major cause of this.  

■■ Rural water supply. Groundwater may often be used as a potable source of water 

without treatment, providing water managers with useful options for dispersed 

smaller communities. 

■■ Groundwater pollution. Polluted groundwater may take a very long time to reme-

diate, and precautionary protection from pollution is strongly recommended. This 

may include oversight of waste management practices in the catchment. (Module 

8: Groundwater hazards)

■■ Groundwater often developed privately. Unlike surface water which is usually 

developed and managed by an external authority, groundwater may be developed 

by users for their own needs. This requires a different management paradigm to 

ensure the sustainability and protection of groundwater resources. (Module 7: The 

role of stakeholder participation and communication in groundwater management)

■■ Water as a free human right and a chargeable, tradeable commodity or service. 

Groundwater resources may be traded just as surface water is, but knowledge 

is needed about the impact of groundwater abstraction when engaging in such 

transactions.

These examples and other conjunctive use strategies provide the basin authority, 

whether transboundary or not, with a variety of diverse challenges but also significant 

flexibility for water management under a variety of climatic and socio-economic chal-

lenges. 
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Table 2.4 suggests that the approach taken to groundwater management at any 

moment in time will depend on information about, and interaction between, the 

following factors:

■■ The depth, size and complexity of the groundwater resource

■■ The climate and the rate of aquifer recharge and resource renewal

■■ The scale of groundwater abstraction and the number and types of groundwater 

users

■■ The ecosytems and environmental services dependent upon groundwater (Module 

10: Groundwater and environment)

■■ The susceptibility and vulnerability of the aquifer system to degradation (Module 8: 

Groundwater hazards)

■■ Natural groundwater quality concerns

■■ Present degradation of the groundwater resource (from depletion or pollution) 

■■ Other available water resources

Table 2.4 Typical aquifer types and their appropriate management strategies

Hydrogeological Setting Main Feature Recommendation African Examples

Significant aquifers but with 
more limited extension than 
the river basin catchment

Specific aquifer units or 
groundwater bodies will require 
independent local management 
plans 

Plans need to take into 
account that groundwater 
recharge may be dependent 
upon upstream river flow and 
downstream river flow may 
be dependent upon aquifer 
discharge

Stampreit aquifer. 
Orange-Senqu river basin. 
South Africa, Namibia, 
Botswana. 

River basins extensively 
underlain by shallow 
aquifers

Management of surface water-
groundwater interactions critical 
to 
avoid problems such as salt 
mobilization on land clearance, 
water logging, salinization from 
irrigated agriculture

Fully integrated ground 
and surface water resource 
planning and management is 
essential

The Limpopo River alluvials
Limpopo basin. 
Botswana, South Africa, 
Zimbabwe Mozambique 

Extensive deep aquifer 
systems occurring in arid 
regions

Groundwater flow system 
dominates, there is little 
permanent surface water

It may not be helpful to 
establish a ‘river basin 
organization’, but more valid to 
define a groundwater resource 
management plan and to 
manage at ‘aquifer level’

Nubian Sandstone 
Libya, Egypt, Sudan. 
Nile Basin 

Minor aquifers predominant, 
characterized by shallow 
depth, patchy distribution 
and low potential

Such aquifer systems occur 
in many parts of the Sub-
Sahara African continental 
shield – these will have limited 
interaction with the overlying 
river basin

Storage not sufficient to 
justify comprehensive 
groundwater resource planning 
and administration. Social 
importance in rural water 
supply makes it appropriate to 
put effort into design of water-
wells to maximize their yield 
and reliability, and to identify 
any geogenic groundwater 
quality problems

Crystalline basement aquifers 
in eg: Tanzania, Ghana, 
Zambia etc. 

Transboundary aquifers May be of different types; 
local or extensive. Requires 
legal and political oversight 

Need to assess the degree of 
transboundary interaction and 
the strategies required

Kalahari aquifer: Zambezi / 
Limpopo basins. 
Zambia, Botswana Zimbabwe 
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2.8 Summary
Groundwater management for river basin organizations is essential as part of IWRM 

to ensure the long-term sustainability of the overall basin water resources and to 

optimize the water use in the basin by conjunctive management of the surface and 

groundwater resources and associated land uses. The importance and potential 

benefits of such management become clearer as water scarcity and groundwater 

quality degradation increases. Transboundary aquifer systems are a special case that 

requires a political and legal framework as well as transboundary institutional cooper-

ation.  

Important questions that water managers may ask themselves are: 

■■ What is the RBO already doing on GW management? 

■■ What they see as the most important GW management issues to take up next?

■■ Why (political, technical economic, social reasons) do you consider these to be the 

most important next steps?
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2.10 Exercise

Limpopo transboundary basin
Alluvial aquifers and large-scale irrigation along the banks of the Limpopo 
River. 

The Issues: The Limpopo River is an international river and the Limpopo Basin Com-

mission (LIMCOM), a transboundary basin organization, manages the water flows. 

River flows are gauged at a number of gauging stations and weirs along the main 

stem of the Limpopo River and also along some of the major tributaries. 

Just upstream of the towns of Messina and Beit Bridge (Figure 1 – Map / Satellite 

image of area), there is large-scale commercial irrigation development, growing prin-

cipally citrus and cotton, on both the South African and the Zimbabwean sides of the 

stream (figure 2). 

A total area of 6500 ha are irrigated from alluvial groundwater. Assume an irrigation 

demand of 1 litre/sec per ha. continuously for 300 days per year. The 65 days without 

irrigation occur between December and February during the rainy season. Assume 

that the irrigation water is pumped from the alluvial sands in the active river channel, 

and that this water is at the expense of river flow. Table 1 provides a water balance 

data and figure 3 is a graphic chart that shows the water balance components; nb. 

River flow blue line is the Limpopo flow prior to irrigation development.  Assume that 

the alluvial aquifer must be fully recharged before the onset of any surface flow. 

What is the delay (months) in the onset of surface flow at the start of the annual hydro-

logical year due to the irrigation? 3 months. 

Identify the months during which aquifer recharge takes place. Dec, Jan, Feb

In which month does the aquifer first become fully saturated? Jan 

In which month does river flow start again? and in which month does river flow end? 

Jan and Feb

How many months earlier will surface flow in the Limpopo end at the end of the rainy 

season due to the irrigation? 6 months 

What is the difference between river flow without groundwater abstraction and river 

flow with groundwater abstraction? 63.4 m³/s

■■ Draw a new Limpopo river flow hydrograph taking into account the irrigation ab-

straction. 

■■ Discuss the potential impacts of these flow reductions on downstream communi-

ties and downstream countries. 

■■ Discuss the possible impacts on the environment, and on water quality. 

■■ Propose a monitoring strategy to identify the impacts of the irrigation on the river 

flow, the groundwater and the local ecosystems. 

■■ Suggest methods for integrating the irrigation abstraction into the surface water 

management planning. 

* Answers are in red 

and must be removed 

before providing 

exercise to course 

participants. 
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Methodology: 

The solution to this problem lies in developing a simple water balance for inflows to 

and outflows from the alluvial aquifer linked to the river. For simplicity, it is convenient 

to start the water balance at a time when there are no surface river flows ie. in Sep-

tember each year, but also note that we bring forward the deficit in the alluvial aquifer 

for the year to date. 

1. All abstractions of groundwater from the alluvial aquifer result in a decline in the 

water level in the aquifer … part of the aquifer becomes “desaturated”. 

2. The degree of desaturation is cumulative if the abstraction is higher than recharge, 

so that the aquifer becomes progressively more empty as groundwater abstraction 

for irrigation continues. The amount of groundwater in storage becomes progres-

sively less. 

3. When the rainy season begins run-off / river flow is generated. When the run-off / 

river flow is greater than the groundwater abstraction and there is a positive value 

for the water balance*. This first goes to refilling the empty aquifer. 

4. The positive balance between run-off (positive) and abstraction (negative) accu-

mulates as groundwater in storage until the aquifer becomes fully saturated again 

(i.e. no deficit). 

5. Once the aquifer is fully saturated, the positive balance between abstraction and 

runoff becomes river flow. 

6. Note that river flow is not cumulative – it is not stored anywhere; it flows down-

stream and is no longer available for recharge to the aquifer.

7. Note also that we assume that there is no delay between groundwater abstraction 

and impact on the river. This may not be entirely realistic. 

8. Once the rains stop, river flow declines and then ceases when run-off becomes 

less than aquifer abstraction. 

9. As the dry season progresses, groundwater abstraction continues and the aquifer 

again become progressively depleted.  

10. The cycle continues when the next rains begin.

*It should be noted that the river flow hydrographs from the Limpopo are al-

ready disturbed due to the fact that irrigation and groundwater abstraction are 

already taking place. It will be necessary to go back in time and look at Limpopo 

hydrographs from times prior to the establishment of the irrigations to be able 

to assess the impact of groundwater abstractions on river flows. This can also 

be achieved by comparing old pre-irrigation hydrographs with post irrigation 

hydrographs. Another simple strategy is to simply calculate the volume of 

abstracted groundwater in any year, and equate this to the amount of river flow 

that is diverted to irrigation. 
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Table 1: LIMPOPO Water Balance:

The impact of alluvial groundwater abstraction on river flow.
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Figure 1: Beit Bridge / Musina area with alluvial irrigation development along Limpopo main-

stem river.

Figure 2: Detail showing the irrigated areas with Centre Pivots (2000 ha) and rectangular 

field (4500 ha) layouts. Rectangular fields are largely Citrus, and centre pivots are for cotton. 

Limpopo river runs west to east through the middle of the image. 
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Figure 3: Limpopo chart showing water balance components. Vertical axis is m3/sec. River flow 

line is prior to gw abstraction. 

Figure 4: Schematic illustration of the Limpopo alluvial aquifer irrigation.

Zimbabwe

Mozambique

South Africa

Limpopo River

Alluvial Sands Aquifer

Centre Pivot Irrigation 

2000 ha per centre pivot

Flood Irrigation – 4500 ha
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AQUIFER SYSTEMS CHARACTERIZATION FOR 
GROUNDWATER MANAGEMENT

3.1 Introduction
Groundwater differs from surface water as a result of the different physical and chem-

ical environment in which it is found. Some groundwater occurs in most geological 

formations with sediments and rocks in effect forming a subsurface reservoir or aquifer 

in which groundwater can be accumulated and transmitted. 

The hydrogeological properties, porosity and permeability, of geological layers and 

their spatial distribution vary for many reasons, including the tectonic structure, the 

position in the depositional basin, the type of sedimentary basin, the depth of burial 

and the lithology. The availability of groundwater depends on hydrogeological setting, 

which may be very variable, even within a single lithology. 

Because groundwater is usually an important source of surface water, particularly 

baseflow,	these	two	water	sources,	surface	and	groundwater,	and	the	services	they	

both provide should be considered in an integrated and holistic way within the plan-

ning framework of RBOs.

Groundwater management in river and lake basins has to be based on a good under-

standing of the characteristics of the groundwater system, including its interaction with 

surface water bodies such as rivers, lakes and wetlands. 

3.2 Groundwater occurrence
Diversity in groundwater occurrence

Groundwater occurs in openings in rock materials in the form of pores, or voids, or 

fractures that constitute the porosity of the material. Nearly all rocks, whatever type, 

origin or age, possess some degree of porosity. Therefore groundwater can be found 

in all geological environments. If ‘useful’ groundwater occurs a rock material, then this 

rock is called an aquifer.	An	aquifer	is	defined	as	a	geological	formation	(or	some-

times part of a formation or a group of formations) that contains saturated material 

of	sufficient	permeability	to	yield	‘useful’	quantities	of	water	to	wells	and/or	springs.	

Aquifer units may be combined into aquifer systems.

LEARNING OBJECTIVES
This course module will provide an introduction to groundwater system charac-

terisation for water resource managers who are not groundwater specialists, with 

special emphasis on understanding of:

■■ Importance of aquifer characterization in groundwater resources management

■■ Key properties of aquifers for better groundwater management

■■ The different hydrogeological environments in relation to groundwater  

development

■■ Groundwater occurrence, and interactions between groundwater and surface water 
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A framework for assessing groundwater occurrence. 

Porosity:

A	rock	material	may	exhibit	‘primary’	or	inter-granular	porosity.	These	unconsolidated	

sediments are made up from individual grains that have been deposited at the surface 

of the earth by various sedimentary processes. Porosity in primary porosity materials 

is normally high. 

Alternately a rock material may be impermeable and have close to zero porosity. Typi-

cally crystalline rocks that have crystallized from a molten magma form such materials. 

In these igneous rocks, porosity is related to fractures through the rock mass, rather 

than pore spaces in the intact rock material. This type of porosity is known as second-

ary porosity, or fracture porosity, and it usually much lower that primary porosity. 

Unconsolidated sediments become sedimentary rocks by burial, compaction and 

cementation processes. During these processes, the porosity of sedimentary rocks 

decreases, the rock mass decreases in volume and becomes fractured. These frac-

tured	sedimentary	rocks	now	exhibit	dual	porosity.

Permeability: 

For	a	rock	mass	to	be	considered	an	aquifer,	water	has	to	be	able	to	flow	through	the	

rock mass at an appreciable rate such that useful quantities can be pumped from wa-

ter	wells.	The	rate	at	which	water	flows	through	a	rock	mass	is	its	permeability.	

For	granular	primary	porosity	rocks,	water	flows	by	seepage	or	matrix	flow	between	

the	grains	that	constitute	the	rock	mass.	This	type	of	seepage	flow	is	governed	by	the	

size of the pore spaces between the grains, which in turn is governed by the size of 

the grains. Coarse materials such as sand and gravel have high permeability, while 

fine-grained	materials	such	as	clays	have	very	low	permeability.	

Crystalline	rocks	that	do	not	have	primary	porosity	exhibit	fracture	flow,	with	water	

flowing	through	the	fractures.	This	type	of	fracture	permeability,	or	fracture	flow,	is	

usually	more	rapid	that	seepage	flow,	but	because	it	only	takes	place	through	a	small	

volume	of	the	rock	mass,	it	may	be	less	productive	the	seepage	flow	in	some	cases.	

Unconfined and confined aquifers. 

Aquifers may be open to the atmosphere through a permeable soil cover, and in this 

condition	they	are	know	as	unconfined.	Unconfined	aquifer	can	receive	direct	re-

charge	from	rainfall	infiltrating	and	percolating	through	the	unsaturated	(or	vadose)	

zone down to the water table. These aquifers are also known as water table or phreat-

ic aquifers. The water in them is at atmospheric pressure and when these aquifers are 

pumped, the water table is lowered. Crystalline rocks tend to weather at and near the 

surface	to	become	unconfined	aquifers,	but	they	are	impermeable	at	depth	where	they	

are un-weathered and the fractures are closed due to overburden pressure. 

Alternately aquifers may be buried beneath impermeable materials. This typically 

occurs in sedimentary basins where permeable and porous sedimentary strata dip 

beneath impermeable strata to become cut off from the land surface. These aquifers 

are	known	as	confined	aquifers.	Confined	aquifers	do	not	receive	direct	recharge	from	
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rainfall because they are separated from the surface by an impermeable layer. They 

may receive recharge from a distant point where the aquifer strata outcrop at the sur-

face,	and	at	this	point	the	aquifer	is	locally	unconfined.	They	may	be	entirely	confined	

under	impermeable	strata	and	receive	no	recharge	at	all.	Since	confined	aquifers	are	

not open to the atmosphere, the water in them is usually held under pressure derived 

from the water level in the recharge area. This pressure is known as the piezometric 

pressure,	or	piezometric	head.	If	a	well	is	drilled	into	a	confined	aquifer,	the	water	

usually rises up in the well bore to a level above the aquifer top as a result of the 

piezometric	pressure.	When	water	is	pumped	from	a	confined	aquifer,	the	piezometric	

pressure is reduced, but the aquifer remains fully saturated. 

Aquifer productivity. 

The ‘productivity’ of an aquifer depends a combination of the porosity and the perme-

ability	of	the	aquifer	materials	and	the	‘size’	of	the	aquifer.	The	most	significant	ele-

ments of natural hydrogeological diversity are:

■■ Major	variation	of	aquifer	storage	capacity	(porosity	/	storativity),	ranging	between	

unconsolidated granular sediments and highly-consolidated fractured rocks;

■■ Major	variation	in	the	ability	to	transmit	groundwater	flow	(permeability)	ranging	

between cavernous limestone and dense clays and solid intact crystalline rocks; 

■■ Wide	variation	in	aquifer	areal	extent	and	saturated	thickness	based	on	geological	

environments ranging from eg. weathered regolith in crystalline rocks, to shal-

low alluvial sediments to deep tectonic basins, resulting in a wide range of both 

groundwater	in	storage	and	aquifer	flow	potential	(transmissivity).

Unconsolidated sedimentary aquifers are composed mainly of loose materials: sands, 

gravels, silts, clayey sand, sandy clays and clays. They constitute a porous and con-

tinuous medium. Groundwater is stored and transmitted through pore spaces. 

Sedimentary basins generally contain large resources of groundwater; two types of 

hydrogeological	environments	are	particularly	excellent	aquifers:	

■■ Major	alluvial	and	coastal	basins	that	are	prolific	aquifers;	

■■ Consolidated sedimentary rocks like sandstone and limestone. 

They	are	spatially	extensive	and	possess	large	thicknesses,	ensuring	great	volumes	

of	groundwater	storage	with	regional	flow.	These	constitute	the	major	transboundary	

aquifers. 

Compact and fractured rocks or consolidated formations have openings that are main-

ly composed of fractures; they usually constitute a discontinuous medium. Generally 

one can identify two major types of formations:

■■ Carbonated rocks, like limestone, that are slightly soluble in rainwater and there-

fore	fractures	can	be	enlarged	to	form	karsts	(channels);

■■ Ancient crystalline and metamorphic rocks can be highly fractured; they can also 

decompose in the upper part to form a porous and permeable mantle of weathered 

materials	(regolith)	that	may	be	a	few	tens	of	meters	thick.

Aquifer Systems Characterization  
for Groundwater Management
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The characterisation of groundwater occurrence may occur at a variety of scales of 

investigation, and the characterization is usually related to the type of geology. 

■■ Hydrogeological basins that correspond closely to the topographic boundaries 

of river basins; these typically occur in crystalline rock terrains and may be com-

prised of several sub-basins. 

■■ Groundwater basins that are smaller than and contained entirely within a hydrolog-

ical basin; these are usually local sedimentary basins, or alluvial systems related 

to the present day hydrology.

■■ Aquifer	or	hydrogeological	units	that	extend	beyond	the	borders	of	the	hydrogeo-

logical basin; typically these are large depositional basins that pre-date the present 

day drainage and the present day climate. 

This hydrogeological diversity can be summarised into key elements that identify most 

aquifer	types	(figure	3.1).	The	groundwater	storage	capacity	and	the	scale	(length	and	

travel	time)	of	the	flow	paths	are	the	two	elements	used	here	for	groundwater	charac-

terization for management purposes. 

Figure 3.1: Summary of key properties of the most widely occurring aquifer types. (GW- Mate 

Briefing note 2)

In general terms the so-called ‘minor aquifers’ provide smaller and less predictable 

water wells yields than those constructed in ‘major aquifers’; they possess much less 

drainable	storage	and	can	be	rather	patchy	in	extension.	In	areas	underlain	only	by	

minor aquifers, the siting of boreholes providing a reliable supply of acceptable quality 

and	adequate	quantity	can	be	a	significant	hydrogeological	challenge,	but	‘minor	

aquifers’	are	often	the	only	feasible	prospect	in	this	regard	over	extremely	large	land	

areas. 
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What are the key functions of aquifers?

An aquifer as a hydrogeological unit is made up of two main phases that interact: a 

reservoir comprising one or many geological formations and the groundwater stored in 

the reservoir. 

The reservoir has two important functions:

■■ capacity	for	groundwater	storage	expressed	through	storativity	(storage	coeffi-

cient)	or	specific	yield;

■■ capacity	to	transmit	groundwater	flow	by	gravity	or	pressure,	which	can	be	ex-

pressed as transmissivity;

One or more of these functions may dominate, depending on the rock types and 

hydrogeological environments. For instance a river side aquifer has a predominantly 

transfer	capacity,	whereas	a	deep	confined	aquifer	presents	mainly	storage	capacity	

but	only	limited	groundwater	flow,	and	an	unconfined	aquifer	may	play	both	roles.	

The	vast	storage	of	groundwater	systems	(whose	magnitude	varies	significantly	with	

geological setting) is usually their most valuable asset. This storage asset includes 

not only groundwater already stored in aquifer systems, but also the potential storage 

capacity of their void spaces to receive recharge.

3.3 Groundwater flow
How does groundwater flow?

Groundwater	flows	down	gradient	from	areas	of	high	hydraulic	head	to	areas	of	lower	

hydraulic	head.	The	rate	of	flow	is	governed	by	the	gradient	and	by	the	aquifer	prop-

erties.	Most	groundwater	is	in	continuous	slow	movement	(Figure	3.2)	from	areas	of	

natural aquifer recharge from rainfall to areas of aquifer discharge as springs, and 

seepages	to	rivers/lakes,	wetlands	and	coastal	zones.	Groundwater	flow	is	governed	

by	Darcy’s	Law	(Box.	3.1).	

The	natural	flow	of	groundwater	occurs,	generally	at	low	velocities,	through	the	pore	

spaces	and	fractures	in	rock	materials.	For	groundwater	a	flow	velocity	of	1	meter	per	

day is high, and it can be as low as 1 meter per year or 1 meter per decade. In con-

trast,	velocities	of	rivers	flow	generally	are	measured	in	meter	per	second.

Aquifer Systems Characterization  
for Groundwater Management
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Figure 3.2: Typical groundwater flow regime and residence times in semiarid regions  (after 

Foster and Hirata, 1988)

BOX 3.1: THE DARCY LAW AND PERMEABILITY
The	principle	that	governs	how	fluids	move	through	sediments	and	rocks	is	

Darcy’s	Law	–	the	flow	being	proportional	to	the	length	of	the	flow	path,	the	fluid	

pressure	difference	at	the	start	and	end	of	the	flow	path	and	the	permeability	of	

aquifer medium between the two points under consideration.

Darcy’s	Law	is	usually	written	as:	Q	=	-KA	dh/dl	 where:	 

Q = rate of groundwater flow,  

K = permeability (or hydraulic conductivity)  

A = cross-sectional area of flow  

dh/dl = hydraulic pressure gradient.

In the subsurface, sediments are usu ally deposited in horizontal layers. In-

ter-bedded	clay	and	shale	layers	have	very	much	lower	permeability	(especial-

ly in the vertical direction) than the main group of aquifer materials, and thus 

groundwater	flow	tends	to	be	preferentially	confined	within	aquifer	layers	and	

predominantly horizontal, with only a small com ponent of vertical leakage across 

confining	clay	or	shale	beds.

Aquifer Systems Characterization  
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3.4 Groundwater Balance and Recharge 
What is involved in the estimation of contemporary recharge rates?

The estimation of contemporary recharge rates to aquifers is of fundamental signif-

icance when considering the sustainability of groundwater resource development. 

Furthermore, understanding aquifer recharge mechanisms and their linkages with 

land-use is essential for integrated water resources management. 

Unfortunately	groundwater	recharge	is	both	highly	complex	and	uncertain.	There	are	

numerous methods including: groundwater level measurements; unsaturated zone 

flux	measurement;	isotopic	techniques	to	measure	groundwater	age;	groundwater	flow	

measurement; modelling and many others. 

All	these	methods	suffer	from	substantial	scientific	uncertainty	(Figure	3.3)	in	the	

quantification	of	individual	recharge	components	due	to:	

■■ The	vast	heterogeneity,	irregularity	and	inherent	complexity	of	natural	hydrogeo-

logical systems

■■ The wide spatial and temporal variability of hydrologic events such as rainfall and 

runoff, including climatic cycles

■■ The	variety	and	complexity	of	different	recharge	processes	that	range	from	direct	

infiltration	and	percolation	of	precipitation,	seepage	through	stream	and	lake	beds,	

to	return	flows	from	anthropogenic	impacts.	

■■ The inherent uncertainties involved for most of the methodological procedures 

used for recharge estimation. 

These factors, coupled with limited groundwater level monitoring data in many regions, 

mean that available recharge estimates always have to be treated with some caution.

Nevertheless,	for	most	practical	purposes,	it	is	sufficient	to	make	approximate	es-

timates,	and	refine	these	subsequently	through	monitoring	and	analysis	of	aquifer	

response to abstraction over the medium-term. A number of generic observations can 

be made on aquifer recharge processes:

■■ Areas of increasing aridity will have a much lower frequency and rate of recharge; 

■■ Confined	and	semi-confined	aquifer	systems	are	usually	only	recharge	is	specif-

ic	recharge	areas	where	the	aquifer	outcrops,	while	unconfined	aquifers	tend	to	

receive recharge over their entire surface area.

■■ Indirect	recharge	from	surface	runoff	and	incidental	artificial	recharge	arising	from	

human	activity	generally	are	becoming	progressively	more	significant	than	direct	

rainfall recharge. 

Aquifer Systems Characterization  
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Figure 3.3: Field estimates of diffuse recharge in Southern Africa and their relation with annual 

rainfall

When attempting to evaluate contemporary groundwater recharge rates it is essen-

tial	to	appreciate	fully	the	significance	of	the	intimate	linkages	between	land-use	and	

groundwater recharge, which is also an essential input for the practice of integrated 

water resources management. The commonly used paradigm of ‘constant average 

rates of present-day aquifer recharge’ is false. In reality the contemporary rate of aqui-

fer recharge varies considerably with:

■■ Changes in land use and vegetation cover, notably the introduction of irrigated 

agriculture, but also vegetation clearance and soil compaction;

■■ Urbanisation processes, and in particular the level of water supply network leak-

age,	the	proportion	of	non-sewer	(in-situ)	sanitation	and	the	degree	of	land-surface	

sealing due to tarmac, concrete etc.;

■■ Widespread	water-table	lowering	by	groundwater	abstraction	and/or	land	drain-

age,	which	leads	to	increased	areas	and/or	rates	of	infiltration	in	some	aquifer	

systems;

■■ Changes	in	surface	water	regime,	especially	the	diversion	of	river	flow.

Why is it necessary to undertake a groundwater balance?

For management purposes, what is important is the amount of groundwater that is 

available in the aquifer that can be abstracted on a sustainable basis. This will be a 

balance between the amount of recharge to the aquifer and the amount of discharge 

from the aquifer.

In most natural climatic settings, water is regularly added to an aquifer system by the 

‘natural recharge’ processes described above, and continuously leaves the system as 

‘natural	discharge’	to	springs,	seepages	and	phreatic	vegetation.	Each	aquifer	sys-

tem	is	unique	in	as	much	as	the	amount	of	groundwater	flow	will	be	dependent	upon	

‘external’	factors	such	as	precipitation	rates	in	the	recharge	area	and	the	location	and	

behaviour of streams and evapotranspiration rates. But putting aside for the moment 

climate-change and major land-use change considerations, a ‘healthy groundwater 
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system’	should	be	in	balance	(or	a	quasi-equilibrium	state)	when	viewed	over	a	time-

scale of 5-25 years, with the longer time periods required in the more arid climates. 

Accounting	for	all	the	different	inflows	and	outflows	of	a	groundwater	system,	including	

changes	in	storage,	is	called	undertaking	a	groundwater	balance.	Evaluation	of	the	

groundwater balance is an essential tool for groundwater resource management, and 

may include the following: 

■■ Estimating	recharge	to	the	aquifer	system,	which	is	a	complex	and	uncertain	suite	

of processes as described above   and 

■■ Assessing	the	natural	discharge	from	the	aquifer	system	by	baseflow,	spring	dis-

charge,	and	evapotranspiration,	which	is	equally	complex			and	

■■ Measuring or estimating the amount of groundwater withdrawn from boreholes and 

used	consumptively	or	exported	from	the	local	catchment	

There are numerous analytical tools and GIS systems that can greatly help this pro-

cess.	Groundwater	balances	should	be	established	for	a	well-defined	aquifer	system	

or groundwater body, within a river basin or in some cases an entire sub-catchment 

of such a river basin. Understanding the groundwater balance and how it changes in 

response to human activities is a central and critical aspect of groundwater system 

characterisation.

All	groundwater	flow	must	be	discharging	somewhere,	and	continuous	abstraction	

will sooner-or-later reduce these discharges. But the sources of pumped groundwater 

can	be	complex,	and	may	include	an	increment	of	recharge	induced	as	a	result	of	

water-table lowering. The question of continuous long-term depletion of aquifers arises 

and the term ‘aquifer overexploitation’ has been introduced in this connection.

In	practice,	when	speaking	of	aquifer	overexploitation	we	are	invariably	much	more	

concerned about the consequences of intensive groundwater abstraction than about 

its	absolute	level.	Thus	the	most	appropriate	definition	is	probably	that	the	‘overall	cost	

of	the	negative	impacts	of	groundwater	exploitation	exceed	the	net	benefits	of	ground-

water	use’,	but	of	course	these	impacts	are	not	always	easy	to	predict	and/or	to	cost.

Therefore, it is crucial for water resource managers to estimate the ‘acceptable 

abstraction’	(or	‘safe	yield’)	of	a	groundwater	system.	In	reality	such	expressions	can	

also be misleading, because in order to estimate them, it is necessary to make value 

judgments about the term ‘acceptable’, which may not be acceptable to some stake-

holders, especially to natural ecosystems that are dependent upon aquifer discharge.

Groundwater	in	confined	aquifers	is	usually	older,	less	oxygenated,	more	mineral-

ized,	and	normally	under	pressure.	Drawdown	induced	by	pumping	from	the	confined	

section	of	an	aquifer	is	often	rapidly	propagated	to	the	unconfined	section.	In	various	

hydrogeological	settings,	shallow	unconfined	and	deep	confined	aquifer	layers	can	

be superimposed with leakage downwards and upwards between layers according to 

local conditions.

Aquifer Systems Characterization  
for Groundwater Management
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Aquifer storage transforms highly variable natural recharge regimes into more stable 

natural discharge regimes. It also results in groundwater residence times that are usu-

ally	measured	in	decades	or	centuries	(Figure	3.2),	and	often	even	in	millennia,	with	

large volumes of so-called ‘fossil groundwater’, a relic of past episodes with different 

climate,	still	being	held	in	storage	(Box	3.2).	

3.5 Groundwater and Surface water interaction
Nearly all surface water bodies (rivers, lakes, reservoirs, and wetlands) interact 

with groundwater. These interactions take many forms, in some cases surface 

water bodies gain water or/and solutes from groundwater systems and in others 

they may be a source of groundwater recharge and may affect groundwater 

quality. 

As concerns for water resources and the environment increase, it is important to 

consider groundwater and surface water as a single resource. Therefore understand-

ing their interaction is crucial for water resource management in river and lake basins, 

even	if	it	is	difficult	to	observe	or	to	measure	these	exchanges.	

The	contribution	of	groundwater	to	total	water	surface	flow	varies	widely	among	

streams, but hydrologists estimate the average contribution is somewhere between 

40	and	50	%	in	small	and	medium-sized	streams	(USGS,	1999).	Correspondingly,	

the	contribution	of	surface	water	via	stream	and	lake	bed	infiltration	to	groundwater	is	

equally	significant,	especially	in	arid	and	semi-arid	climates.	Some	of	these	surface	

water – groundwater interactions are described below. 

The interaction of surface water and groundwater is frequently a major concern for 

RBOs since they are strongly focused on surface water management and such inter-

actions	impact	directly	on	the	surface	water	resources	that	they	have	quantified	and	

allocated.

BOX 3.2: ‘FOSSIL GROUNDWATER AND NON-
RENEWABLE RESOURCES’

Isotopic	techniques	reveal	that	most	groundwater	stored	(and	sometimes	still	

flowing)	in	large	sedimentary	formations	was	recharged	by	late	Pleistocene	and	

early	Holocene	rainfall	(>5,000	yrs	BP),	when	the	climate	in	the	areas	concerned	

was cooler and wetter. It is thus commonly referred to as ‘fossil groundwater’.

If hydrochemical evidence suggests that very little contemporary rainfall is 

infiltrating	(say	<	10	mm/a),	current	groundwater	recharge	will	be	responsible	

for	(at	most)	only	a	tiny	fraction	of	the	groundwater	stored	in	such	aquifers.	This	

groundwater storage is thus sensibly treated as a ‘non-renewable resource’, 

since it will not be replenished fully in the time-frame of current development.

Aquifer Systems Characterization  
for Groundwater Management
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Alluvial groundwater occurrence in river valleys. 

Groundwater in the river valley environment tends to occur as alluvial deposits as-

sociated	with	the	river	channel	(Figure	3.4)	and	this	groundwater	is	usually	shallow	

and easily accessible in the vicinity of the river. Such aquifers are generally of limited 

lateral	extent	and	depth.

In	many	areas	in	Africa	(Northern	Cameroon,	Lake	Chad	basin,	Botswana)	thick	

sediments	underlying	rivers	channel	contain	significant	quantities	of	groundwater.	The	

favourable permeability and porosity features of alluvial channel sands and the regular 

recharge	from	river	flow	combine	to	make	these	aquifers	highly	productive.	

Figure 3.4: Groundwater occurrence in alluvial deposits of river (from MacDonald, 2005)

After the rainy season has ended, these ‘sand rivers’ or ‘wadis’ are usually are dry 

on	the	surface,	but	the	coarse	sediments	underlying	the	river	channel	and	floodplain	

are in fact the important sources of domestic and irrigation water for local communi-

ties	(Figure	3.5).	In	major	alluvial	basins,	as	in	the	Nile	valley,	groundwater	is	stored	

in	more	extensive	and	thicker	sedimentary	sequences	that	form	important	regional	

aquifers. They are made of unconsolidated layers of alternating strata of sand, clayey 

sand or sandy clay. 

Due	to	the	immediate	proximity	between	alluvial	aquifers	and	river	channels,	there	is	

continuous	and	rapid	interaction	between	alluvial	groundwater	and	river	flow.	Abstrac-

tion	of	groundwater	from	such	alluvial	systems	will	impact	on	river	flow,	and	this	has	

been	cited	as	a	growing	concern	by	many	river	basin	authorities	(Villholth,	2011).

Aquifer Systems Characterization  
for Groundwater Management
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Figure 3.5: River channel with coarse deposits (Northern Cameroon)

How can groundwater interact with rivers and streams?

The interactions between rivers and groundwater take place in three ways: 

■■ Rivers	gain	water	from	inflow	of	groundwater	through	the	riverbed	(Figure	3.6),	or;

■■ Rivers	lose	water	to	groundwater	by	outflow	through	the	riverbed	(Figure	3.7),	or;

■■ In some environments, rivers might at times gain water from groundwater, and at 

other times, rivers might lose water to groundwater. 

■■ Similarly, some river reaches may be gaining, while other reaches of the same 

river system may be losing.

Figure 3.6 : Gaining rivers receive water from groundwater (USGS, 1998)

In	the	first	case,	the	altitude	of	water	table	near	the	river	must	be	higher	than	the	alti-

tude	of	the	river.	In	contrast	for	the	second	case	(losing	rivers),	the	level	of	water	table	

in the vicinity of river must be lower than the level of the river. 
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Figure 3.7: Losing rivers provide water to the groundwater system (USGS, 1998)

Losing streams can be connected to groundwater system by a continuous saturated 

zone	(Figure	3.7)	or	can	be	disconnected	from	it	by	an	unsaturated	zone	(figure	3.8).	A	

type of interaction between groundwater and rivers that takes place often at one time 

or another is a rapid rise in river stage that causes water to move from the riverbed 

into the banks. This process, termed bank storage, usually is caused by storm rainfall, 

or	rapid	release	of	water	(e.g.	from	hydroelectric	dams).

Developing shallow aquifers that are directly connected to surface-water bodies can 

have	a	significant	effect	on	the	relationship	between	these	two	water	bodies.	The	

effects of pumping a single borehole or a small group of boreholes on the hydrologic 

regime are local in scale. However, the effects of many wells withdrawing water from 

an aquifer over large areas may be regional in scale.

Figure 3.8: River separated from groundwater by an unsaturated zone (USGS, 1998)

How can groundwater interact with lakes?

Lakes also interact with ground water, although these basic interactions are the same 

as	for	the	rivers,	they	differ	in	several	ways.	Some	lakes	receive	groundwater	inflow	

throughout their entire bed; others have seepage loss to groundwater throughout their 

entire	bed;	but	perhaps	most	lakes	receive	groundwater	inflow	through	part	of	their	

bed	and	have	seepage	loss	to	groundwater	through	other	parts	(Figure	3.9).

Generally water levels in natural lakes do not change rapidly compared to rivers; therefore 

bank storage is relatively less important in lakes than it is in streams. Furthermore evaporation 

has a greater effect on lakes surface than on rivers because the surface area of lakes is gener-

ally larger, and because lake water is not replenished as readily as for rivers. Lake sediments 

commonly are thick and have more organic deposits. These poorly permeable organic materi-

als can affect the distribution of seepage more in lakes than in rivers.
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Reservoirs	that	are	designed	primarily	to	control	the	flow	and	distribution	of	surface	

water are constructed in stream valleys; they have some characteristics both of rivers 

and	lakes;	they	can	have	widely	fluctuating	levels,	and	significant	bank	storage.	More-

over,	like	lakes,	reservoirs	can	have	significant	loss	of	water	by	evaporation.

Figure 3.9: Lakes interaction with groundwater (inflow (A), lose water as seepage to 

groundwater (B), or both (C))

How can groundwater interact with wetlands and other groundwater related 
ecosystems?

Similar	to	streams	and	lakes,	wetlands	can	receive	groundwater	inflow,	recharge	

groundwater,	or	do	both	(Figure	3.10).	Wetlands	that	occupy	depressions	in	the	land	

surface have interactions with groundwater similar to lakes and rivers. However 

wetlands do not always occupy low points and depressions; they also can be present 

on slopes or even on drainage divides. Water tables sometimes intersect the land 

surface, causing groundwater discharge directly to the land surface, which permits the 

growth of wetland plants.
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Many	wetlands	exist	along	streams,	especially	slow	flowing	ones.	Although	these	

riverside wetlands commonly receive groundwater discharge, they are dependent 

primarily on these streams for their water need. Wetlands in riverside areas have es-

pecially	complex	hydrological	interactions	because	they	are	subject	to	periodic	water	

level changes.

Figure 3.10: Examples of groundwater-related ecosystems and their associated groundwater 

flow regimes
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Groundwater – surface water interactions – anthropogenic impacts. 

In addition to the naturally occurring interactions discussed above, there are also 

many groundwater – surface water interactions that are either enhanced or created by 

a	variety	of	human	activities	(Figure	3.11).	

Figure 3.11. Groundwater – surface water interactions. 

The	block	diagram	in	figure	3.11	shows	some	of	the	many	fluxes	between	the	ground-

water system and surface water. The uneven groundwater surface shown is strongly 

linked	to	the	direction	of	these	fluxes.	In	this	diagram,	which	might	be	considered	to	

represent	a	semi-arid	climate,	the	natural	fluxes	are	from	surface	water	to	the	ground-

water,	while	the	fluxes	from	groundwater	to	the	surface	are	by	pumping.	In	a	humid	

environment,	the	reverse	would	likely	hold	and	there	would	be	many	natural	fluxes	

from	groundwater	to	surface	water	by,	for	example,	baseflow,	spring	discharge	or	

seepage zones. 

RBO	managers	need	to	be	aware	of	these	fluxes	and	their	impacts.	Such	flows	not	

only transfer water between the ground and surface water systems, but also impact on 

water quality by transferring dissolved chemicals and pollutants. In urban and indus-

trial	environments	the	flux	of	polluted	water	between	groundwater	and	surface	water	

is often a critical management problem that needs to be resolved by improved waste 

management practices and control and monitoring of agro-industrial practices and 

processes. 
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3.6 Summary: Critical issues in groundwater 
characterization

Groundwater management in river or lake basins should be based on a good under-

standing of the characteristics of the groundwater system, including its interaction 

with	surface	water	bodies	(rivers,	lakes	and	wetlands).	Groundwater	characterization	

involves a number of issues namely:

■■ Quantification	of	the	rate	of	groundwater	recharge.	

■■ Identification	of	main	areas	of	groundwater	recharge,	in	context	of	land	use	and	

pollution load sites.

■■ Understanding the nature and mechanisms of interactions between groundwater 

and surface water, and 

■■ Assessment of impacts of groundwater pumping on the groundwater system.

The	characterization	of	the	groundwater	system	may	be	verified	by	undertaking	aqui-

fer	system	water	balances	to	check	our	understanding	of	the	inflows	and	outflows	and	

groundwater modelling in order to predict the impacts of interactions between ground-

water and surface water and groundwater development. 

There is however a need for a mechanism to provide suitable groundwater resourc-

es information for sustainable groundwater development and protection at policy 

level. This will involve establishing appropriate policies, strategies and regulatory 

frameworks, and will require an adequate understanding the groundwater system by 

acquiring information on the distribution of aquifer units and knowledge of the aquifer 

properties	(Box	3.3).	Management	of	aquifers	also	requires	creating	mechanisms	for	

involvement of key stakeholders in water demand and water allocation management. 

Although groundwater management, in river or lake basin, needs to be based on a 

good understanding of the characteristics of the groundwater system, including its 

interaction	with	surface	water	bodies	(rivers,	lakes	and	wetlands),	there	are	a	number	

of	difficulties	and	uncertainties	that	need	to	be	borne	in	mind.	These	include	among	

others the fact that groundwater is a hidden resource and cannot be readily observed, 

that	groundwater	may	occur	in	large	and	complex	aquifer	systems	that	are	difficult	to	

characterize and that aquifers have high spatial variability in their characteristics. 

BOX 3.3: SOURCES OF INFORMATION FOR GROUND- 
WATER SYSTEM CHARACTERISATION

The basic data requirements are as follows: 

 ■ hydrogeological maps for 3D aquifer distribution and aquifer boundaries

 ■ hydrogeological	surveys	for	sources/zones	of	aquifer	recharge	and	natural	discharge

 ■ land-use data for recharge zones

 ■ borehole pumping tests for aquifer properties

 ■ borehole abstraction, use and quality data

 ■ meteorological	data	(rainfall,	evaporation,	etc)	

 ■ groundwater level monitoring.
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3.8 Exercise

Purpose:  

To appreciate the linkage between groundwater and surface water management 

Duration:  

60 Minutes

 

Activity: In 3 groups:  

Discuss the interaction between groundwater and surface water in your catchment:

■■ Do you have knowledge on how it affects the river, lake or wetlands in your basin?

■■ Which natural processes or human activities affect these interactions?

■■ What	steps	is	your	L/RBO	taking	(or	should	take)	to	assess	or	to	improve	the	char-

acterisation of groundwater and surface water relationship?

■■ Make recommendations on how groundwater and surface water should be man-

aged	together	within	your	L/RB.

Report Back: 

Each	group	presents	their	recommendations	followed	by	a	general	discussion.






























































































































































































































































































