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EXECUTIVE SUMMARY

Introduction

South Sudan extends from latitude 3o 30” N to approximately latitude 12o 15” N and from longitude 
23o 30” E to longitude 36o E. It has an area of more than 644,330 km² with population of 11.3 million 
in 2013, which is predominantly rural. Nevertheless, the country is experiencing a high rate of urban 
growth. The system of government is decentralised, comprising of national and state levels; in addition to 
county, payam and boma as local levels. 

It is rich in biodiversity, which includes swamplands; lush savannas; woodlands; rainforests; and special 
areas of mountainous vegetation that are home to many species of wildlife and that support a large 
number of livestock. Most of the inhabitants depend on farming, animal husbandry, fishing and the other 
natural harvests, catches and products for their livelihoods. Most of the government’s revenue is driven 
from petroleum sector; and very little is raised from nonoil revenues.

About 97.5% of South Sudan lies in the Nile basin, while 20% of the Nile basin is within South Sudan. Nile 
River with an estimated length of almost 6.7 km from the Lake Victoria source to the mouth into the 
Mediterranean Sea, flows northward through north-eastern Africa past South Sudan. The main feature of 
the Country is the White Nile, flowing through arable plains with gentler slope and characterized by wider 
floodplains. Its three tributaries of Bahr el-Jebel, Bahr el-Ghazal and River Sobat, extend to catchment 
areas: 1) southward up to the Equatorial Lakes Plateau; 2) southwest (up to the Nile-Congo watersheds 
divide); 3) westward (to the Nile watershed divide with Central African Republic); 4) northwest and 
northeast (into the Sudan); and 5) eastward to the south-western Ethiopian highlands and north-eastern 
Uganda respectively.

As the gradient of the terrain is very mild, volume of additional water that arrives during the rainy season 
cannot be accommodated by the rivers. As a result, almost all the plains become inundated, creating 
waterlogged swampy and marshy areas, some of which are permanent with enormous varieties of aquatic 
vegetation. 

Also, surface water in South Sudan, include the Rift Valley watersheds/basins, in the far south-eastern 
corner, at the border with Ethiopia and Kenya, covering 2.5% of the country, which drains toward Lake 
Turkana.

General Description of the Study Area 

The study area is mostly located within the BAS sub-basin. The BAS consists of the Baro, Akobo and Pibor 
Rivers; in addition to its main terminus stem of Sobat, which continues its northwest flow direction up to 
the confluence with the White Nile, south of Malakal. Both Baro and Sobat spill northwards into Machar 
marshes, where the topographic conditions offer a steady flow into the White Nile, south of Malut (BRL/
ENTRO, 2017). 

Elevation descends gently from northeast towards the south and west; and the upper parts of the sub-
basin are drained westwards by 4 principal rivers of Baro, Gilo, Alwero and Akobo; and their tributaries, 
which descend from the Ethiopian highlands to the east of the sub-basin at altitudes of up to more than 
3,000 m a.s.l. 
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In the lower part of the sub-basin, Gilo, Alwero and Akobo rivers, join the Pibor River that drains south-
eastern areas of South Sudan, before it joins Baro at the border with Ethiopian at an altitude of 400 m, 
forming River Sobat. North of Sobat, there are streams, which flow into the White Nile from the uplands 
west of Ethiopia and south-eastern Sudan. Other catchments, are along the White Nile main stem from L. 
No, above Sobat Mouth, while descending from southwest to northeast; and below Sobat Mouth from the 
west, extending towards the Sudan. More distinct morphological forms of this area, constitute exposures 
of more resistant rocks of the BC in some parts of the area; in addition to less expressive stabilised clay 
and sand dunes. Least expressive forms are oxbows along the White Nile; the valleys and streambeds of 
Khors, active in rainy season; and of permanent Khors draining Machar Marshes and Ethiopian Highlands. 
The flat territory along the Sobat, has a moderately rising tendency opposite to streams direction; and is 
getting morphologically variegated by distinct clay dunes. Overall, the territory shows a sinking tendency 
northwards. 

Climate

Steep gradient streams originating from the eastern highlands with high rainfall, flow into the western 
plains that have relatively low rainfall and moderate to low river gradients. Climate types range from 
tropical rainy with an average annual precipitation of about 600 mm in the lowlands, to warm temperate 
rainy with around 2,600 mm in the highlands. The area has a mono-model or single period rainfall pattern, 
i.e., the rainfall occurs over a continuous period of time. It is dominated by a single rainfall peak, with the 
long period being from February/March to October/November; and the short one from April/May to 
October/November. The precipitation decreases in the western and south-western directions, e.g., it is 
more than 1,000 on the Ethiopian side; 943 (at the South Sudan station of Jikou at the border of Ethiopia 
and South Sudan); and 812 mm/yr (at the town of Nasir in South Sudan). 

The distribution in time and space of the rainfall; and the extent and density of vegetation (soil cover), 
contribute to reduce potential evapotranspiration and increase infiltration into groundwater aquifers. A 
comparison of meteorological parameters shows that altitude directly correlate with rainfall, potential 
evaporation and average annual runoff. Rainfall exceeds evapotranspiration above 1,150 masl; and the 
region above this altitude is described as a zone of water surplus for surface runoff and groundwater 
recharge. Stream flows within the basin generally increase from May to September and decrease from 
October to April.

Mean monthly maximum temperatures range from 22o C on the highlands to about 40o C on the lowlands 
(around the South Sudan town of Akobo at the border with Ethiopia). Potential evapotranspiration over 
the highlands is low (e.g. 2,130 masl has a total ET of 1,263 mm/yr) while it is high in the lowlands, e.g., 
Jikou (410 masl) has a total of 1,545 mm/yr.

Geological Features

Geological conditions determine the conditions for groundwater storage and movement. Proper 
hydrogeological assessment of the groundwater requires the knowledge of the geologic setting. The Nile 
Basin contains a great range of geological conditions, as could be expected from its huge area. Much 
geological mapping has been done, in some cases providing a general description and classification, and in 
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other cases concentrating on mineral deposits or groundwater resources (Baseline Assessment Report 
for the Nile River Basin, January 2006, NeWater/EU). 

In the two Baro-Akobo Master Plans, the regional geomorphological characteristics/physiography is 
described as formed under the influence of global rifting processes (Oligocene-Miocene); and subsequent 
processes of denudation and accumulation. For instance, the major morphological and relief features of 
the BAS sub-basin rivers catchment area (from east to west) are that the land surface is characterised by 
mountainous terrain (consisting of high mountains, plateaux and ranges) in the eastern areas; and a gently 
westward sloping plains in the western areas. 

Physiographic forms can vary abruptly across changes in bedrock type. For example, between basalts 
and underlying crystalline metaphoric rocks, between mafic and Salic/silicic volcanic rocks; and notably 
between consolidated rocks and alluvial sediments. 

Denudation processes transformed initial rift relief and formed surfaces of planation with different 
nontectonic dislocation amplitude. Denudation products (quaternary diluvium sediments) accumulating 
at the slope of the Ethiopian highlands and in the transition zone of the South Sudan syneclise, smooth 
out geo-structural boundaries. Colluvium-diluvium-eluvium and diluvium deposits, forming debris cones 
(sometimes merged ones) and near slope areas are abundant. These are debris loams and loamy sands 
with coarse waste whose particle sizes decrease with the distance from the mountains. 

In South Sudan, sedimentation took place in a depression of synclinal character, created by Tertiary-
Quaternary tectonic movements between the Ethiopian plateau, the Sudan Nuba Mountains and the 
southern highland bordering Kenya, Uganda and D R Congo.

Hydrogeology 

The hydrogeological setting of South Sudan is in such a way that the Pre-Cambrian Basement Complex, 
mainly consisting of Granites and Gneiss occupies throughout the country. The basement outcrops are 
in one-third of the country, in the southwest and along northeast and southeast hedges of the territory. 
It forms a vast concave like a ship bottom, in the west and southwest (WSW); and the east and south 
east (ESE) directions between both outcrops. The concave was formed through geo-tectonic movement 
in very old times; and then, the trough was filled by huge volumes of sediments through long geological 
times. At first by Nubian Sandstone, then by Umm Ruwaba formation and alluvial deposits over the Umm 
Ruwaba, especially along the main river routes.  The general geological column for the area is as in the 
upcoming table.

General Geological Column in South Sudan

S/# Name of unit Age (from oldest to youngest)
1. Basement Complex mainly Pre-Cambrian

2. Nubian series Mesozoic / L. Cretaceous

3. Volcanic & Intrusive rocks (mainly lavas/undifferentiated) Mainly Tertiary - Quaternary

4. Umm Ruwaba series Quaternary - Tertiary

5. Superficial Deposits Quaternary - Tertiary
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From the Ethiopian side, geological setting of the Baro-Akobo-Sobot Sub-Basin is described as consisting 
of basement crystalline rocks in the eastern uplands, with covering tertiary lavas in places; quaternary 
sediments in the lowlands to the west. The rocks include 3 types by age, from oldest to youngest:

1. Pre-Cambrian, meta-igneous and meta-sedimentary (Pi). According to ARDCO-GEOSUERV report, 
these rocks include the Akobo domain, which consists of meta-volcanic and met-sedimentary 
formations.   

2. Tertiary igneous (Ti), which include the Akobo basalt. 

3. Undifferentiated Quaternary (Q), the alluvium that is comprised of undifferentiated stream and lake 
deposits. 

The meta-igneous and meta-sedimentary (Pi); and tertiary igneous rocks (Ti) are combined herein to 
constitute the Basement Complex (BC) Rocks. Precambrian metaphoric rocks form the regional 
platform upon which all younger formations are based. During the tertiary time extrusive volcanic 
rocks were deposited non-conformably over the pre-existing disrupted rocks and became a younger 
part of the BC. Pliocene sandstones and quaternary alluvium were then deposited on the BC. 

Groundwater Aquifers

To some degree, useful quantities of groundwater are contained within all of the Precambrian through 
quaternary formations; and following hydrogeological units are distinguished in South Sudan:

1. Basement Complex: In general, they are considered as impermeable and unsuitable for accumulation 
of a larger amount of groundwater. Local hydrogeological importance is ascribed to these rocks in 
places of weathered zones and young still unsealed fault systems only. Regarding to the areal extent, 
their position is very important from a more regional standpoint.

2. Volcanic Rocks: Although their textural-structural features form more favourable conditions for 
circulation and accumulation of groundwater (being highly porous slags) than in basement complex 
rocks, regarding to the areal extent, they are not of greater hydrogeological importance. 

3. Umm Ruwaba Sediments: In both South Sudan and Sudan, the sediments of the Umm Ruwaba series, 
are extensive. In Sudan, their western border forms the eastern margin of the Nuba Mountains and 
their eastern border is delimitated by the western margin of Ingessana Hills.

4. Nubian Sandstone: The hydrogeological character of the Nubian series rocks is very favourable in 
the adjacent Kordofan areas of the Sudan. In a porous or porous-jointed environment huge amounts 
of groundwater reserves of suitable chemical composition are accumulated. Continuation of this 
favourable subterraneous stratum into the Upper Nile Province has been proved.

5. the Superficial Deposits: The aquifer of superficial sediments is according to resistivity (over 20 
ohm) formed by sands to gravels, most probably of fluvial origin. The occurrence of these deposits is 
bounded to stretches along rivers and Khors of restricted area only.
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These aquifers have different hydro-geologic characteristics, but hydraulically connected and they are 
mirrored on the Ethiopian side as follow:

1. The older consolidated rock formations in the highlands, referred to as basement 
complex (BC), which were faulted, folded and disrupted in the pre-tertiary time: GW 
of the BC, therefore is one of secondary porosity, which has resulted from fracturing, crushing and 
solution during post-depositional periods of structural activity. This is a regional aquifer, common for 
the whole area, from Fit-Makonnen Plateau on the east to Pibor River on the west. 

2. The relatively unconsolidated lacustrine and alluvial sediments/deposits in the plains, 
referred to as undifferentiated alluvium (Q): GW of alluvium is that of unconsolidated porous 
medium. 

3. The alluvial deposits aquifer of river valleys.

Groundwater Basins

In South Sudan, these water-bearing geological formations constitute only one huge groundwater basin, 
the Sudd Basin (RSS’ IDMP, 2015), which extends to external areas of the territory; and generally not yet 
well-studied, especially within the Country. It consists of three (3) major aquifers namely: 1) Alluvium, 
alluvial deposits along major river routes above partial formations of 2) Umm-Ruwaba and 3) Nubian 
Sandstone. Its surface area covers parts of the three eastern Nile countries of Ethiopia, South Sudan and 
the Sudan, including extents of their present groundwater study areas under the Eastern Nile Region.

Groundwater Occurrence

At South Sudan and Sudan Sides:

1. Basement complex (BC) rocks: Together with their foothills, they form the down flow area and 
obviously the catchments for near and more remote sedimentary basins. Under sedimentary cover, 
basement complex rocks form ridges or are sunken to greater depths. Conspicuous ridges divide 
the sedimentary filling into different units, which in places are connected with one another in the 
uppermost parts of the sequence. From the standpoint of regional hydrogeology, these ridges form 
either impermeable barriers for streaming groundwater or reduce the discharge profile. 

2. Volcanic rocks: They may form local catchment areas for neighbouring sedimentary sequences of the 
Umm Ruwaba formation and for depressions filled up with slopewash sediments. 

3. Umm Ruwaba sediments: The Umm Ruwaba aquifer is in hydraulic connection with the aquifers in 
the other regions; and only interrupted by outcrops of basement complex and volcanic rocks in form 
of Jebels. The groundwater flows from the margin of mountain ranges, into the central part of the 
Sudd basin, as the water in the basement complex outcrops feeds this aquifer. 

4. Nubian sandstone series: Their hydraulic connection with the overlying complex of the Umm Ruwaba 
Series, as well as their horizontal connection with the neighbouring areas built up of these rocks is 
not known.

5. Superficial deposits: Contain phreatic waters.
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At the Ethiopian Side, GW in the area is derived from direct infiltration of rainfall, percolating along 
stream courses and lateral subsurface down-gradient movement of water in aquifers:

1. In the BC, GW is contained largely within localized aquifer environments, formed in fracture/
fissure and crush zones of impermeable consolidated rocks; and it is not possible to extend 
permeability, recharge conditions and direction of water movement in such aquifers, unless site 
specific investigations are conducted. It has artesian aquifers underneath, in sedimentary rocks strata.

2. In the plains, GW is derived primarily from infiltration of surface water flows in the numerous 
stream that crisscross it.

3. Generally, with a known annual rainfall, surface water runoff and relatively small amount of GW use 
the aquifers will be totally replenished every season. GW movement is, in general, from east to the 
west. 

Paleo-hydrology

The essence of paleo-hydrology in South Sudan, is that the alluvial deposits occur along river valleys and 
in swamps/marshes, unconformably overlying the undifferentiated Basement Complex. Alluvial deposits 
consist of alluvium, wadi fills, terrace deposits, delta and swamp deposits; and with tectonic movement, 
these layers that are composed of mostly fine sand, gravel, silt and clay, can be buried much deeper. 

The White Nile Valley ecoregion, encompasses the basin of the White Nile River from Lake 
Albert and its main influent, the Semliki River; its major tributaries, the Sobat River and 
Bahr el Ghazal; and the northernmost border at the point where it joins with the Blue Nile 
(Rzóska, 1974; Dumont, 1986; and Hughes & Hughes, 1992; in Emily Peck and Michele Thieme, October 
2, 2015). Its regional geomorphological characteristics/physiography is described as formed under the 
influence of global rifting processes. 

Information obtained from the data published on Preliminary Determination of Epicenters, the official 
website of USA Earthquake Administration, revealed that the two largest instrumentally recorded 
events in Africa occurred about 300 km north of Lake Albert, in an area of Mesozoic (250–65 
Ma) rifting. These M7.1 earthquakes struck four days apart in May 1990, both at 15 km depth. Therefore, 
significant seismic events occur in the Rift Valley, influencing formation of paleo-hydrological 
structures in the proximate areas of South Sudan occupied by the basement complex, 
volcanic rocks and alluvial deposits. In the plains, rivers enter an area of a mild gradient underlain by 
unconsolidated sediments and volume of additional water that arrives during the rainy season cannot be 
contained within riverbanks. As a result, water spills off main rivers, forming a maze of overflow channels, 
lakes, swamps and marshes that consist of unconsolidated sands, sometimes gravelly, clayey sands and 
clays beds. From time to time dependent on the relationship between rainfall runoff, transportation and 
deposition, the river systems change their courses and standing water/channels dry up. Occasionally, this 
way burying of old river channels, lakes, swamps and marshes occur.

Aquifer Properties, Characteristics and Potentials

Depending on climatic factors, contrasting geomorphology, varying rock characteristics and the extent 
of interaction between groundwater recharge and discharge at local, sub-regional and regional scales, 
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recharge in the groundwater systems within the Nile basin ranges from a few millimetres to over 400 
millimetres per year. It ranges from below 50 mm/yr in Precambrian basement rock aquifers to well over 
300 mm/yr in the highly permeable volcanic sedimentary aquifers (State of the River Nile Basin, 2012). 
The Nubian sandstone aquifer system has fossil water and very low modern-day recharge rates. The 
unconsolidated sedimentary aquifers receive high recharge from the base of the rivers, through seepage.

With entirely remotely-sensed GRACE gravity data combined with hydrological modelling, undertaken as 
part of the BGS Groundwater Research Programme and in collaboration with Edinburgh University: The 
preliminarily developed recharge model of the Nile River Basin using ZOODRM (Mansour, Edinburgh 
University), provided an opportunity to measure water mass variation from a groundwater perspective 
on a regional scale. Water balance calculations of the Nile, which has a river basin area of approximately 
3x106 km2, indicated groundwater recharge of 0-4 mm/yr across the basin.  

At a regional Scale, from the continental perspective, the Sudd Basin key information regarding 
hydrogeological characterisation and other physical aspects has been provided from TWAP-Groundwater 
indicator assessment as in the table below.

Key figures and data availability on hydrogeology of the Sudd Aquifer 

S/# Parameter Figure Remark

1 Surface Area 330,000 km2 Among medium aquifers in terms of area

2
Number of countries 
sharing it

5
This must have included Egypt and Eritrea, in 
geographical and hydrological context of EN

3 Mean annual recharge rate 2 mm/year Considered low replenishment

4 Depletion rate1 1 mm/year
Averaged over a TBA total area (considered very 
low)

5
Natural background GW 
quality2

2% 
This is a % of aquifer area with very low quality 
water

6 Groundwater pollution 2%3 Considered low

7 Population density4 17 p/km2 Considered medium

8
Human dependence on 
groundwater5 

2%
Groundwater abstraction for domestic, 
agricultural and industrial water use (very low)

9 GW development stress6 2% Considered very low

1  Defined as annual groundwater abstraction divided by annual recharge.

2  Defined as the %age of aquifer area where natural groundwater quality satisfies local drinking water standards), i.e., 

TBA country’s segment area containing water suitable for human consumption.

3  Polluted zones of the TBA country’s segment, expressed as a percentage of the segment area.
4  Defined as the number of people living within a TBA area divided by the areal extent of the aquifer.
5  Groundwater abstraction as a percentage of total water use.
6  Groundwater withdrawals exceeding renewable groundwater resources, i.e., zones where groundwater recharge into 

aquifers to be exploited is extremely very low or non-existent.
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On a general map of Transboundary Aquifers in Africa combined with aquifer storage (m), left legend and 
aquifer yields (l/s), right legend, in the figure below, adopted from transboundary aquifers by IGRAC and 
UNESCO-IHP (2015a); and aquifer storage and yield by BGS et al (2017): Indicative storage and yield 
categories and figures for their ranges have been indicated.

Potential for Development and Different Uses 

At the Ethiopian Side

All data and information reviewed and analysed, future potential water well supply areas were defined 
(Jikou-Baro, Baro-Alwero, Alwero-Gilo and Gilo-Akobo zones), which reportedly should provide bored 
wells ranging in production from 1.5 to 20.0 l/s. The test wells identified in the Russian Report of 1990, 
where a production-test well construction programme should be initiated, are located in the block of 
map co-ordinates 8° 10´ and 8° 15´ north and 34° 10´ and 34° 20´ east. 

As a part of the 1997 Baro-Akobo Basin Master Plan, three general water well designs were recommended 
for exploration, testing and development of groundwater resources within the Baro-Akobo Basin. Two of 
the designs are for wells to be drilled in the alluvial aquifers of the Gambela Plain and one is for Basement 
Complex rock wells to be drilled throughout the rest of the Baro-Akobo area. Of the two alluvial aquifer 
test-production wells, one is designed for a production rate of 1.0 to 10.0 l/s, primarily for community 
water supplies; and the other for production rates from 5.0 to 50.0 l/s, is designed for irrigation wells. The 
Basement Complex well, is designed to produce as much as 10 l/s from fractured rock aquifers.

At South Sudan Side

Three main strata, namely superficial deposits, the Umm Ruwaba Formation and Nubian Series, which 
can serve as the water supply sources in the studied area by the Czechs, were delimited with regard 
to: Resistivity of rocks, water resistivity and groundwater mineralization. The one of them ‘’superficial 
stratum’’ is the most optimum source of potable waters in the given areas. Relatively large extension of 
aquifer of Nubian series was detected on the basis of geo-electrical and gravimetrical data. This stratum 
forms a layer at the depths (from 250 to 400 m) and the depth to the aquifer ranges from 40 to 400 m, as 
came in the Baseline Assessment Report for the Nile River Basin, January 2006, NeWater/EU. It is almost 
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in the whole Malakal depression. Thickness of this stratum may attain several hundreds of metres, but at 
ridges it is reduced to several tens of metres. 

As per the RSS’ IDMP with support of JICA, the Japanese estimated the total area of the Sudd Basin as 
large as nearly 433,000 km2; and the depth of alluvial deposits is estimated as 50 m and that of the Umm 
Ruwaba formation is around 350 m. To estimate water storage volume, during IDMP formulation, the Sudd 
Basin was conceptually modelled using the Synthetic Storage Model. Around 9.77x1013 m3 is estimated 
as total volume of the aquifer, 1.151x1013 m3 as groundwater storage volume and then 7.35x1011 m3 is 
estimated to be a total yield of groundwater. These estimations were carried out under assumptions of 
transmissibility, storability and radius of influence. 

The Isobathic contour map (average groundwater levels amsl) of the Sudd Basin was classified into three 
zones, i.e. depths to groundwater levels (at 150 m, 250 m and below), and each zone is given a potential 
ranking class (II to IV) depending on the depth. Nubian Sandstone is given the highest rank (V), because 
of its excellent aquifer property. The remaining wide area of the country underlain by the Basement 
Complex is given the lowest potential as “I”. And new volcanic intrusive rocks distributed along the 
south-eastern edge of the basin is evaluated as no development potential (0). Then the brackish water 
body existing in the northern branch of the basin is given minus potential (-I) because of its high salinity 
level, which is not suitable in its natural condition for most purposes. 

At the Sudan Side

As came in the Groundwater use and Recharge along the Blue Nile / Main Nile in Sudan, Final Report, 
an ENTRO NCORE Special Study prepared by the University of Khartoum, December 2014, from the 
available literature, a summary of the information about groundwater storage, annual recharge and 
abstraction is given, as in the table below.

Estimates of groundwater storage, annual recharge & abstraction for aquifers in Sudan

Major aquifer
Groundwater storage 

M m3 

Annual recharge 
M m3 

Annual abstraction 
M m3 

Nubian sandstone basins 503,000 1,800 2,200

Um Ruwaba/Gezira basins 60,000 800 450
Alluvial 1,000 375 200
Total 564,000 2,975 2,850

Besides, the above three formations, the Basement Complex, extends over half of Sudan; and unless it is 
subjected to extensive weathering, jointing and fracturing, the parent rock is largely impervious. It extends 
from the Sudan-Ethiopia border in a southward direction along South Sudan border with the Sudan. 

Groundwater Water Quality

From the Ethiopian Side

Total Dissolved Solids (TDS) of tested groundwater range from 72 to 955 mg/l. Of note is the quality of 
the water from the artesian aquifer (Alwero Formation) encountered in Borehole 104. This water was 
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found to be of excellent quality with a TDS of 313 mg/l A pH of 7.0 and generally low in all constituents, 
including rare elements.

At South Sudan Side

The water from basement areas, are mainly HCO3 water (Carbonated hardness - secondary Alkalinity) 
with low percentage of sulphate Cl anions. In the Umm Ruwaba Aquifers, the infiltrating water starts 
to dissolve some salts from aquifer material and mix with the aquifer water. The percentage of the 
carbonate harness decreases and the percentage of the sulphate nearly equals that of the bicarbonate. 
Moving further into the aquifer, the water changes continuously, increasing its sulphate content and the 
water is dominated by alkaline and strong acid. In its circulation, GW is subjected to natural conditions 
of the heterogeneous system, within which it tries to adapt and reach a state of equilibrium. If water is 
considered as a mobile factor in this complexity, then the resulting chemical properties will be an integral 
sum of all participating factors and conditions. 

The high content of total solids in GW is explained by some authors, as due to the unfavourable lithological 
composition of the water bearing bed, its very low permeability and barriers inside sediments filling. From 
lithological logs of the drilled boreholes, they concluded that permeability of the water-bearing layers 
is very low and decreases with depth. The water moving in the aquifers will be of very low velocity and 
thus the contact time with the formation will be long, allowing the water to dissolve more salts from 
aquifer material. The second important factor of increase in total solids, is confirmation of the views that 
groundwater flows from the margin of mountains into the central part of the basin. Vertical chemical 
zonal of groundwater indicates that the permeability gets lower with depth of occurrence of aquifer. As a 
result, the vertical downward movement of the recharging water will be slow and of very small quantities, 
which will not affect the original water in the aquifer. A reverse dependence (total solids increasing with 
depth of the aquifer) is revealed by shallow boreholes and the ones with the positive influence of the 
underlying Nubian Aquifers. 

Groundwater Surface Water Connection

As came in the Groundwater use and Recharge along the Blue Nile / Main Nile in Sudan, Final Report, 
an ENTRO NCORE Special Study prepared by the University of Khartoum, December 2014, stream - 
aquifer interaction occurs continuously, with a transition between gaining and losing, depending on the 
rise/fall of the groundwater table and increase/decrease of water level in rivers, at some point in time. 
Recharge to the lower unconfined aquifers is most likely attained from surface runoff in the upper parts 
of the EN Region Sub-Basins. Evidence shows, however that recharge to the unconfined top aquifers is 
primarily through lateral flow from the rivers. The Blue Nile Groundwater Model Water Balance Results, 
indicated that: 

1. Aquifer recharge pattern has the same temporal distribution as the River water level hydrograph, 
were the peak recharge crests clearly during the month of August.  

2. The model mass balance results, also show that almost all of the annual groundwater abstractions 
are mostly replenished by inflow from the river. 

3. The results of the post upstream intervention, show that the aquifer recharge pattern has shifted 
to follow the new temporal distribution of the river water level hydrograph, resulting from the 
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intervention.  Hence, an upstream intervention would lead to a reduction of the peak recharge to 
the aquifer, creating a new situation whereby the total monthly recharge from the river to the aquifer, 
is almost constant throughout the year.  

Also, as came in the Sudan - South Sudan Report of the Mainstreaming Groundwater Considerations 
into the Integrated Management of the Nile River Basin Project, March 2015: The results of the analysis 
and interpretation of stable isotopes concentration for samples taken within the Sudd Basin Aquifer, 
concluded that the groundwater is clearly river water; and groundwater influenced by recharged water 
that is subject to evaporation. This is typical of phreatic aquifers identified at the Ethiopian Side in the 
results of the two Baro-Akobo River Basin Master Plans, 1990 and 1997.

Transboundary Aquifers

In the Sudan literature of hydrogeology, the Sudd Basin transboundary aquifer is synonymous with Umm 
Ruwaba formation (Czechoslovakians, 1977); and on the Ethiopian side it is referred to as regional 
aquifer or Alwero formation (Russians, 1990 and TAMS, 1997). In the most recent 2015 study during 
the formulation of the RSS’ Irrigation Development Master Plan (IDMP) with the support of JICA, it has 
been described in details. The Sudd Basin is therefore, composed of all the younger formations to the 
Precambrian era, especially the sedimentary fillings of Nuba sandstone and Umm Ruwaba series, above 
the basement complex; in addition to intrusive or extrusive volcanic rocks in places and alluvial deposits 
along watercourses. 

Tracking continental, regional, basin-wide and national sources of groundwater information and studies, 
although scarce, a number of parameters were identified and put in one inventory. That tabulation provides 
indicators from which appropriate figures could be adopted for the Sudd Groundwater Basin, based 
on locations and depths of the wells. The emphasis being that any of the four Eastern Nile geological 
water bearing formations of the basement complex, sedimentary and volcanic rocks; in addition to the 
unconsolidated sediments, are part and parcel of the Sudd Basin Transboundary Aquifer. These data are 
either coming from an information pertaining to regional aquifer, any of the four formations above or 
directly provided for the Sudd Basin.  

Present Groundwater Use (Abstraction)

Presently, groundwater is widely used across the Nile basin for domestic water supply, especially in the 
rural communities for whom it is the main source of safe drinking water through seepage, springs, dug 
wells and boreholes. Only a proportion of the population living in urban areas depends on conventionally 
purified water supplies based on surface water. Apart from livestock watering; limited supplementary 
irrigation for subsistence farming; and small-scale commercial activities, groundwater use for agricultural 
production to a commercial scale, development for tourism and largescale industrial use is less in other 
countries. But, in both Sudan and Egypt, GW use is widely practiced in irrigated agriculture, as there is 
widespread practice of irrigating crop fields with groundwater. Groundwater use for industrial processing 
and recreation is mostly intensive in Egypt; and for petroleum exploitation in South Sudan and the Sudan.

In Sudan, areas close to the Blue Nile witnessed a significant use of groundwater for agricultural 
development. Based on available information the estimated groundwater abstraction for agricultural 
development is about 1.62-1.70 billion cubic meters per year (Groundwater use and Recharge along 
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the Blue Nile / Main Nile in Sudan, Final Report, an ENTRO NCORE Special Study prepared by the 
University of Khartoum, December 2014). On the Ethiopian side, in the vicinity of Gambela Plains, little 
well production of groundwater was occurring within the area, as only a very small amount of the total 
groundwater available is utilised by the regional population (results of the two Baro-Akobo River Basin 
Master Plans, 1990 and 1997). The groundwater abstraction in South Sudan can be estimated as 0.1 BCM/
year, for humans’ uptakes as well as livestock watering and small-scale farming. 

Conjunctive Use of Groundwater with Surface Water

It is famous that in the Nile Valley and Delta, GW is used in a conjunctive manner with surface water. In 
northern Sudan, to date farmers are still practising what is known as basin irrigation, in which the lands 
are flooded during river flooding. Afterwards the moist soils replenished with nutrients are cultivated 
with crops, whose growth are supplemented by abstracting water from shallow unconsolidated aquifers 
that are recharged annually with floodwaters. 

In Ethiopian side, conjunctive use of surface and groundwater is a possible consideration in the very 
long term; and artificial recharge is envisioned, after an overdraft is observed to be imminent in the 
groundwater withdrawal (results of the two Baro-Akobo River Basin Master Plans, 1990 and 1997).

In South Sudan, the Latuka dig diagonal ditches from the several streams running down from the Imatong 
mountains and irrigate by seepage small fields of millet and maize; and there could be such irrigation 
practices elsewhere in the country and in the region. 

Groundwater Governance and Monitoring

Continental and basin-wide 

Apart from international dimensions (e.g., UN rules, conventions and laws), regarding managing and 
governing TBAs, at the continental level: Identified governance structures and water management units, 
for playing an over-arching role in supporting coordination; and lessons harnessing and sharing include 
1) AMCOW, 2) the Regional Economic Communities (RECs) and 3) the river/lake basin organisations. 
Critical, is the continent-wide strategic groundwater initiative through AMCOW to establish an Africa 
Groundwater Commission (AGWC) in 2007. 

From 2008–2011, a collaborative study, mainstreaming groundwater considerations into the integrated 
management of the Nile River Basin, was undertaken with the support of IAEA-GEF-UNDP using isotope 
studies, to raise the profile of groundwater in the NBI and initiate joint actions on groundwater. 

As came in the needs assessment to support Groundwater Resources Management in the Lake and 
River Basin Organizations of Africa - a Case for the Nile Basin, February 2012, carried out jointly by 
Dr. Callist Tindimugaya for NELSAP and Dr. Muna Mirghani for ENSAP under auspices of Nile-IWRM 
Net, current policy, legislation and institutional framework for cooperation and governance towards 
successful implementation of joint actions in the EN Sub-Basins, based on one system interventions 
through ENTRO under the auspices of NBI, in a summarised, edited and updated form are captured in 
Annex V, in Volume III. 
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In the absence of agreements pertaining to a TBA, the domestic legal and institutional frameworks for 
sustainable water resources management continue to play a key role in the coordinated cross-border 
management of TBAs.

The Republic of South Sudan (RSS) water sector Establishment

South Sudan National Institutional, policy and legal frameworks for management of the water resources 
and associated sectors/sub-sectors exist. Internationally and regionally, apart from the Nile, through the 
IGAD, South Sudan is a signatory to the adoption of the IGAD Regional Water Resources Policy; and it is 
participating in the process of its execution protocol. Although, there are trans-boundary ground water 
basins and aquifers involving South Sudan, there is no any sharing arrangement pertaining to any of them. 

Under the Republic of South Sudan (RSS) water sector set up, led by the Ministry of Water Resources 
and Irrigation (MWRI), NBI’s activities, are coordinated by the MWRI’s Directorate of Water Resources 
Management that is responsible for the resource regulation and under which a National NBI Focal 
Point has been instituted. Hydrogeological and the information management domains are under the 
MWRI’s Directorate of Hydrology and Surveys that would be a national liaison for the Eastern Nile 
groundwater. South Sudan is run on the basis of a decentralised system of government with three levels 
of establishment, namely 1) National Government; 2) State Government; and Local Government that 
includes Counties, Municipal Councils, Payams and Bomas as lowest subsequent administrative units 
of government. MWRI assisted the States and Counties, to establish the Directorates of Water and 
Sanitation; and the Departments of Water and Sanitations respectively. These units do liaise with MWRI 
through State and County Authorities on water resources related service delivery, development and 
management aspects.

Generally, the water resources monitoring system in South Sudan has suffered great deterioration and 
under established in the past due to many factors. At present, there is no groundwater centralised 
monitoring system where real time measurements are regularly taken such as water level fluctuation in 
observation wells, groundwater abstraction and water quality measurements. However, at projects level, a 
few groundwater monitoring wells are being established. UNICEF had developed during Operation Lifeline 
Sudan (OLS), drinking water points (boreholes/hand-pumps) database and handed it over to MWRI-
GoSS after the Comprehensive Peace Agreement (CPA); and continued supporting its establishment and 
development as a full fledge information management system. The Republic of South Sudan (RSS) Ministry 
of Water Resources and Irrigation, together with UNICEF and through Multi-Donor Trust Fund (MDTF) 
furthered the efforts to an extent of uploading the RSS Water Information Management System (WIMS) 
online. Such a momentum was lost when the country slide back to crisis with itself by the end of 2013. 

The database contains basic well data such as coordinates, drilling depth, drilling dates, static and dynamic 
water levels, well yield, pump type, pump setting depth and water suitability. Very important information, 
such as well lithology, water quality parameters and pumping test data is not included in the database. But, 
plans have been made to collect such information from newly boreholes being or to be drilled. 

Much of the institutional, policy and legal framework affecting water sector in South Sudan occurred 
during the pre-interim and the interim period of the CPA (2005-2011) under the sub-national level 
Government of Southern Sudan (GoSS). Although, then there was one country with two systems, yet 
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certain national institutional mandates, policy dimensions and laws in relation to regional and international 
arena, could not be fully addressed. As such, apart from the Water Bill that is under review by the Ministry 
of Justice and Constitutional Affairs before its presentation to the Cabinet and subsequently to the 
Assembly, MWRI-RSS is planning to update their 2007 Water Policy, in which transboundary aspects of 
water resources, including groundwater, was a mere statement of intention, without further elaboration. 

Threats to Groundwater Resources

A number of issues, which constitute an immediate concern, include pollution due to petroleum exploration 
and production activities, urban wastes and salinity. In medium to long term, land subsidence due to 
ground water withdrawals; increase in demand; and implication of surface water based developments call 
for a unified regional monitoring approach and programme. 

Gaps 

There are data and policy gaps. For instance, the obtained studies are missing some pages, analysis files 
and essential maps/plates; some are only in hard copies; and review of all of them could not be completed 
during this study. 
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SUMMARY

This report started with an inception phase during which the Consultant introduced the preface, 
background of the study, rationale, objectives, scope of work, approach, methodology and the work 
plan, most of which emanated from the terms of reference; and a bit of additional relevant knowledge 
and editorial from the consultant. During the inception phase, sources of available data and information 
on groundwater resources that might be linked to South Sudan within the EN Regional context were 
identified in the other bordering EN countries of Ethiopia and the Sudan; and ENTRO. At the country 
level, documentation at the disposal of respective institutions and organizations was collected. Further, 
available data and information on the websites of major repositories in relation to groundwater, including 
IGRAC, UNESCO, BGS and IAE were explored and obtained. 

Brief literature review and screening of the documentation and records accessed, led to the preliminary 
findings, for which the narratives have been updated under Chapter One, the Introduction. These 
preliminary findings, included synopsis of the country profile (geography; demography; administration; 
plant and animal life; economy; and surface water systems), determination of the study area, general 
description of the study area, groundwater mapping (including transboundary aspects of it), climate and 
geological features. In addition to the institutional, policy and legal framework affecting water resources 
in the country, which have been captured under Section 10.2 of Chapter 10, the GW Governance; and 
the references identified and used from Ethiopia, ENTRO, South Sudan, the Sudan and from the websites 
(Table 10).

With this Main Report (Volume I), a substantial part of the diagnostic phase work has been compiled 
as an Annex (Volume II), which is comprised of the results of the two Baro-Akobo Master Plans (1990 
and 1997); Geophysical Investigations by Czechoslovakians in Upper Nile (1977); Results from the 
groundwater component of the TWAP (TWAP-Groundwater, as came in the Journal of Hydrology, 2018); 
and Results of GW Use and Recharge Study in Sudan, by the University of Khartoum for ENTRO (2014).

During the analysis phase of the study, the interagency country and related regional data/information 
towards integration of country level survey into a comprehensive and harmonized regional knowledgebase 
was validated and led to:

1. etermination of the groundwater with common characteristics between the EN countries of 
Ethiopia, South Sudan and Sudan within their common borders, covered by the EN Sub-Basins of 
Baro - Akobo - Sobat and the White Nile: Chapter 2 (GW aquifers) and Chapter 3 (GW Basins);

2. Use of the already existing information in 1) above, to establish a comprehensive groundwater 
database for the South Sudan study area within parts of the EN region described in 1) above: 
Chapter 4 (GW Occurrence and Movement);

3. Assessment of the existing and readily available knowledge of groundwater resource potential in 
2) above, with the emphasis being to initiate and facilitate a process towards future inclusion of 
groundwater considerations into national and transboundary EN water resources planning and 
management activities: Chapter 5 (Aquifer Properties, Characteristics and Potential), Chapter 6 (GW 
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Water Quality), Chapter 7 (Groundwater and Surface Water Connection), Chapter 8 (Transboundary 
Aquifers) and Chapter 9 (Present GW Use); and

4. establishment of a common understanding of groundwater policies, institutional issues and capacity 
gaps in the EN Sub-Basins’ riparian countries of Ethiopia, South Sudan and the Sudan in general; and 
data/information gaps within their common borders covered by the EN Sub-Basins of Baro - Akobo - 
Sobat and the White Nile in particular. The emphasis being to initiate and facilitate a process towards 
future coordinated planning, development, use and management of transboundary groundwater 
within these two EN sub-catchments region in a conjunctive manner with surface water: Chapter 10 
(Groundwater Governance and Monitoring), Chapter 11 (Threats to Groundwater Resources) and 
Chapter 12 (Recommendations).



xxviii Groundwater Availability and Conjunctive Use Assessment in the Eastern Nile

PREFACE

Drought incidents, which took place since 1900 in Ethiopia, Sudan, South Sudan, Kenya and Tanzania; 
triggered competition towards development of many reservoirs for irrigation, ecological, hydropower 
and navigation purposes7. As such without a better understanding about the availability and utilisation of 
the Nile’s waters, it is possible that conflicts could arise between the 11 riparian countries sharing the 
Nile and relying on it for their socio-economic development. Established towards the end of 20th Century, 
the Nile Basin Initiative (NBI) continued to promote cooperation among the 10 member states (including 
South Sudan and with exception of Eritrea). 

NBI created and prepared a Strategic Action Programme, which consists of two components, the Shared 
Vision Programme (SVP), centred at its Secretariat (Nile-Sec) based in Entebbe - Uganda; and the 
Subsidiary Action Programme (SAP). SVP is to help create an enabling environment for action on the 
ground through building trust and skills, while the SAP is aimed at the delivery of actual development 
projects involving two or more countries. 

Organisation wise, the SAP was split into two, namely the Nile Equatorial Lakes Subsidiary Action Program 
(NELSAP) centred at its coordination unit (NELSAP-CU) based in Kigali - Rwanda, covering two of the 
main tributaries of the White Nile in South Sudan (Bahr el-Jebel and Bahr el-Ghazal); and the Eastern 
Nile Subsidiary Action Program (ENSAP) centred at its Eastern Nile Technical Regional Office (ENTRO) 
based in Addis Ababa - Ethiopia, covering the easterly sub-basins of the Nile (the Blue Nile / Abbay and 
the Atbara / Takezze); in addition to the easterly one of the main tributaries of the White Nile, the Baro-
Akobo-Sobat (BAS) catchments. 

Also, there are trans-boundary groundwater basins and aquifers involving South Sudan, for which there 
is no any sharing arrangements.

7   The Editors of Encyclopædia Britannica, including Mohy el Din Sabr, Robert O. Collins, Jay L. Spaulding, Ahmad 
Alawad Sikainga Harold Edwin Hurst,Charles Gordon Smith, Magdi M. El-Kammash, etc.
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BACKGROUND OF THE STUDY

Established on the 22nd February 1999 NBI as an intergovernmental partnership of ten states (Burundi, D.R. 
Congo, Egypt, Ethiopia, Kenya, Rwanda, South Sudan, Sudan, Tanzania and Uganda) sharing the Nile Basin, 
is guided by an agreed Shared Vision which envisages achieving “sustainable socio-economic development 
through the equitable utilization of, and benefit from, the common Nile Basin water resources”; and 
promote regional peace and security. 

Much of the basin-wide SVP activities that NBI member countries had launched to aim at building 
confidence, capacity and knowledge base has already been phased out; but the two SAPs that initiate 
concrete joint investments and action on the ground at sub-basin levels are fully operative. 

ENSAP was launched by Egypt, Ethiopia and the Sudan as a sub-intergovernmental partnership of the 
Eastern Nile (EN) Countries, to identify and prepare concrete joint investments in the Eastern Nile 
sub-basins, to demonstrate the benefit of cooperation. South Sudan joined afterwards on 5th July 2012, 
following its independence on 9th July 2011. ENSAP is implemented by the Eastern Nile Technical Regional 
Office (ENTRO) headquartered in Addis Ababa, Ethiopia with support of EN member states and a number 
of Development Partners (DPs).

The Integrated Development of the Eastern Nile (IDEN) was agreed in 2002 by the first three member 
states. IDEN as a programme consists of a set of seven projects (including flood preparedness and 
early warning; Watershed Management; Irrigation and Drainage; and Ethiopia-Sudan Electricity 
Interconnection), most of which were successfully prepared and implemented by the countries, with 
an aim of demonstrating tangible win-win results on the ground, so as to create confidence through 
cooperation benefits’ showcases.

As part of the projects identified for the second five-year Strategic Plan for the period 2104 - 2019 
implementation, NBI received funding from the Nile Basin Trust Fund/Cooperation in International 
Waters in Africa (CIWA) entitled Nile Cooperation for Results (NCORE) Project, in support of the 
three NBI centres, to “facilitate cooperative water resource management and development”. 

CIWA then funded ENTRO to promote sustainable development and planning component in the Eastern 
Nile Region, under which ENTRO conducted the EN Multi-Sector Investment Opportunity analysis 
(ENMSIOA). An important finding of the ENMSIOA is that “in the EN, water shortage will be the single 
most important determinant of water resources investments”. This will be more aggravated by the 
anticipated impact of Climate Change which is expected to increase surface temperatures and therefore 
evapotranspiration rates; hence contributing to growing water shortage. 

The ENSAP Climate change approach paper has adaptive strategy that envisages a two-pronged approach: 
(a) demand management and (b) supply enhancement. Exploring the conjunctive use of ground waters was 
identified by the ENMSIOA as one of the options towards the former approach. It can be an important 
source to supplement surface water for irrigation and therefore release the pressure on the EN waters.
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RATIONALE

Under its NCORE’s Project, ENTRO is conducting ground water (GW) availability study and assessment 
of its conjunctive use with Surface Water (SW) in the EN Region (ENR), covering the EN four river sub-
basins of Abbay - Blue Nile, Tekkeze - Atbara, Baro - Akobo – Sobat - White Nile and the Main Nile. This 
emanated from the fact that water bearing geological formation covers most of the EN surface area in 
all the four member countries of ENSAP. Yet, the use of ground water for irrigation is limited to very 
small areas for small scale irrigation, whereas with Climate Change now in the picture, ground water can 
constitute a powerful tool in building resilience because of being less susceptible to climate variability. In 
addition to that, like surface water, groundwater does not conform to national or political boundaries, as 
most of groundwater aquifers extend into more than one country; and an intervention in one country 
on ground water may have impact on other countries. As such, proper understanding, monitoring and 
management of these aquifers regionally, require a transboundary approach. 

Information on the availability and use of groundwater in the EN is scarce and fragmented into different 
countries and different institutions at a country level. The study attempts to address the ground water 
regional knowledge gaps; and strengthen and harmonise the analytical framework for water resources 
integrated planning, management and monitoring in the Region. It is aimed at facilitating integration of 
country levels surveys into a comprehensive regional groundwater knowledge base. 

The South Sudan country report will contribute to advancing ENTRO’s NCORE Project objective of 
developing a comprehensive picture and initiate a baseline data on the groundwater resources within the 
EN river sub-basins, by conducting GW study and assessment of its conjunctive use with SW, within the 
country and its linkages with the neighbouring EN countries. 

OBJECTIVES

The overall objective of the study is to contribute to capacity building, in improving knowledgebase and 
planning of groundwater development at national and regional levels; and harmonise groundwater data 
and monitoring system between EN Countries. The emphasis being to facilitate future exploitation of the 
potential for conjunctive use with surface water for irrigation and other purposes.

 APPROACH AND METHODOLOGY

The study was carried out through development of a comprehensive picture of the baseline data and 
information on the groundwater resources in the ENR, including their use and recharge. Use was made 
of available data and information, which were collected at regional, national and sub-national levels from 
the ministries and other agencies in charge of groundwater, irrigation, water supply, meteorology and 
geological investigations. Also, consultants who have direct links with various aspects of groundwater 
development and management; and the private operators and NGOs that support execution of programs 
and projects for boreholes construction, operation and maintenance were contacted. Further, the National 
Consultant for South Sudan spoke to key stakeholders and some resource persons. This culminated in 
production of an inception report, followed by thorough analyses and production of this diagnostic 
report. 
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1� INTRODUCTION 

South Sudan is located in north-eastern Africa and it is bounded on the north by Sudan; on the east by 
Ethiopia; on the south by Kenya, Uganda and the Democratic Republic of Congo; and on the west by the 
Central African Republic. It extends from latitude 3o 30” N to approximately latitude 12o 15” N and from 
longitude 23o 30” E to longitude 36o E; and it has an area of more than 644,330 km². It has a population 
of 11.3 million in 2013, predominantly rural of rather low density of 18 inhabitants/km² (FAO, 2015). 
Nevertheless, the country is experiencing a high rate of urban growth. The system of government is a 
decentralised one, constituted by national and state levels; in addition to county, payam and boma as local 
levels. 

South Sudan is rich in biodiversity, which includes swamplands; lush savannas (including Acacia trees, 
shrubs, grassland, inland floodplains, etc); woodlands; rainforests ; and special areas of mountainous 
vegetation that are home to many species of wildlife and that support a large number of livestock. Most 
of the inhabitants depend on farming, animal husbandry, fishing and the other natural harvests, catches 
and products for their livelihoods8. Most of the government’s revenue is driven from petroleum sector; 
and very little is raised from nonoil revenues.

1�1 Surface Water Systems

About 97.5% of South Sudan lies in the Nile basin, while 20% of the Nile basin is within South Sudan (FAO, 
2015). Nile River with an estimated length of almost 6.7 km from the Lake Victoria source to the mouth 
into the Mediterranean Sea, flows northward through north-eastern Africa past South Sudan.

The Nile is formed by three principal sub-basins: The Blue Nile / Abbay, which rises from Lake Tana in 
Ethiopia; the Atbara / Takezze that descends from the northern part of the Ethiopian Plateau; and the 
White Nile that originates in the Equatorial Lakes. In addition to, the westerly less defined watershed 
between the Nile and Chad basins, extending southeast to include the Marra Mountains of the Sudan and 
the Central African Republic (the watershed of the Chari River). The drainage basin of the Nile and its 
courses, effectively include parts of Burundi, Tanzania, Rwanda, Kenya, Uganda, the Democratic Republic 
of the Congo, South Sudan, Ethiopia, Eritrea, Sudan and Egypt (11 countries).

The main feature of South Sudan is the White Nile, flowing through arable plains with gentler slope and 
characterized by wider floodplains. Its three tributaries of Bahr el-Jebel,  Bahr el-Ghazal and River Sobat, 
extend to catchment areas 1) southward up to the Equatorial Lakes Plateau; 2) southwest (up to the Nile-
Congo watersheds divide); 3) westward (to the Nile watershed divide with Central African Republic); 4) 
northwest and northeast (into the Sudan); and 5) eastward to the south-western Ethiopian highlands and 
north-eastern Uganda respectively. The White Nile and its tributaries are important transportation links. 
The White Nile, Bahr el-Jebel and the Bahr el-Ghazal to a greater extent are navigable throughout the 
year. The Sobat system and the tributaries of Bahr el-Ghazal can be seasonally navigated. 

As the gradient of the terrain is very mild, volume of additional water that arrives during the rainy 
season cannot be accommodated by the rivers. As a result, almost all the plains become inundated, 

8 This paragraph is from the country profile for South Sudan by Mohy el Din Sabr, Robert O. Collins, Jay L. Spaulding 
and Ahmad Alawad Sikainga (with slight edits).
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creating waterlogged swampy and marshy areas, some of which are permanent with enormous varieties 
of aquatic vegetation. Petroleum exploration and production activities, are taking place within the areas 
of the White Nile catchments, including the extensive inland wetlands of the Sudd, Bahr el-Ghazal and 
the Machr Marshes.

Apart from the Nile river system, the dominant physical feature, which is seemingly exhibits the fact that 
all streams and rivers in South Sudan drain either into or toward: Also, surface water in South Sudan, 
include the Rift Valley watersheds/basins, such as River Kibish, in the far south-eastern corner, at the 
border with Ethiopia and Kenya, covering 2.5% (FAO, 2015) of the country, draining toward Lake Turkana.

Figure 1: South Sudan River Systems (Source: The Information Retrieval Group (IRG) at the Polytechnic School of the 
Autónoma University of Madrid, 2007, in the South Sudan Preliminary Water Information Assessment Study by Abdin 

Salih, June 2010)
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1�2 Determination of the Study Area

Ground water availability and use assessment of the Eastern Nile Region in South Sudan focuses on the 
delineated BAS sub-basin, which fall within the country, covering approximately 128,043 km2. In addition 
to, is the area traversed by the White Nile and its other catchments above and below Sobat, with about 
128,466.00 km2; thus a total of around 256,509 km2 (calculated from RSS IDMP, November 2015). 

This area is bounded on: 1) the northeast by the White Nile Sub-Basin extent; 2) the east by the border 
with Ethiopia; 3) the southeast by the Rift Valley watersheds, including Omo-Gibe Basin in Ethiopia, which 
drain into Lake Turkana; 4) the south by the border with Uganda; 5) southwest and the west by the Bahr 
el-Jebel Sub-basin; and 6) northwest and the north by the border with Sudan. The demarcation basis 
has been a result of subsequent progress in delineation of the river catchments involving South Sudan. 
Basically, the White Nile starts from the confluence of Bahr el-Jebel with Bahr el-Ghazal at Lake No, as it 
has been extensively documented in the literature of the River Nile. This was also reflected in the FAO 
map of the four main river basins in South Sudan, which has demonstrated how the Bahr el-Jebel and the 
Bahr el-Ghazal form the White Nile (from RSS IDMP, 2015). 

Figure 2: The Main River Basins of South Sudan (FAO, in RSS’ IDMP, 2015)

In principle, cut off are 1) the NELSAP jurisdiction sub-basins of Bahr el-Jebel and Bahr el-Ghazal (including 
one of its main tributaries of Bahr el-Arab9, whose catchments mostly lie in the Sudan); and 2) drainage 
of the small far south-eastern corner of South Sudan at the border with Ethiopia and Kenya that drains 

9 When it enters South Sudan, Bahr el-Arab meets with River Lol; and from their confluence it becomes River Kiir, 
which joins River Jur to form the Bahr el-Ghazal.



4 Groundwater Availability and Conjunctive Use Assessment in the Eastern Nile

toward Lake Turkana, covering 2.5% of the country (FAO, 2015). This entails that the Sobat coverage 
(Figure 1), together with the BAS extent into Kenya (Figure 2), as came in the BAS Multipurpose Water 
Resource Development Study concluded by ENTRO/BRL in March 2017, ought to be corrected. In fact, 
this correction is obvious in the Nile Basin Water Resources Atlas, published by NBI in July 2016; and 
it got supported by the Water for Socioeconomic Development Presentation by David Kimosop, MD 
Kerio Valley Development Authority, at Kenyan National Water Submit, Turkana, October, 2014. These 
two sources and the satellite imageries through google earth, resolved the confusion that has been for a 
long time, between the drainage system of this small parts of South Sudan, Ethiopia, Kenya and Uganda; 
and the Nile River catchments. In Figure 8, it is clear that Omo-Gibe and Akobo watersheds in Ethiopia, 
include River Kibish that flows along the Ethiopian border with South Sudan. Kibish then discharges into 
Lotikipi plains, together with the other south-eastern corner of South Sudan drainage for which some 
streams originate from Kenya.

Figure 3: ENR GW availability and use study area in South Sudan (adopted from EN Sub-Basins Map, in BAS 
Multipurpose Water Resource Development Study, ENTRO/BRL, March 2017; and Main River Basins of South Sudan, 

FAO in RSS’ IDMP, 2015)
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1�3 Hydrogeological Mapping 

The major groundwater formation underlying South Sudan teritory, is the Sudd basin, the extent of which 
is currently a work in progress as well as its relationship with the overlaying surface water, including 
the wetlands. The Sudd Basin is an enormous depression of the basement filled back by unconsolidated 
sediments during Tertiary and Quaternary periods. In fact, the geological setting of South Sudan is in such 
a way that the Pre-Cambrian Basement Complex, mainly consisting of Granites and Gneiss occupies 
throughout the country. This basement is filled/overlaid by only one huge groundwater basin, the Sudd 
Basin (RSS’ IDMP, 2015), which consists of four (4) major aquifers namely: 1) Alluvium, an alluvial deposits 
along major river routes above partial formations of 2) Umm-Ruwaba and 3) Nubian Sandstone; and 4) 
Basement Complex. Hydrogeologically, the Basement Complex forms a small impervious aquifer at the 
base (bottom) of all the other aquifers. 

The basement outcrops is in one-third of the country, in the southwest and along northeast and 
southeast hedges of the territory. It forms a vast concave like a ship bottom, in the west and southwest 
(WSW); and the east and south east (ESE) directions between both outcrops. The concave was formed 
through geo-tectonic movement in very old times, and then, the trough was filled by huge volumes of 
sediments through long geological times, at first by Nubian Sandstone at North-west end, then by Umm 
Ruwaba formation, which is almost covering the whole basin and alluvial deposits over the Umm Ruwaba, 
especially along the main river routes. This is the hydrogeological explanation of the Sudd Basin, as the 
only one groundwater basin in RSS. These water-bearing geological formations extend to external areas 
of the territory; and they are generally not yet well-studied, especially within the country. 

Figure 4: Hydrogeological Map of South Sudan (Source: RSS’ IDMP, 2015)
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1�4 Transboundary Aspects of GW in RSS in Relation to ENR

The references in the repository of the Ethiopian Ministry of Water, Irrigation and Electricity, reflected that 
the basement complex and aluvium formations are along Ethiopian southwestern frontier. This condition 
mirrors the hydrogeological conditions in the eastern boundary of South Sudan with Ethioipia, which are 
also catchments of BAS sub-basin. Those documents were comprehansively detailed and updated from 
time to time through a series of consultancies pertaining to BAS Sub-basin on the Ethiopian side. 

On the other hand, the hydrogeological Map of Sudan (South Sheet) indicates that the Umm Ruwaba and 
Alluvium formations occupy the central parts of South Sudan and extend to northeast, into southeastern 
parts of the Suadn under the White Nile and Blue Nile sub-basins, together with clear outcrop of the 
basement. On the basis of this hydrogeological overlap with Ethiopia and Sudan, the South Sudan GW 
availability and conjunctive use in the ENR study is conducted.
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Figure 5: Hydrogeological Map of Sudan – South Sheet (Source: Institute of Applied Geoscience, Delft, The Netherlands, April 1989, prepared under Water Resources Assessment and 
Development Program in Sudan, National Corporation for Development of Rural Water Resources)
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1�5 General Description of the Study Area 

The study area is mostly located within the BAS sub-basin, with its catchment area of more than 460,000 
km2 (RSS IDMP, 2015). The BAS consists of the Baro, Akobo and Pibor Rivers; in addition to its main 
terminus stem of Sobat, which continues its northwest flow direction up to the confluence with the 
White Nile, south of Malakal. Both Baro and Sobat spill northwards into Machar marshes, where the 
topographic conditions offer a steady flow into the White Nile, south of Malut (BRL/ENTRO, 2017). The 
BAS sub-basin includes about 330,000 km2 (RSS IDMP, 2015) in the west central part of Ethiopia. 

As came in the Baro-Akobo River Basin Integrated Development Master Plan, 1997; and the Baro-Akobo 
River Basin Master Plan Study on Land and Water Resources of the Gambela Plain, 1990 (both from 
the Ethiopian side, whose combined summary of the relevant parts of their reports has been included 
in Annex I, in Volume II): Elevation descends gently from northeast towards the south and west; and the 
upper parts of the sub-basin are drained westwards by 4 principal rivers of Baro, Gilo, Alwero and Akobo; 
and their tributaries, which descend from the Ethiopian highlands to the east of the sub-basin at altitudes 
of up to more than 3,000 m a.s.l10. 

In the lower part of the sub-basin, Gilo, Alwero and Akobo rivers, join the Pibor River that drains south-
eastern areas of South Sudan, before it joins Baro at the border with Ethiopian at an altitude of 400 m, 
forming River Sobat. North of Sobat, there are streams, which flow into the White Nile from the uplands 
west of Ethiopia and south-eastern Sudan. Other catchments, are along the White Nile main stem from 
L. No, above Sobat Mouth, while descending from southwest to northeast; and below Sobat Mouth from 
the west, extending towards the Sudan. 

As came in the Geophysical Investigations of GW Structures in central and northern Upper Nile, 
prepared by the Czechoslovakians in 1977, whose edited summary of the relevant parts of its report is 
in Annex II, in Volume II, more distinct morphological forms of this area, constitute exposures of more 
resistant rocks of the BC in some parts of the area; in addition to less expressive stabilized clay and sand 
dunes. Least expressive forms are oxbows along the White Nile; the valleys and streambeds of Khors, 
active in rainy season; and of permanent Khors draining Machar Marshes and Ethiopian Highlands. The flat 
territory along the Sobat, has a moderately rising tendency opposite to streams direction; and is getting 
morphologically variegated by distinct clay dunes. 

Overall, the territory shows a sinking tendency northwards. The relief and drainage of the study area 
environs, are demonstrated in Figure 611; and the drainage systems and river network involving South 
Sudan are presented in Figures 7 and 8 respectively. 

10 Annex 2C, Geology and Annex 1D, Groundwater; Baro-Akobo River Basin Integrated Development Master Plan, Final 
Report, prepared for the then Ethiopian Ministry of water resources by TAMS Consultants, Inc. (USA), New York and 
ULG Consultants Ltd, Warwick, UK, May 1997.

11   This map is drawn based on: 2016 Nile Basin Water Resources Atlas, 2017 Baro-Akobo-Sobat Multipurpose Water 
Resources Development Study, 2016 PHE Ethiopia Consortium Proceeding of 2nd National Consultative Workshop 
on Integrated Watershed Management of Omo-Gibe Basin, 2014 Water for Socioeconomic Development Presentation 
by MD David Kimosop of Kerio Valley Development Authority at the Turkana Kenya National Water Submit and 2010 
Statistical Yearbook for Southern Sudan.
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Figure 6: Relief and Drainage of the terrains within which study area is located (Legend: Bahr el-Jebel, Bahr el-Ghazal, 
White Nile, Baro-Akobo-Sobat, Omo-Gibe & Southeastern Corner respectively)

1�5�1 Climate

As came in the two Baro-Akobo Master Plans of 1990 and 1997, steep gradient streams originating from 
the eastern highlands with high rainfall, flow into the western plains that have relatively low rainfall and 
moderate to low river gradients. 

Climate types range from tropical rainy with an average annual precipitation of about 600 mm in the 
lowlands, to warm temperate rainy with around 2,600 mm in the highlands. The area has a mono-model 
or single period rainfall pattern, i.e., the rainfall occurs over a continuous period of time. It is dominated 
by a single rainfall peak, with the long period being from February/March to October/November; and the 
short one from April/May to October/November. The precipitation decreases in the western and south-
western directions, e.g., it is more than 1,000 on the Ethiopian side; 943 (at the South Sudan station of 
Jikou at the border of Ethiopia and South Sudan); and 812 mm/yr (at the town of Nasir in South Sudan). 
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The distribution in time and space of the rainfall; and the extent and density of vegetation (soil cover), 
contribute to reduce potential evapotranspiration and increase infiltration into groundwater aquifers. A 
comparison of meteorological parameters shows that altitude directly correlate with rainfall, potential 
evaporation and average annual runoff. Rainfall exceeds evapotranspiration above 1,150 masl; and the 
region above this altitude is described as a zone of water surplus for surface runoff and groundwater 
recharge. Stream flows within the basin generally increase from May to September and decrease from 
October to April.

Mean monthly maximum temperatures range from 22o C on the highlands to about 40o C on the lowlands 
(around the South Sudan town of Akobo at the border with Ethiopia). Potential evapotranspiration over 
the highlands is low (e.g. 2,130 masl has a total ET of 1,263 mm/yr) while it is high in the lowlands, e.g., 
Jikou (410 masl) has a total of 1,545 mm/yr.

Figure 7: Drainage Systems Involving South Sudan
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Figure 8: River Network in South Sudan (updated from RSS’ IDMP, 2015)
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1�5�2 Geological Features

Geological conditions determine the conditions for groundwater storage and movement. Proper 
hydrogeological assessment of the groundwater requires the knowledge of the geologic setting. The Nile 
Basin contains a great range of geological conditions, as could be expected from its huge area. Much 
geological mapping has been done, in some cases providing a general description and classification, and in 
other cases concentrating on mineral deposits or groundwater resources (Baseline Assessment Report 
for the Nile River Basin, January 2006, NeWater/EU). 

In the two Baro-Akobo Master Plans, the regional geomorphological characteristics/physiography is 
described as formed under the influence of global rifting processes (Oligocene-Miocene); and subsequent 
processes of denudation and accumulation. For instance, the major morphological and relief features of 
the BAS sub-basin rivers catchment area (from east to west) are that the land surface is characterised by 
mountainous terrain (consisting of high mountains, plateaux and ranges) in the eastern areas; and a gently 
westward sloping plains in the western areas. 

Physiographic forms can vary abruptly across changes in bedrock type. For example, between basalts 
and underlying crystalline metaphoric rocks, between mafic and Salic/silicic volcanic rocks; and notably 
between consolidated rocks and alluvial sediments. 

Denudation processes transformed initial rift relief and formed surfaces of planation with different 
nontectonic dislocation amplitude. Denudation products (quaternary diluvium sediments) accumulating 
at the slope of the Ethiopian highlands and in the transition zone of the South Sudan syneclise, smooth 
out geo-structural boundaries. Colluvium-diluvium-eluvium and diluvium deposits, forming debris cones 
(sometimes merged ones) and near slope areas are abundant. These are debris loams and loamy sands 
with coarse waste whose particle sizes decrease with the distance from the mountains. 

In South Sudan, sedimentation took place in a depression of synclinal character, created by Tertiary-
Quaternary tectonic movements between the Ethiopian plateau, the Sudan Nuba Mountains and the 
southern highland bordering Kenya, Uganda and Congo.

Figure 9: Hydrogeological Formations in South Sudan
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2� GROUNDWATER AQUIFERS 

From the hydrogeological studies carried out in the Study Area: On the Ethiopian side; in South Sudan and Sudan sides; across the Nile river basin; and on the 
continental level, a number of groundwater assessments, studies and mapping involving the study area have been conducted. The Hydro-geologically studied 
and mapped Areas in relation to the Study Area, are shown in Figure 10; and the extent of the South Sudan Study Area, is shown in Figure 11.

Figure 10: Hydro-geologically studied 
Areas in relation to the Study Area
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Figure 11: Extent of the South Sudan Study Area
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2�1 Ethiopian Side

From the results of the two Baro-Akobo Master Plans, geological setting/formation of the Baro-Akobo-
Sobot Sub-Basin is described as consisting primarily of basement crystalline rocks in the eastern uplands, 
with covering tertiary lavas in places; quaternary sediments in the lowlands to the west. The rocks include 
three general types by age, from oldest to youngest:

1. The Pre-Cambrian, meta-igneous and meta-sedimentary (Pi). According to ARDCO-GEOSUERV 
report, these rocks have been classified by previous workers, based on restructures. They include 
the Akobo domain, which consists of meta-volcanic and met-sedimentary formations.   

2. The tertiary igneous (Ti), which include the Akobo basalt. 

3. The undifferentiated Quaternary (Q). The alluvium is generally comprised of undifferentiated stream 
and lake deposits. 

It is considered that to some degree, useful quantities of groundwater are contained within all of the 
Precambrian through quaternary formations. The meta-igneous & meta-sedimentary (Pi); and tertiary 
igneous rocks (Ti) are combined herein to constitute the Basement Complex Aquifer. Precambrian 
metaphoric rocks form the regional platform upon which all younger formations are based. 

The geology of the area directly affects the groundwater environments therein, which can generally be 
divided into:

1. The relatively unconsolidated lacustrine and alluvial sediments in the plains, referred to as 
undifferentiated alluvium (Q).

2. The older consolidated rock formations in the highlands, referred to as basement complex (BC), 
were faulted, folded and disrupted in the pre-tertiary time. 

During the tertiary time extrusive volcanic rocks were deposited non-conformably over the pre-existing 
disrupted rocks and became a younger part of the BC. Pliocene sandstones and quaternary alluvium were 
then deposited on the BC. The groundwater of the alluvium is that of unconsolidated porous medium, 
while that of the BC is one of secondary porosity which has resulted from fracturing crushing and 
solution during post-depositional periods of structural activity.

2�2 South Sudan and Sudan Sides

As came in the Geophysical Investigations of Groundwater Structures in the central and northern parts 
of Upper Nile Province, 5th stage, prepared by the Czechoslovakians in 1977, the fundamental division 
of geological formations known in Sudan was published in the Sudan Geological Survey in a Geological 
map at a scale of 1:4,000,000 (2nd and 3rd editions, 1949 and 1963 respectively); and in a modified form by 
A. J. Whitemann, 1971 (Figure 9). From these works the Czechoslovakians study (1977) set the general 
geological column for the area studied (Table 1).
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Table 1: General Geological Column in the Area Studied by Czechoslovakians in South Sudan

S/# Name of unit
Age (from oldest to 

youngest)

1. Basement Complex mainly Pre-Cambrian

2. Nubian series Mesozoic / L.Cretaceous

3. Volcanic & Intrusive rocks (mainly lavas/undifferentiated) Mainly Tertiary - Quaternary

4. Umm Ruwaba series Quaternary - Tertiary

5. Superficial Deposits Quaternary - Tertiary

Figure 12: General Geological Map of the southern part of Sudan (based on Sudan Geological Survey, new data, 
University of Khartoum, Geology Department, in Whiteman, 1971)
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2�1�1 Basement Complex

The term basement complex is used by Whiteman (1971) for igneous metamorphosed and sedimentary 
rocks mainly of Precambrian age, covered with sedimentary and igneous Palaeozoic and Mesozoic rocks. 
These oldest rocks built up in the South Sudan extensive territories delimiting the synclinal basins filled 
up with sediments of the Umm Ruwaba series from the east, south and west. The long strip of basement 
complex rocks along the boundary with Ethiopia consists prevailingly of acid, gneisses, schists, granites, 
amphibolite and quartzite, which continue to South Sudan and Ethiopia through Kenya from Mozambique 
(Cahen, Snelling 1966 in Whiteman 1971).

According to the results of geophysics, the basement complex underling the sedimentary filling is dissected 
by tectonics into several blocks, sunken ones to one another up to 1,500 m in depressions. It then occurs 
again nearer to the surface at elevations and can outcrops up to the level of forming Jebels. The study 
concludes that on the basis of density changes in the underlying complex, the basement complex rocks 
display a wide variety of types, structures and complex tectonic and metamorphic grades. 

2�2�2 Nubian Series

The continental and or nearshore marine sediments of Nubian series (or Nubian group), forms wide areas 
in the central and northern Sudan; and they are also extended in southern direction to the boundary of 
the Upper Nile Province (Geological Map of the Sudan, Scale 1: 2,000,000, 1973). This Mesozoic sequence 
(Lower Cretaceous) consists mainly of friable, highly solidified sandstones, claystone and conglomerates. 
The sandstones and conglomerates are usually aleuritic and the claystones sandy. For the series, presence 
of hard ferruginous and siliceous strata is typical. Within this series several lithostratigraphic subdivisions 
have been distinguished, probably only of local validity and it is not possible to apply this division to all 
areas where Mesozoic sediments have been founded.

In the area under study, Nubian series sediments were attested by drillings at the depth 1,120 feet 
(341.376 m) and 930 feet (283.464 m). According to R. B. Salama12 and M. N. Salama (1974), a sequence 
63 (19.2024 m)  to 136 feet (41.4528 m) thick is concerned, consisting of sandstones with low percentage 
of clay, iron oxide concretions and mudstones. O. A. Mohamed (1974) mentioned the presence of this 
series also in drillings south of Renk (lat. 11° 45´, long. 32° 48´) and in Taufik (lat. 9° 26´, long. 31° 36’); and 
stated that: It is possible that a great portion of the Sobat plains are underlain by the Nubian formations 
(more analyses are presented in summary of the relevant parts of the 1977 Czechoslovakians study, in 
the Annex, Volume II). 

2�2�3 Volcanic and Intrusive Rocks

Tertiary effusive rocks and other volcanic rocks (mainly undifferentiated lavas) in South Sudan are mainly 
spread along the International Border Line with Ethiopia and Kenya. According to A. J. Whiteman (1971) 
and O. A. Mohamed (1974), the volcanic complex consists of two series, the lower and upper one. The 
Upper Lava Series includes leucocratic lavas and tuffs in at least one effusion of basalt lava. The Lower 
Lava Series includes lavas and subsidiary tuffs. 

12 Ramsis B. Salama …
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In the area studied, on the geological map 1:2,000,000 (1979) and in reconnaissance, occurrences of 
volcanic rocks are mentioned and observed, the age of which may be estimated as Pliocene-Pleistocene. 
Petrographic composition of rocks, implies that similar rock types are known from the East African Rift 
System. It is probable that tectonic and magmatic processes connected with the western branch of the 
mentioned East African Rift system rudimentarily reach as far as South Sudan, as indicated by B. H. Baker 
(1965).

2�2�4 Umm Ruwaba Series

In South Sudan, sedimentation of the Umm Ruwaba series took place in a depression of synclinal character, 
created by Tertiary-Quaternary tectonic movements between the Ethiopian plateau, Nuba Mountains 
and southern highland bordering Kenya, Uganda and Congo (Figure 9). The sediments were deposited in 
two synclinal basins, which are connected NW of Juba and N of Torit. The western structure occupies the 
larger part of the Bahr el-Ghazal basin. The centre of the eastern basin is extending through Pibor and 
Akobo, east of Malakal, between Galhak and Renk where it follows the White Nile River valley. 

Fluviatile and lacustrine sediments probably were not deposited in one large and continuous basin, but 
in inland deltas and shallow lakes. According to Andrew (1949), they consist of unconsolidated sands, 
sometimes gravelly, clayey sands and clays. Standing water and lakes existed from time to time dependent 
on the relationship between evaporation, transportation and precipitation, date of integration of the river 
system, river flow, etc. Occasionally, dependent on the mentioned factors, drying up of lakes and swamps 
and deposition of saline deposits could have occurred.

Lithological composition of sediments of the Umm Ruwaba formation is similar of organic substance 
and transported fragments of the basement complex, basalts and granites dominate. Andrew (1948) 
mentioned that under the surface clays south of Malakal there are well sorted sands. Thickness of 
sediments is variable, dependent on morphology and tectonic position of the underlying complex. Least 
thickness of the sedimentary cover is in the marginal parts of the depressions and at elevations of the 
underlying basement complex, largest in sunken blocks. R. B. Salama and M. N. Salama (1974) mentioned 
a minimum thickness of 1.6 m found in boreholes drilled in the area. 

The complex of sedimentary rocks of Mesozoic to Quaternary age attain several tens of metres to more 
than 1,500 m in thickness. Sediments of the Umm Ruwaba Series form a continuous sheet in the whole 
studied region, perhaps except the immediately adjacent area of the Nuba Mountains only. 

2.2.5 Superficial Deposits

Superficial deposits in South Sudan were divided by O. A. Mohamed (1974) into the following groups:

I. Residual deposits (laterites)

II. Transported soils

a. alluvial deposits 

b. Eolianite/aeolianite deposits



19Country Report – South Sudan, 2019

Residual deposits (laterites) cover a wide area formed by the basement complex and their thickness 
varies from 1 to 15 m. The transported deposits are from the genetic viewpoint divided into alluvial 
and eolianite sediments. Alluvial deposits are mainly confined to stream beds and their flood plains. In 
the Upper Nile Province, the stream beds consist predominantly of loams, clays and locally also of fine-
grained sands. A more coarse-grained character displays only in lateral Khors in the proximity of the 
Ethiopian plateau.

According to Berry (1962) in the White Nile River valley, there are also well developed two terrace 
benches. The lower terrace (386 m above sea level in Alexandria) was observed from Kosti to Malut bend 
and higher up (386 m a.s.l) as far as Malakal. 

Eolianite sediments are spread in the area SE of Malakal, along the Sobat River and between Galhak 
and Renk. On both sides of the Sobat River, morphologically conspicuous elevations are formed by clay 
and only loamy or sandy horizons indicate their eolianite origin. An equal type of stabilized dunes was 
observed also north of Malakal. The described lithological composition of dunes was also indicated by the 
method of geo-electric sounding. Superficial deposits depth, ranges from 0 to 58 m.

2�2�6 Geological Structures

Tectonic structures in South Sudan and Sudan were divided by Whiteman into three fundamental groups:

a. Basement Complex structures or older structures in the basement complex, which are mainly 
foliation trends of pre-Cambrian and early Paleozoic age.

b. Post Basement Complex structures, which include those systems, which were initiated in the 
Paleozoic period and their fault movement continued throughout the period of deposition of the 
Nubian Series, allowing the basin floor to subside and the sedimentation to continue. The faults were 
reactivated in the tertiary, perhaps with the initiation of new fault system in addition and in similar 
manner the basin floor subsided through the deposition of the Umm Ruwaba series.

c. Rift Valley structures, which are believed to be associated with the East African Rift system. The major 
depression in which the Umm Ruwaba series were deposited is of the same order of magnitude as 
the other African Rift through. In South Sudan, the African Rift system through East Africa affects the 
Nimule, Juba and the frontier area with Kenya. 

2�2�7 Paleohydrology 

South Sudan is synonymous with the White Nile Valley ecoregion (also known as the Upper Nile 
ecoregion), whose ecosystem supports a variety of plant species and a rich biodiversity. This ecoregion 
encompasses the basin of the White Nile River from Lake Albert and its main influent, the Semliki River; 
its major tributaries, the Sobat River and Bahr el Ghazal; and the northernmost border at the point where 
it joins with the Blue Nile at Mogren, in Khartoum, Sudan (Rzóska, 1974; Dumont, 1986; and Hughes 
& Hughes, 1992; in Emily Peck and Michele Thieme, October 2, 2015). Its regional geomorphological 
characteristics/physiography is described as formed under the influence of global rifting processes. The 
major morphological and relief features of the river catchments, are that the land surface rises moderately 
opposite to the streams direction, towards mountainous terrain (consisting of high mountains, plateaux 
and ranges); and gently sloping plains down streams. 
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From altitudes of up to more than 3,000 meters above sea level, elevation descends gently to 400 m, 
from northeast (from Sudan and Ethiopia) towards south and the west; from southeast (from Ethiopia) 
towards west and the north; from south (from Uganda) northward; from southwest and the west 
(from DR Congo and CAR) to northeast; and from northwest (from Sudan) to southeast. Finally, then 
the overall territory shows a sinking tendency in the northern direction along the White Nile main 
stem. Altitude directly correlate with rainfall, potential evaporation and average annual runoff. Rainfall 
exceeds evapotranspiration above 1,150 masl; and the region above this altitude is described as a zone 
of water surplus for surface runoff and groundwater recharge. From up streams, physiographic forms can 
vary abruptly across changes in bedrock type. For instance, between basalts and underlying crystalline 
metaphoric rocks, between mafic and Salic/silicic volcanic rocks; and notably between consolidated rocks 
and alluvial sediments. In the central and northern parts of the White Nile river valleys, more distinct 
morphological forms constitute exposures of more resistant rocks of the Basement Complex; in addition 
to less expressive stabilized clay and sand dunes. 

As came in the International Federation of Red Cross (IFRC), Southern Sudan Sub-Delegation “Juba 
Town Water Supply Paleochannel Investigations”, Exploratory Geophysical Report No. 064/07, 2007: The 
result of geophysical investigations in Juba city and its vicinity indicated that deeper fluvial deposits up to 
a maximum depth of 160 m are found south of the city; but the deposits are shallower in the northern 
area up to a maximum depth of 100 m below ground level. The study then concluded that buried old river 
channels (paleochannels) exist along the west (left) bank of Bahr el-Jebel, within the vicinity of Juba and 
could be used for supplying safe and potable groundwater to city of Juba and its surroundings. 

This report was also, evaluated by JICA in 2009 as an urban water supply source next to Tokiman 
Island, south of Juba; but its groundwater development potential was found to be of low yield and has 
quality issues, as the area is occupied by the basement complex formation, in which groundwater exists 
as discontinuous pockets formed in relatively weathered matrix, in fracture and fault zones, or in the 
overlying sediments with relatively coarse texture. Tokiman Paleochannel and its surrounding area can 
therefore, be tectonically and geologically divided into two zones that consist of the alluvial deposits 
and the undifferentiated Basement Complex. In fact, the essence of paleo-hydrology in South Sudan, is 
that the alluvial deposits occur along river valleys and in swamps/marshes, un-conformably overlying the 
undifferentiated Basement Complex. Alluvial deposits consist of alluvium, wadi fills, terrace deposits, delta 
and swamp deposits; and with tectonic movement, these layers that are composed of mostly fine sand, 
gravel, silt and clay, can be buried much deeper. 

As came in the Feasibility Study for the Kenneti River Multipurpose Development Project, prepared under 
the Baro-Akobo-Sobat Multipurpose Water Resources Development Study (BRL/ENTRO, 2017); and as 
indicated earlier in Sub-Section 2.2.6, c): Information obtained from the data published on Preliminary 
Determination of Epicenters, the official website of USA Earthquake Administration, revealed that the 
two largest instrumentally recorded events in Africa occurred about 300 km north of Lake Albert, in an 
area of Mesozoic (250–65 Ma) rifting. These M7.1 earthquakes struck four days apart in May 1990, both 
at 15 km depth. Therefore, significant seismic events occur in the Rift Valley, influencing formation of 
paleo-hydrological structures in the proximate areas of South Sudan occupied by the basement complex, 
volcanic rocks and alluvial deposits. 
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3� GROUNDWATER BASINS 

As came in the Journal of Hydrology, Regional Studies, 2018, Transboundary Aquifers (TBAs) of Africa,  on 
the African Continent Scale, a review of the current state of knowledge and progress towards sustainable 
development and management (summary of the relevant parts of its report has been included in the 
Annex, Volume II): Throughout Africa, some hydrogeological characterisation has been conducted for 
groundwater resource assessment, development and management; and TBAs inventory has progressed 
since 2000 and remain work in progress. 

This inventory, started with indicative ovals and circles on the 2004 through 2006 maps, corresponding 
to the limited international awareness on TBAs at that time. The TWAP-Groundwater project improved 
mapping of TBAs, including boundary and surface area changes; in addition to removal of the ones with 
no transboundary significance because of limited regional hydraulic continuity. 

The Global Transboundary Waters Assessment Programme (TWAP) compiled information at the national 
level to describe TBAs in terms of key indicators related to the water resource; socio-economic; and 
legal and institutional conditions. The Sudd Basin, represented with TBA code AF46, is one of those TBAs 
for which information has been provided in the results from the groundwater component of the TWAP 
(TWAP-Groundwater).  Its surface area covers parts of the three eastern Nile countries of Ethiopia, 
South Sudan and Sudan, including extents of their present groundwater study areas under the Eastern 
Nile Region (Figure 13).

On the 2004 UNESCO-IHP/ISARM map of transboundary aquifers, the Sudd Basin circle was termed 
Upper Nile Basin with serial number 15 (Figure 14), as came in Africa Water Atlas.
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Figure 13: Transboundary Aquifers of Africa, with TBA codes, after IGRAC and UNESCO-IHP, 2015 (in Journal of 
Hydrology, Regional Studies, https://doi.org/10.1016/j.ejrh.2018.03.004)

Also, the Sudd Basin was reflected as Upper Nile on Africa Hydrogeological Outline Map (Figure 15), 
in Ground Water in North and West Africa, 1988, prepared by the UNITED NATIONS Department of 
Technical Co-operation for Development and Economic Commission for Africa. 
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Figure 14: Transboundary Aquifers of Africa (UNESCO-IHP/ISARM, 2004 in Africa Water Atlas)
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Figure 15: Africa Hydrogeological Outline Map (Source: Ground Water in North and West Africa, 1988, UN Department 
of Technical Co-operation for Development and Economic Commission for Africa)

The reference to the Sudd Basin as Upper Nile Basin was contradicted by Michael Owor, in his presentation 
for the degree of Doctor of Philosophy in the Department of Geography, University College London, 
March 2010. He entitled it Groundwater - surface water interactions on deeply weathered surfaces of 
low relief in the Upper Nile Basin of Uganda, referring to the areas of Uganda that are within the Nile 
Equatorial Lakes region, as they have been widely known in the literature of the River Nile; and the White 
Nile basin in South Sudan has been known as Upper Nile. 

Nevertheless, it is recommendable that the EN Hydrogeology stick to the use of the Sudd Basin, which 
signifies the unique Sudd region, rather than the term Upper Nile that could generally refer to any of 
the upstream watersheds or catchments, depending on where one stands. In fact, as came in the needs 
assessment to support Groundwater Resources Management in the Lake and River Basin Organizations 
of Africa- a Case for the Nile Basin, February 2012, Dr. Muna Mirghani referred to it as the Sudd wetlands 
Basin, a naming that may limit its regional extent. 
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4� GROUNDWATER OCCURRENCE

As came in State of the River Nile Basin, 2012, groundwater in the Nile Basin occurs in confined and 
unconfined conditions, mainly in four rock systems or hydrogeological environments, namely: 

1. Precambrian crystalline igneous and metamorphic basement rocks, whose parent rock is impermeable 
and productive aquifers occur in the weathered overburden (regolith) or where there is extensive 
fracturing. As narrated in the preceding section 5.2, in the study area, basement rocks extensively 
underlie large parts of South Sudan, the southern parts of Sudan and western parts of Ethiopia. 

2. volcanic rocks, occur mainly in the Ethiopian Highlands and cover large parts of the Gambela plains. 
The aquifers comprise of shallow to very shallow and loose sediments; 

3. consolidated sedimentary rocks, which have varying rock types that vary from low-permeability 
mudstones and shale to more permeable sandstones, limestones and dolomites. They occur mostly 
in Egypt and Sudan and form regionally extensive productive aquifers. The Nubian sandstone aquifer 
system is the largest of the consolidated sedimentary rock aquifers. The other notable consolidated 
sedimentary aquifer is the Umm Ruwaba aquifer in South Sudan and Sudan; and

4. unconsolidated sediments, which are occurring mainly along river courses. 

In State of the River Nile Basin, 2012, one of the Eastern Nile Groundwater Basins, the Sudd Basin is 
referred to as Upper Nile artesian aquifer, which underlies the Bahr el-Ghazal, Bahr el-Jebel, White Nile and 
BAS plains. The plains being an internal recharge and accumulation zone, while the surrounding mountains 
(which are composed of metamorphic rocks, Precambrian granites and Quaternary sediments), serve as 
an external recharge zone. 

The northern parts of the basin are underlain by rocks of the Nubian series and have water occurring at 
depths of 25 to 100 metres, with sufficiently high artesian yields. In the Precambrian varieties, groundwater 
is encountered at depths varying from 3 to 60 metres. The alluvial deposits of the external recharge area 
of the basin contain fresh and brackish phreatic waters occurring at depths of 6 to 10 metres.

4�1 Groundwater Occurrence and Movement at the Ethiopian Side

From the results of the two Baro-Akobo River Basin Master Plans, 1990 and 1997: GW in the area is 
derived from direct infiltration of rainfall, percolating along stream courses and lateral subsurface down-
gradient movement of water in aquifers. In the BC, GW is contained largely within localized aquifer 
environments, formed in fracture/fissure and crush zones of impermeable consolidated rocks; and it 
is not possible to extend permeability, recharge conditions and direction of water movement in such 
aquifers, unless site specific investigations are conducted. 

Generally, with a known annual rainfall, surface water runoff and relatively small amount of GW use the 
aquifers will be totally replenished essentially every season.

GW movement is, in general, from east to the west; and covers an area of 18,000 km2. The alluvial plains 
vary in elevation from approximately 475 m at Gambela in Ethiopia to 400 m at the Ethiopian border with 
South Sudan, a distance of 160 m, resulting in a rather flat average surface gradient of 0.5 m/km from east 
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to west across the plains. In the plains, GW is derived primarily from infiltration of surface water flows 
in the numerous stream that crisscross it.

4�2 Groundwater Occurrence and Movement at South Sudan and Sudan Sides

As came in the Czechoslovakians investigations of 1977 in Upper Nile, on the basis of the geological 
structure, several hydrogeological units are distinguished in the investigated area and its wider surroundings:

1. Basement complex rocks: In general, they are considered as impermeable and unsuitable for 
accumulation of a larger amount of groundwater. Of an equal character is that these rocks also 
underlie the sedimentary fillings. Local hydrogeological importance is ascribed to these rocks in 
places of more permeable weathered zones and young still unsealed fault systems only. Regarding to 
the areal extension, their position is very important from a more regional standpoint. Together with 
their foothills, they form the downflow area and obviously the catchment area for near and more 
remote sedimentary basins. Under the sedimentary cover, basement complex rocks form ridges or 
are sunken to greater depths. Conspicuous ridges divide the sedimentary filling into independent 
basins, which in places are connected with one another in the uppermost parts of the sequence only. 
From the standpoint of regional hydrogeology, these ridges form either impermeable barriers for 
streaming groundwater or reduce the discharge profile only. Aquifer thickness ranges from about 
100 to 288 ft (31 to 88 m), as came in Geology and Hydrogeology of the Sudan southern provinces 
Technical Paper by Ramsis B. Salama and Macel N. Salama, 1977.

2. Nubian series: The hydrogeological character of the Nubian series rocks is very favourable in the 
adjacent Kordofan areas of the Sudan. In a porous or porous-jointed environment huge amounts 
of groundwater reserves of suitable chemical composition are accumulated. Continuation of this 
favourable subterraneous stratum into the Upper Nile Province has been proved. The view of O. 
A. Mohamed (1974) that a great portion of the Kodok, Sobat and Zeraf plains are underlain by the 
Nubian formation has been confirmed by boreholes and partly by the geophysical exploration. The 
aquifer of the Nubian series occurring under the Pliocene-Pleistocene sediments, probably consists 
of sandstones and conglomerates, as proved by the profiles of some boreholes; and indirectly also 
by geo-electric measurements. The hydrogeological properties of these sediments, in general, may be 
influenced by lithological composition of both sequences and boundary conditions of the individual 
subterranean strata. Their hydraulic connection with the overlying complex of the Umm Ruwaba 
Series, as well as their horizontal connection with the neighbouring areas built up of these rocks is 
not known.

3. Volcanic rocks: Although their textural-structural features form more favourable conditions for 
circulation and accumulation of groundwater (being highly porous slags) than in basement complex 
rocks, regarding to the areal extension, they are not of greater hydrogeological importance. They 
may form only local catchment areas for neighbouring sedimentary sequences of the Umm Ruwaba 
formation and for depressions filled up with slopewash sediments. Unless hydraulic connection of 
these waters with highly mineralized waters of the Umm Ruwaba formation exists, it is assumed that 
groundwater genetically linked with the mentioned areas will have favourable chemical composition. 

4. Umm Ruwaba series sediments: In both South Sudan and Sudan, the sediments of the Umm Ruwaba 
series, together with superficial deposits are extensive. In Sudan, their western border forms the 
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eastern margin of the Nuba Mountains and their eastern border is delimitated by the western margin 
of Ingessana Hills. The Umm Ruwaba aquifer is in hydraulic connection with the aquifers in the other 
regions; and only interrupted by outcrops of basement complex rocks and volcanic rocks in form 
of Jebels. Thickness of the aquifer varies from 200 - 400 feet (60.96 – 121.92 m) in the marginal 
zones, more than 1,500 feet (457.2 m) along the Gelhak - Akobo axis (Figure 12). The aquifers 
are characterized by a high content of clays and fine sands, Kankers and ironstone concretions. 
Although the Umm Ruwaba Aquifers represent one hydraulic unit, the lithological changes and high 
content of fine sands and clays, testify that the aquifer is not homogeneous; but may consists only of 
small independent waterbearing bodies of different hydrogeological properties, which are mutually 
connected through aquitards. 

 According to geological profiles of existing boreholes (see Annex II, in Volume II), the aquifer of the 
Umm Ruwaba series consists of sand, sandy clay, clayey sand, sand with gravel, gravel, clay with gravel 
and sandstone. The whole sequence is prevailingly of clayey development, water-bearing-layers form 
only local layers several centimetres to several metres thick. They are recoded at depths, from 41 
m to 338 m; and are laterally discontinuous. On the basis of the structural-tectonic building of the 
basement complex, occurring under the sedimentary filling; and the piezometric level of groundwater, 
it may be stated that in horizontal direction, no hydraulic connection exists between the individual 
water-bearing layers in the whole studied territory. The whole investigated basin, is filled up with 
the sedimentary complex of the Umm Ruwaba Series, thus most probably, it may be considered as a 
hydraulically discontinuous multi-layer aquifer system. 

5. Superficial deposits: The aquifer of superficial sediments is according to resistivity (over 20 ohm) 
formed by sands to gravels, most probably of fluvial origin. The occurrence of these deposits is 
bounded to stretches along rivers and Khors of restricted area only.

Flow Direction

The map of equal lines e.p.m, in which the results of boreholes (not exceeding the depth of 152.5 m) 
of R. B. Salama and M. N. Salama (1974) were applied shows that in the Umm Ruwaba formation, the 
groundwater flows from south to north and the water in the basement complex (in the western and 
eastern outcropping parts) feeds this aquifer. This is also confirmed by the map of resistivity changes 
compiled by the Czechoslovakians (see Annex II, in Volume II). Small lithological changes provided 
decreasing resistivity from the margin of mountain ranges, testifying to an increase in total solids in the 
direction of groundwater flow. The area on the right side of the White Nile, is almost all a low-resistivity 
one, except for its easternmost parts. The changes of chemical composition of groundwater and resistivity 
changes, confirm the views that groundwater flows from the margin of mountains into the central part of 
the basin, independently of the fact that whether the basin is hydraulically continuous or discontinuous. 
The increase in resistivity from the river towards the eastern margin of the Nuba Mountains, probably 
also corresponds to changes in total solids, as it is the case on the right side of the White Nile.



28 Groundwater Availability and Conjunctive Use Assessment in the Eastern Nile

5� AQUIFERS’ PROPERTIES, CHARACTERISTICS AND POTENTIALS

Depending on climatic factors, contrasting geomorphology, varying rock characteristics and the extent 
of interaction between groundwater recharge and discharge at local, sub-regional and regional scales, 
recharge in the groundwater systems within the Nile basin ranges from a few millimetres to over 400 
millimetres per year. 

Recharge ranges from below 50 mm/yr in Precambrian basement rock aquifers to well over 300 mm/yr in 
the highly permeable volcanic sedimentary aquifers (Figure 16, from State of the River Nile Basin, 2012). 
The Nubian sandstone aquifer system has fossil water and very low modern-day recharge rates. The 
unconsolidated sedimentary aquifers receive high recharge from the base of the rivers, through seepage.

Figure 16: Regional Groundwater Aquifers Structure and Recharge Rate (Source: From a map by BGR/UNESCO, in State 
of the River Nile Basin, 2012)
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5�1 Assessment and Estimates of Aquifer Resources at Continental Level 

At a regional Scale, from the continental perspective, the Sudd Basin key information regarding 
hydrogeological characterisation and other physical aspects has been provided from TWAP-Groundwater 
indicator assessment as in Table 2. 

Table 2: Key figures and data availability on hydrogeology of the Sudd Aquifer (extracted from TWAP-Groundwater 
indicator assessment, Table A1 of Appendix A, in the Journal of Hydrology, 201813

S/# Parameter Figure Remark

1 Surface Area 330,000 km2 Among medium aquifers in terms of area

2
Number of countries 
sharing it

5
This must have included Egypt and Eritrea, in 
geographical and hydrological context of EN

3 Mean annual recharge rate 2 mm/year Considered low replenishment

4 Depletion rate14 1 mm/year
Averaged over a TBA total area (considered 
very low)

5
Natural background GW 
quality15

2% 
This is a % of aquifer area with very low 
quality water

6 Groundwater pollution 2%16 Considered low

7 Population density17 17 p/km2 Considered medium

8
Human dependence on 
groundwater18 

2%
Groundwater abstraction for domestic, 
agricultural and industrial water use (very low)

9 GW development stress19 2% Considered very low

On a general map of Transboundary Aquifers in Africa combined with aquifer storage (m), left legend) 
and aquifer yields (l/s), right legend (Figure 18): Adopted from transboundary aquifers by IGRAC and 
UNESCO-IHP (2015a); and aquifer storage and yield by BGS et al (2017). Indicative storage and yield 
categories and figures for their ranges have been indicated, difficult though to interpret colours using 
the legends and locate positions for specific aquifers on such a map without country boundaries. Yet, the 
values are an important indicator for crosschecking similar parameters.

13  Interpretation of some figures and data seems not complete from the web version of this article.
14  Defined as annual groundwater abstraction divided by annual recharge.

15 Defined as the %age of aquifer area where natural groundwater quality satisfies local drinking water 
standards), i.e., TBA country’s segment area containing water suitable for human consumption.

16  Polluted zones of the TBA country’s segment, expressed as a percentage of the segment area.
17  Defined as the number of people living within a TBA area divided by the areal extent of the aquifer.
18  Groundwater abstraction as a percentage of total water use.
19  Groundwater withdrawals exceeding renewable groundwater resources, i.e., zones where groundwater recharge 

into aquifers to be exploited is extremely very low or non-existent.
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Figure 17: Legends on a General Map of Transboundary Aquifers in Africa: IGRAC and UNESCO-IHP (2015a); and 

aquifer storage and yield by BGS et al (2017)

5�2 Assessment and Estimates of Aquifer Resources at Basin Level 

An analysis of recharge, i.e. the quantity of water that infiltrates from the land surface to the aquifer, is an 
essential step in determining the resources of a groundwater system and simulation of flow (in Mansour 
and Hughes, 2004), with entirely remotely-sensed GRACE20 gravity data combined with hydrological 
modelling, undertaken as part of the BGS Groundwater Research Programme and in collaboration 
with Edinburgh University: The preliminarily developed recharge model of the Nile River Basin using 
ZOODRM (Mansour, Edinburgh University), provided an opportunity to measure water mass variation 
from a groundwater perspective on a regional scale. Water balance calculations of the Nile, which has a 
river basin area of approximately 3x106 km2, indicated groundwater recharge of 0-4 mm/yr across the 
basin (Figure 14).  

20 The U.S./German GRACE, twin satellites launched in March 2002, made detailed measurements of Earth’s gravity field 
and led to discoveries about gravity and Earth’s natural systems; and provided insights into how the planet is changing 
by tracking the continuous movement of liquid water, ice and the solid Earth through operation of GRACE science 
instruments and telemetry transmitter.

Aquifer Storage
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Figure 18: Groundwater recharge calculated by initial modelling work (Source: Developing a preliminary recharge model of 
the Nile Basin to help interpret GRACE data, 2009)
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5�3  Potential for Domestic/Irrigation Uses Development/Supply at Ethiopian 
Side 

The results of the two Baro-Akobo River Basin Master Plans, 1990 and 1997, led to identification of three 
phreatic aquifers:

1. The regional aquifer, common for the whole area, from the Fit-Makonnen Plateau on the east to the 
Pibor River on the west. It has artesian aquifers underneath, in sedimentary rocks strata;

2. The alluvial aquifer of river valleys; and

3. The aquifer in lacustrine – alluvial deposits.

Aquifer properties and well characteristics

The aquifer in alluvial deposits, longshore bars and Holocene deltaic formations: These water bearing 
deposits are 19 m thick; and the GW confined to them, together with the river water, constitutes a 
perched aquifer in relation to the regional one. Farther to the west, the alluvial aquifer is hydraulically 
connected to Holocene lacustrine-alluvial deposits, with both representing a single aquifer. Permeability 
is generally low (k is about 0.1 m/day) and borehole yields vary from 0.1 to 1.0 l/s, in most cases not 
exceeding 0.2 l/s, which is low in comparison to the continental categorisation of Figure 18. The GWT is 
generally 2 to 4 m deep, the range being 0 to 5 m. the aquifer discharges by way of hampered seepage to 
the regional aquifer and evaporation.

The aquifer in Holocene lacustrine-alluvial deposits: The strata thickness increases in the western 
direction from 10 to 20 and probably to 30 m. Water-holding deposits are sands, sometimes gritstones. 
This aquifer is everywhere confined to the upper Pleistocene lacustrine-alluvial deposits, mostly clayey 
ones (confining bed), which caused the formation of the under surface aquifer isolated from the regional 
one. Owing to the prevalence of clayey deposits in the upper parts, GW flow is directed to the west, 
discharging into the Pibor River and partly evaporates.  In most cases the GWT is 4 to 5 m deep; but 
under the longshore bars and deltaic formations, it is 6 to 7 m deep. The aquifer has not been studied well, 
being covered by only a very few boreholes. The permeability coefficients may presumably vary from 0.01 
to 2.0 m/day and the yields from 0.01 to 0.5 l/s; hence ranging from very low to low.

Regional aquifer: Within the highlands, it exists only in crystalline rocks (gneisses, granitoids, etc.) of 
the basement. Depending on the degree of fracturing and tectonic disintegration of rocks, permeability 
coefficients range between 0.001 and 1.0 m/d and borehole yields between 0.01 and 0.6 l/s; hence ranging 
from very low to low-moderate. Generally, it streams to the west; and it is a single aquifer with the GW 
overflowing on its way from one lithological formation to the other, from the area of recharge to that of 
discharge, i.e., from watersheds to riverbeds or from catchments to riverine areas. GW is interconnected 
with river water, under flow gradients reach 0.006 and the GWT depth increases substantially from 
riverbeds to watersheds. 

Under river valleys, where the aquifer gets supplemental recharge due to overflow (hampered infiltration) 
from the alluvial aquifer, a groundwater mound forms and spread towards watersheds. The resulting 
GWT looks like “anticlines” on watersheds and under rivers, with synclines in-between and general dip 
being to the west. It may be assumed that the more to the west, the anticlines under rivers become more 
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flat and the aquifer gets insignificant recharge through water overflow from the lacustrine-alluvial aquifer; 
and having passed the Pibor riverbed, it is discharged into the White Nile Valley. 

Borehole #104 penetrated the regional aquifer down to the Pliocene deposits of the Alwero formation 
where an artesian aquifer with good prospects for water supply was discovered. It is confined with 
sandstones and sands with thickness of 30 m (in a depth interval of 90 to 120 m). Its roof and base are 
composed of confining aleurolites, the artesian pressure surface has set at a depth of 20 m (70-m head), 
the yield is 2.5 l/s at 1.1-m drawdown, which is moderate. The transmissivity is equals to 120 m2/day (k is 
about 40 m/day) and storativity is 2.4x10-5. This artesian aquifer presumably dips at a small angle to the 
west, leaving Ethiopia; and may be encountered within the Upper Nile syneclise at depths from 80 to 200 
m. The aquifer recharge is by GW seepage through basalts and granite-gneisses. It is quite probable that 
the head is increasing in the western direction, till it can make the aquifer flowing and then might become 
economically feasible for irrigation.    

Use and Potential of Groundwater 

As came in the Baro-Akobo River Basin Integrated Development Master Plan, Final Report, May 1997, 
the Russian work completed in 1990 appears to indicate that little well production of groundwater was 
occurring within the area of the Lower Basin, including the Gambela Plain. On the other hand, in the 
Upper Basin Study of the Baro-Akobo project area conducted by ARDCO-GEOSERV (1995) report: 
Information regarding production in the Upper and Lower Basins of the project area, indicated that only 
a very small amount of the total groundwater available is utilised by the regional population. 

All data and information reviewed and analysed in the course of the preparation of the 1997 evaluation, 
indicated that groundwater is available in substantial quantity in almost all sectors of the basin. Water 
supplies can be derived from groundwater contained within essentially all rock types within the basin. 
Future potential water well supply areas were defined (Jikou-Baro, Baro-Alwero, Alwero-Gilo and Gilo-
Akobo zones), which reportedly should provide bored wells ranging in production from 1.5 to 20.0 l/s. 

Although, there is some groundwater development potential in effectively all areas of the Baro-Akobo 
Basin. However, there is only one vicinity that has demonstrated potential for the construction of 
relatively shallow (I70 m) high capacity wells (5-10 l/s) and having good groundwater quality. The test wells 
identified in the Russian Report of 1990 as boreholes, indicated potential water bearing zones between 
depths of about 60 and I70 m in both electric and lithology logs. All of these wells are located in the block 
of map co-ordinates 8° 10´ and 8° 15´ north and 34° 10´ and 34° 20´ east. If agricultural conditions are 
considered suitable, a production-test well construction programme should be initiated in this vicinity. 

On the basis of information available from previous studies of aquifer conditions in the Lower Basin, 
Regional Aquifer, Alwero Formation, a production-test programme is recommended at the vicinity of 
Itang (50 km west of Gambela). There has been some groundwater testing done in the vicinity of Itang 
that indicates good potential for constructing irrigation supply wells of 20 l/s or more there. The 
Russian Borehole No. 5, where much testing was conducted, is nearby.
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Groundwater Development Options

As a part of the 1997 Baro-Akobo Basin Master Plan, three general water well designs were recommended 
for exploration, testing and development of groundwater resources within the Baro-Akobo Basin. Two of 
the designs are for wells to be drilled in the alluvial aquifers of the Gambela Plain and one is for Basement 
Complex rock wells to be drilled throughout the rest of the Baro-Akobo area. Of the two alluvial aquifer 
test-production wells, one is designed for a production rate of 1.0 to 10.0 l/s, primarily for community 
water supplies; and the other for production rates from 5.0 to 50.0 l/s, is designed for irrigation wells. The 
Basement Complex well, is designed to produce as much as 10 l/s from fractured rock aquifers.

Conjunctive use of surface and groundwater is a possible consideration in the very long term; and 
artificial recharge was envisioned, after an overdraft is observed to be imminent in the groundwater 
production area within the basin. During the development and operation of the basin’s aquifers, site-
specific geological, hydrological, hydrogeological and aquifer hydraulics data and information would be 
obtained and maintained in a complete and continuous database, to be used in the design and construction 
of artificial recharge facilities.

5�4 Potential for Development and Supply in South Sudan 

As came in the Czechoslovakians Investigations of 1977, three main strata, namely superficial deposits, the 
Umm Ruwaba Formation and Nubian Series, which can serve as the water supply sources in the surveyed 
area were delimited with regard to: Resistivity of rocks, water resistivity and groundwater mineralization. 

The one of them ‘’superficial stratum’’ is the most optimum source of potable waters in the given areas. 
Relatively large extension of aquifer of Nubian series was detected on the basis of geo-electrical and 
gravimetrical data. This stratum forms a layer at the depths (from 250 to 400 m) and the depth to the 
aquifer ranges from 40 to 400 m, as came in the Baseline Assessment Report for the Nile River Basin, 
January 2006, NeWater/EU. It is almost in the whole Malakal depression. Thickness of this stratum may 
attain several hundreds of metres, but at ridges it is reduced to several tens of metres.

On the basis of all the summarized geophysical, geological, hydrogeological and hydro-chemical data in the 
area in question, 23 suitable places have been selected for locations of verifying bore-holes, which would 
be appropriate water-bearing horizons that will be the main sources of good quality waters in the studied 
area (see Annex II, in Volume II).
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Figure 19: Possibilities for GW Supply within Sobat & White Nile Reaches (Czechoslovakians, 1977)

At borehole BH 643, a difference in water tables of 2.72 m has been found between the date from the well 
log (16.2.1974) and the measurement by the Czechoslovakian study (15.2.1976). The Czechoslovakian 
study measurements on borehole BH 6430 (Malakal) have shown a permanent trend of sinking of SWL in 
the dry period (Figure 20). From Table 3, is to be seen that the piezometric level was sinking in the time 
2.2 - 26.4.1976 by 0.12 m. The results of tritium analyses carried out in the Czechoslovakian laboratories 
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have proved the presence of tritium units in the samples taken, permitting the Czechoslovakians to state 
that the groundwater is not older than 30 years. 

The performed analysis has led to the following number of tritium units (TU):

WY Lelo BH 3978  229 TU

WY Akoraweng BH 3669 278 TU

WY Akoka BH 3663  259 TU

WY Rom BH 3628  414 TU

Table 3: SWL trend in dry season at Malakal-1976

Figure 20: Fluctuation of water level at Malakal

Date
Depth of SWL 

in m
SWL in 
m�a�s�

2.2.1976 33.26 357.67
 15.2. 27 66
22.2. 26 65
1.3. 29 64

 16.3. 30 63
21.3. 32 61
 29.3. 35 58
7.4. 37 56

 15.4. 37 56
 26.4. 38 55

The differences in piezometric levels, water table fluctuation and the relatively young-age of water testify 
to the flow of groundwater, completing and draining of water-bearing horizons. Regionally, the known 
conditions of feeding are that the groundwater flows from the margins of crystalline and volcanic rocks 
into the central parts of the basin. The study further supposes that this general direction of flow is 
influenced in depressions and uplifted blocks also by local sources of feeding (precipitation, superficial 
streams and swamps). 

Aquifer properties and well characteristics

As to the aquifer properties and well characteristics, setting out from Keingorski table, R. B. Salama and 
M. N. Salama (1974) quoted a permeability of 4.84 - 43.55 mm/day for the aquifer of the Umm Ruwaba 
Series. The authors also mentioned the values of transmissibility of 15-300 m2/day, established from 
available tests in the northern provinces and remarked that this value will be lower with a larger content 
of fine materials to 7.5-130 m2/day in the southern provinces.

On the basis of Logan’s approximation equation

T = 1.22 Q/S max.

Where T - transmissibility in m2/ day 
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            Q - discharge rate in m3/day 

             S max. - maximum drawdown in the well

The Czechoslovakians calculated tentatively T values for the respective boreholes as follow:

BH 6430   -   T 3.328 m2/day 

BH 3666   -   T 14.916 m2/day 

BH 3656   -   T 12.96 m2/day 

BH 3636   -   T 17.185 m2/day 

BH 3620 B -  T 14.777 m2/day 

BH 3621    -  T 34.372 m2/day 

BH 3657   -  T 17.186 m2/day

The lithological profile of borehole BH 6430 made it possible for the Czechoslovakians to determine 
tentatively also the coefficient of permeability. From unstable flow, its value was 0.13 m/day; and from 
stable flow, it was 0.29 m/day. From the value kf = 0.29 m/day, they calculated also orienting coefficient of 
storage, “s = 2x10-5” (Becinsky’s relation), corresponding to range of “s” for confined waters (10-6-10-3). 
The mentioned values, correspond to the aquifer formed by coarse sandy clay. “T” values fluctuate at the 
lower boundary of the above mentioned range, confirming the already quoted views that the aquifer is 
little permeable and contains a large amount of fine fraction.

In the sequence of sediments at depth 100 - 200 m are established resistivity changes, from the White 
Nile River to the west and east. The increase in resistivity in eastern direction is only gradual. In places 
were the resistivity is more than 7.0 ohmm, the Czechoslovakians assumed the presence of water with 
total solids less than 1,500 ppm in the sequence of sediments at depth, 100 – 200 m.

Ground Water Availability within the national boundaries 

As per the RSS’ IDMP with support of JICA, groundwater development potential is basically depending 
on the groundwater storage; and the storage depends on the depth of the aquifer. The Japanese estimated 
the total area of the Sudd Basin as large as nearly 433,000 km2; and the depth of alluvial deposits is 
estimated as 50 m and that of the Umm Ruwaba formation is around 350 m. To estimate water storage 
volume, during IDMP formulation, the Sudd Basin was conceptually modelled using the Synthetic Storage 
Model. Around 9.77x1013 m3 is estimated as total volume of the aquifer, 1.151x1013 m3 as groundwater 
storage volume and then 7.35x1011 m3 is estimated to be a total yield of groundwater. These estimations 
were carried out under assumptions of transmissibility, storability and radius of influence. 

Here the specific yield could be calculated as 12% (0.12), which is comparable to the value of 0.13 
calculated by the Czechoslovakians from unstable flow; and the storativity as 6.4x10-6 that is within the 
range of 10-6-10-3 mentioned by the Czechoslovakians.

The Isobathic contour map (average groundwater levels amsl) of the Sudd Basin is classified into three 
zones, i.e. depths to groundwater levels (at 150 m, 250 m and below), and each zone is given a potential 
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ranking class (II to IV) depending on the depth. Nubian Sandstone is given the highest rank (V), because 
of its excellent aquifer property21. The remaining wide area of the country underlain by the Basement 
Complex is given the lowest potential as “I”. And new volcanic intrusive rocks distributed along the 
southeastern edge of the basin is evaluated as no development potential (0). Then the brackish water 
body existing in the northern branch of the basin is given minus potential (-I) because of its high salinity22 

 level, which is not suitable in its natural condition for most purposes.

Figure 21: South Sudan Groundwater Potential Map (Source, RSS IDMP)

5.5 Potential for Development and Supply in Sudan 

As came in the Groundwater use and Recharge along the Blue Nile / Main Nile in Sudan, Final Report, an 
ENTRO NCORE Special Study prepared by the University of Khartoum, December 2014; whose edited 
summary of the relevant parts of its report is in Annex IV of Volume II: The Nubian Sandstone aquifers 
are characterized by low to moderate permeability. Transmissivity ranges from 20 to 1,500 m2/day. The 
storage coefficient ranges from 10-2 to 10-4 and the well yield ranges from 40 to 400 m3/h. The depth to 
static water level varies between 5 and 100 m. 

From the available literature, a summary of the information about groundwater storage, annual recharge 
and abstraction is given, as in Table 4.

21 It varies in thickness from 200 to 600 m, is highly porous and has high transmissivity of up to 4,000 m3/day, as came 
in State of the River Nile Basin, 2012.

22  Areas of saline groundwater are ones within which total dissolved solids is >5,000 mg/l (as came in State of the River 
Nile Basin, 2012).
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Table 4: Estimates of groundwater storage, annual recharge & abstraction for aquifers in Sudan

Major aquifer
Groundwater 
storage M m3 

Annual recharge 
M m3 

Annual abstraction 
M m3 

Nubian sandstone basins 503,000 1,800 2,200

Um Ruwaba/Gezira basins 60,000 800 450

Alluvial 1,000 375 200

Total 564,000 2,975 2,850

The average hydraulic conductivity for each formation were obtained from previous studies and they are 
listed in Table 5.

Table 5: Hydraulic Properties for the hydro-geological Formations in the Study Region

REGION HYDRAULIC CONDUCTIVITY

Nubian Sandstone formation 20 m / day

Gezira / Um Ruwaba formation 16 m / day

Al-Atshan / Alluvial formation   5 m / day

Besides, the above three formations, the Basement Complex, extends over half of Sudan; and unless it is 
subjected to extensive weathering, jointing and fracturing, the parent rock is largely impervious. 

As came on the South Sheet of the Hydrogeological Map of Sudan, prepared by the Institute of Applied 
Geoscience, Delft, the Netherlands, April 1989: The Basement Complex considered in this study extends 
from the Sudan-Ethiopia border in a southward direction along South Sudan border with the Sudan, while 
overlapping with the continuous to sub-continuous aquifers of local to regional extent. The continuous to 
sub-continuous aquifers cover South Sudan and Ethiopia on either side of the boundary between them. 
These aquifers have different hydro-geologic characteristics but they are hydraulically connected to each 
other.

As can be seen in Figure 2-9 of the study report, assessment of the obtained data has revealed that:

1. Groundwater occurs within the Blue Nile Sub-Basin at depths that vary from 7 to 30 meters below 
the ground surface near the rivers, but generally it is found at depths less than 60 meters within most 
areas of the sub-basin. 

2. Groundwater table elevation was found to vary between 460 and 360 m.a.s.l.
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6� GROUNDWATER WATER QUALITY 

As came in the Baro-Akobo River Basin Integrated Development Master Plan, Final Report, May 1997, in 
the course of the Russian investigation (1990) and the ARDCO-GEOSERV project (1995), in the vicinity 
of Gambela Plains (the Lower Basin) most surface and ground waters are suitable for many potable and 
irrigation uses (see Annex I, in Volume II). Total Dissolved Solids (TDS) of tested groundwater range 
from 72 to 955 mg/l. Of note is the quality of the water from the artesian aquifer (Alwero Formation) 
encountered in Borehole 104. This water was found to be of excellent quality with a TDS of 313 mg/l A 
pH of 7.0 and generally low in all constituents, including rare elements.

As came in the Czechoslovakians Investigations of 1977, the water from the basement areas in Equatoria 
and Bahr el-Ghazal Provinces are mainly HC3 water (Carbonated hardness - secondary Alkalinity) with 
low percentage of sulphate Cl anions. In the Umm Ruwaba Aquifers, the infiltrating water starts to 
dissolve some salts from aquifer material and mix with the aquifer water. The percentage of the carbonate 
harness decreases and the percentage of the sulphate nearly equals that of the bicarbonate. Moving 
further into the aquifer, the water changes continuously, increasing its sulphate content and the water is 
dominated by alkaline and strong acid.

The high content of total solids in ground waters is explained by some authors, as due to the unfavourable 
lithological composition of the water bearing bed, its very low permeability and barriers inside the 
sediments filling. From lithological logs of the drilled boreholes, they concluded that permeability of 
the water-bearing layers is very low and decreases with depth. The water moving in the aquifers will be 
of very low velocity and thus the contact time with the formation will be long, allowing the water to 
dissolve more salts from the aquifer material. The second important factor of the increase in total solids, 
is confirmation of the views that groundwater flows from the margin of mountains into the central part 
of the basin, independently of the fact that whether the basin is hydraulically continuous or discontinuous. 

Vertical chemical zonal of groundwater indicates that the permeability gets lower with depth of occurrence 
of aquifer. As a result, the vertical downward movement of the recharging water will be slow and of very 
small quantities, which will not affect the original water in the aquifer. Although such a relation may not 
exist in the whole area studied, but its local validity is strong. At the locality Mading Deng (SE of Malakal), 
the decrease in total solids with depth is evident in BH 3631 within which total solids is 5,270 ppm at 
total depth of 133 m; and in BH 3660, within which total solids 2,300 ppm at total depth of 344 m.   

A similar relation is also valid for boreholes BH 117 and BH 3632 in Renk (BH 117 - TD 156 m, TS 9,300 
ppm and BH 332 - TD 248 m, TS 2,240 ppm); and a similar dependence is also assumed in the Wuntau 
Depression between Melut, Paloich and Abyat. A reverse dependence (total solids increasing with depth 
of the aquifer) is revealed by shallow boreholes in the Malakal Depression. On the basis of boreholes 
near Akoka, the Czechoslovakians indirectly concluded on the positive influence of the underlying Nubian 
Aquifers23. Total solids from boreholes BH3663 (1,880 ppm), BH 3669 (1,960 ppm) and BH 3974 (2,120 
ppm) are different from mineralization of groundwater in the Malakal Depression and Wuntau Depression.

23  Total dissolved solids vary from 100 to 2000 ppm, as came in the Baseline Assessment Report for the Nile River 
Basin, January 2006, NeWater/EU.
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In its circulation, groundwater is subjected to natural conditions of the heterogeneous system, within 
which it tries to adapt and reach a state of equilibrium. If water is considered as a mobile factor in this 
complex system, then the resulting chemical properties will be an integral sum of all participating factors 
and conditions. The Czechoslovakians think that the source of total solids is the aquifer proper and 
the delimitation in space, with properties given by structural-geological, physical-geographic and climatic 
conditions of origin. These conditions indicate that in the central part of the Umm Ruwaba Basin, it is 
not possible to expect horizons with good-quality potable water. Waters with relatively more suitable to 
suitable chemical properties are assumed in proximity of catchment areas only.
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7� GROUNDWATER SURFACE WATER CONNECTION 

As came in the Groundwater use and Recharge along the Blue Nile / Main Nile in Sudan, Final Report, 
an ENTRO NCORE Special Study prepared by the University of Khartoum, December 2014, stream - 
aquifer interaction can take place in three ways: 

1. Water from the river flowing into the aquifer (losing stream), 

2. Water from the aquifer flowing into the stream (gaining stream), or 

3. Some combination of both.   

Stream - aquifer interaction occurs continuously, with a transition between gaining and losing, depending 
on the rise/fall of the groundwater table and increase/decrease of water level in rivers, at some point 
in time. Flood surges, usually have short time durations and can temporarily reverse direction of flow, 
depending on the groundwater system. This phenomenon is termed “bank storage”. As such, recharge to 
the lower unconfined aquifers is most likely attained from surface runoff in the upper parts of the EN 
Region Sub-Basins. Evidence shows, however that recharge to the unconfined top aquifers is primarily 
through lateral flow from the rivers. Observations of groundwater levels in the Blue Nile Sub-basin have 
revealed that there are annual water level rises, ranging between 0.5 and 8.0 meters at the recharge areas 
near the rivers in the centre of the Sub-Basin. The Blue Nile Groundwater Model Water Balance Results, 
indicated that: 

1. Aquifer recharge pattern has the same temporal distribution as the River water level hydrograph, 
were the peak recharge crests clearly during the month of August.  

2. During the low flow periods of the river the river stage drops to its minimum and subsequently 
outflow from the aquifer to the river occurs. 

3. The mass balance computations, show that the total annual inflow from the river into the aquifers 
is almost the same for the years 2005 and 2010 that were under consideration; and are the same as 
the baseline scenario.  

4. The model mass balance results, also show that almost all of the annual groundwater abstractions 
are mostly replenished by inflow from the river. 

5. The results of the post upstream intervention, show that the aquifer recharge pattern has shifted 
to follow the new temporal distribution of the river water level hydrograph, resulting from the 
intervention.  Hence, an upstream intervention would lead to a reduction of the peak recharge to 
the aquifer, creating a new situation whereby the total monthly recharge from the river to the aquifer, 
is almost constant throughout the year.  

6. The head distribution throughout the aquifer for the month of August for the year 2010 (baseline 
and post intervention scenario), under the current abstraction rate, the upstream developments 
would have negligible impacts on the groundwater aquifers/basins.

Also, as came in the Sudan - South Sudan Report of the Mainstreaming Groundwater Considerations 
into the Integrated Management of the Nile River Basin Project, March 2015: The results of the analysis 
and interpretation of stable isotopes concentration for samples taken within the Sudd Basin Aquifer, 
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concluded that the groundwater is clearly river water; and groundwater influenced by recharged water 
that is subject to evaporation. 

This is typical of phreatic aquifers identified at the Ethiopian Side in the results of the two Baro-Akobo 
River Basin Master Plans, 1990 and 1997, namely:

1. The regional aquifer, common for the whole area, from the Fit-Makonnen Plateau on the east to the 
Pibor River on the west;

2. The alluvial aquifer of river valleys; and 

3. The aquifer in lacustrine – alluvial deposits.

In the alluvial deposits aquifer, longshore bars and Holocene deltaic formations, the GW confined to 
them, together with the river water, constitutes a perched aquifer in relation to the regional one. Farther 
to the west, the alluvial aquifer is hydraulically connected to Holocene lacustrine-alluvial deposits, with 
both representing a single aquifer. The GWT is generally 0 to 5 m deep; and the aquifer discharges by way 
of hampered seepage into the regional aquifer and evaporation.

For the aquifer in Holocene lacustrine-alluvial deposits, the strata thickness increases in the western 
direction. Water-holding deposits are sands, sometimes gritstones. This aquifer is everywhere confined to 
the upper Pleistocene lacustrine-alluvial deposits, mostly clayey ones (confining bed), which caused the 
formation of the under surface aquifer isolated from the regional one. Owing to the prevalence of clayey 
deposits in the upper parts, GW flow is directed to the west, discharging into the Pibor River and partly 
evaporates.  In most cases the GWT is 4 to 7 m deep.

Regional aquifer, generally, it streams to the west; and it is a single aquifer with the GW overflowing on 
its way from one lithological formation to the other, from the area of recharge to that of discharge, i.e., 
from watersheds to riverbeds or from catchments to riverine areas. GW is interconnected with river 
water; and under flow gradients reach 0.006 and the GWT depth increases substantially from riverbeds 
to watersheds direction. 

Under river valleys, where the aquifer gets supplemental recharge due to overflow (hampered infiltration) 
from the alluvial aquifer, a groundwater mound forms and spread towards watersheds. The resulting 
GWT looks like “anticlines” on watersheds and under rivers, with synclines in-between and general dip 
being to the west. It may be assumed that the more to the west, the anticlines under rivers become more 
flat and the aquifer gets insignificant recharge through water overflow from the lacustrine-alluvial aquifer; 
and having passed the Pibor riverbed, it is discharged into the White Nile Valley. 
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8� TRANSBOUNDARY AQUIFERS 

From the hydrogeological characterisation conducted for groundwater resource assessment, development 
and management throughout Africa, under the Global Transboundary Waters Assessment Programme 
(TWAP), the Sudd Basin, is one of the TBAs for which information has been provided.  Its surface area 
covers parts of the three eastern Nile countries of Ethiopia, South Sudan and Sudan, including extents of 
their present groundwater study areas under the Eastern Nile Region.

As came in the RSS’ IDMP (2015), the hydrogeological explanation of the Sudd Basin, is that the basement 
outcrops are in the southwest; and along southeast and northeast hedges. It forms a vast concave like 
a ship bottom in the west and northwest (WNW), the east and south east (ESE) directions between 
both outcrops. The concave was formed through geo-tectonic movement in very old times and then the 
trough was filled by huge volumes of sediments throughout long geological periods. At first by Nubian 
Sandstone at northwest end; then by Umm Ruwaba formation, which is almost covering the whole basin 
and alluvial deposits over the Umm Ruwaba, especially along the main river routes. 

The Post Basement Complex structures, which include those systems, which were initiated in the 
Paleozoic period and their fault movement continued throughout the period of deposition of the Nubian 
Series, allowing the basin floor to subside and the sedimentation to continue. The faults were reactivated 
in the tertiary, perhaps with the initiation of new fault system in addition; and in similar manner the basin 
floor subsided through the deposition of the Umm Ruwaba series (Table 6 and Figure 10).
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Table 6: EN Geological Column from W to E in sub-region covered by BAS, White Nile & Blue Nile 
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C

en
oz

oi
c 

Quaternary
Holocene Younger

NS

alluvial deposits
Umm  

Ruwaba

 Volcanic 

 Rocks

Ba
se

m
en

t 
C

om
pl

ex

Pleistocene

N
S Umm 

Ruwaba

Volcanic 

Rocks BC

Umm 

Ruwaba BC

Tertiary 

(Neogene)

Pliocene (Final)

Miocene (Upper)

Nubian Sandstone (NS)

Umm Ruwaba

Basement Complex

Ba
se

m
en

t 
C

om
pl

ex
 (

BC
)

Tertiary 

(Paleogene)

Oligocene (Early) 

Eocene (Lower) 

Paleocene (Earliest)

M
es

oz
oi

c Cretaceous 
Upper/Late

Lower/Early

Jurassic

Triassic

Pa
le

oz
oi

c

Carboniferous

Basement Complex

Permian

Devonian

Silurian

Ordovician

Cambrian

Pre-Cambrian Older

Source: Adapted to International Commission on Stratigraphy (ICS), as of 2017; Calvin & Rosanna Hamilton, 2003-2008; and other sources, incl. Wikipedia and the related hydrogeological studies/reports.



46 Groundwater Availability and Conjunctive Use Assessment in the Eastern Nile

Renk

Malakal

Roseires
Itang

G
am

be
la

Figure 22: Eastern Nile Sub-Regional Groundwater Prospects Map

8�1 Aquifer Properties and Characteristics of the Sudd Aquifer

In the Sudan literature of hydrogeology, the Sudd Basin transboundary aquifer is synonymous with Umm 
Ruwaba formation (Czechoslovakians, 1977); and on the Ethiopian side it is referred to as regional 
aquifer or Alwero formation (Russians, 1990 and TAMS, 1997). In the most recent 2015 study during 
the formulation of the RSS’ Irrigation Development Master Plan (IDMP) with the support of JICA, it has 
been described in details. The Sudd Basin is therefore, composed of all the younger formations to the 
Precambrian era, especially the sedimentary fillings of Nuba sandstone and Umm Ruwaba series, above 
the basement complex; in addition to intrusive or extrusive volcanic rocks in places and alluvial deposits 
along watercourses. 

Tracking continental, regional, basin-wide and national sources of groundwater information and studies, 
although scarce, a number of parameters were identified and put in one inventory (Table 7, also appended 
as Annex VI in Volume II for ease reading when printed). This tabulation provides indicators from which 
appropriate figures could be adopted for the Sudd Basin Aquifer, based on locations and depths of the 
wells. The emphasis being that any of the four Eastern Nile geological water bearing formations of the 
basement complex, sedimentary and volcanic rocks; in addition to the unconsolidated sediments, are 
part and parcel of the Sudd Basin Aquifer. These data are either coming from an information pertaining to 
regional aquifer, any of the four formations above or directly provided for the Sudd Basin.  
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Table 7: Inventory of Identified Indicators for Sudd Basin EN TA Geological Formations 

8�2 Flow Calculations

Q = A*K*G, Where:

Q is the volume flow of water (or flux), 

A is the vertical area of the aquifer through which the horizontal flow is occurring, 

K is the hydraulic conductivity, a constant of proportionality that describes how easily water flows through the medium. 

G is the gradient or slope of the water table in the direction of flow (difference in elevation divided by horizontal distance), and 

From Heath, 1983: Transmissivity (T), the rate at which water is transmitted through a unit width of the aquifer (the capacity of an aquifer to transmit water), 
is calculated as follows:

T = Kb, where b is the aquifer thickness

Q = A*40 m/day *0.006
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As came in the Czechoslovakians Investigations of 1977, three main strata, namely superficial deposits, 
the Umm Ruwaba Formation and Nubian Series, which can serve as the water supply sources in the 
surveyed area were delimited. The one of them ‘’superficial stratum’’ is the most optimum source of 
potable waters in the given areas. Relatively large extension of aquifer of Nubian series was detected. This 
stratum forms a layer at the depths (from 250 to 400 m). The depth to the aquifer ranges from 40 to 
400 m (as came in the Baseline Assessment Report for the Nile River Basin, January 2006, NeWater/
EU). It is almost in the whole Malakal depression. Thickness of this stratum may attain several hundreds 
of metres, but at ridges it is reduced to several tens of metres.

On the basis of all the summarized geophysical, geological, hydrogeological and hydro-chemical data in 
the area in question, 23 suitable places have been selected for locations of verifying bore-holes, which 
would be appropriate water-bearing horizons that will be the main sources of good quality waters in the 
studied area.

At borehole BH 643, a difference in water tables of 2.72 m has been found between the date from the well 
log (16.02.1974) and the measurement by the Czechoslovakian study (15.02.1976). The Czechoslovakian 
study measurements on borehole BH 6430 (Malakal) have shown a permanent trend of sinking of SWL 
in the dry period, the piezometric level was sinking in the time 2.2 - 26.4.1976 by 0.12 m. The results 
of tritium analyses carried out in the Czechoslovakian laboratories have proved the presence of tritium 
units in the samples taken, permitting the Czechoslovakians to state that the groundwater is not older 
than 30 years. 

Q = Area × Depth of fluctuation of g.w.t. × Specific yield

The differences in piezometric levels, water table fluctuation and the relatively young-age of water, testify 
to the flow of groundwater, completing and draining of water-bearing horizons. Regionally, the known 
conditions of feeding are that the groundwater flows from the margins of crystalline and volcanic rocks 
into the central parts of the basin. The study further supposes that this general direction of flow is 
influenced in depressions and uplifted blocks also by local sources of feeding (precipitation, superficial 
streams and swamps). 



49Country Report – South Sudan, 2019

9� PRESENT GROUNDWATER USE 

As summarised with some edits, from State of the Nile (2012), presently, groundwater is widely used 
across the Nile basin for domestic water supply, especially in the rural communities for whom it is the 
main source of safe drinking water through seepage, springs, dug wells and boreholes. Only a proportion 
of the population living in urban areas depends on conventionally purified water supplies based on 
surface water. Apart from livestock watering, limited supplementary irrigation for subsistence farming 
and small-scale commercial activities, groundwater use for agricultural production to a commercial scale, 
development for tourism and largescale industrial use is less in other countries. In both Sudan and 
Egypt, groundwater use is widely practiced in irrigated agriculture, as there is widespread practice of 
irrigating crop fields with groundwater. Groundwater use for industrial processing and recreation is 
mostly intensive in Egypt; and for petroleum exploitation in South Sudan and Sudan.

9�1 Groundwater Abstraction 

In Sudan, as came in the Groundwater use and Recharge along the Blue Nile / Main Nile in Sudan, Final 
Report, an ENTRO NCORE Special Study prepared by the University of Khartoum, December 2014: Areas 
close to the Blue Nile (within 2-4 kilometres of the river banks) witness a significant use of groundwater 
for agricultural development. Based on available information the estimated groundwater abstraction for 
agricultural development is about 1.7 billion cubic meters per year. This is the figure generally agreed 
upon by the groundwater development officials. However, to confirm this figure the agricultural area 
within a buffer zone of 5 Km on both sides of the Blue Nile has been delineated from satellite imagery 
using GIS and was found to be around 1.35 Million Feddan (Feddan = 4,200 m2). Assuming supplementary 
irrigation of three irrigations per year at 400 m3/Feddan, the groundwater abstraction is estimated as 1.62 
BCM/ year. This estimate agrees with the amount given by the Groundwater Authorities (1.7 BCM/ year).

On the Ethiopian side, as came in the Baro-Akobo River Basin Integrated Development Master Plan, Final 
Report, May 1997, in the course of the Russian investigation (1990) and the ARDCO-GEOSERV project 
(1995), in the vicinity of Gambela Plains (the Lower Basin) most surface and ground waters are suitable for 
many potable and irrigation uses. However, the reports assert that little well production of groundwater 
was occurring within the area, as only a very small amount of the total groundwater available is utilised 
by the regional population. As a part of the 1997 Baro-Akobo Basin Master Plan, three general water well 
designs were recommended for exploration, testing and development of groundwater resources within 
the Baro-Akobo Basin. Conjunctive use of surface and groundwater is a possible consideration in the 
very long term; and artificial recharge was envisioned, after an overdraft is observed to be imminent in 
the groundwater production area within the sub-basin. 

From the South Sudan side, as came in Water Resource and Water Demands in Southern Sudan, a 
document prepared by Deltares Delft, the Netherlands (in 2010) for the Ministry of Water Resources 
and Irrigation (MWRI) of the Government of Southern Sudan (GoSS), under auspices of the Dutch 
Ministry of Foreign Affairs: For estimating groundwater offtakes, a list of 9037 registered water points 
was received from UN OCHA. For some of these water points the list also contains estimates on the 
number of humans and animals depending on them. Based on this, a very rough estimate of 0.036 BCM/
year total water abstraction from registered water points was derived. However, the report asserts that 
if unregistered water points are taken into account as well, this number may be twice high (0.072 BCM/
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year). Now after a decade, this figure must have significantly increased, as a result of adopted integrated 
use of groundwater from hand-pumps and other supply systems, for humans’ uptakes as well as livestock 
watering and small-scale farming. The groundwater abstraction in South Sudan can be estimated as 0.1 
BCM/year.

9�2 Conjunctive Use of Groundwater with Surface Water

It is famous that in the Nile Valley and Delta, groundwater is used in a conjunctive manner with surface 
water. In northern Sudan, to date farmers are still practising what is known as basin irrigation, in which 
the lands are flooded during river flooding. Afterwards the moist soils replenished with nutrients are 
cultivated with crops, whose growth are supplemented by abstracting water from shallow unconsolidated 
aquifers that are recharged annually with floodwaters. However, the opportunities for practicing this 
method are getting limited, as more dams get constructed across the river. This scenario has already made 
such a technique obsolete in Egypt, where conjunctive use is now occurring only through application of 
river water by gravity from irrigation canals alternately with water from groundwater wells by pumping. 
As came in the Baseline Assessment Report for the Nile River Basin, January 2006, NeWater/EU), here 
the aquifers are mainly replenished from irrigation water losses. 

As came in the Natural Resources and Development Potential in the Southern Provinces of the Sudan 
Report by Southern Development Investigation Team in 1954, in the RSS’ IDMP (2015): Apart from the 
natural flush occurring during the rainy season being used for grazing land, there were inhabitants who 
were attempting to efficiently control the water for crop production in southern Sudan. The report picked 
up an outstanding exception of the upper valley of River Koss between the Imatong and Dongatona 
mountains, where: The Latuka dig diagonal ditches from the several streams running down from the 
Imatong mountains and irrigate by seepage small fields of millet and maize. There could have been such 
irrigation practices elsewhere in the country, the report asserted; and indeed, one could also, assert that 
such similar practices might have been happening in the region, including within the other BAS Sub-Basin 
catchments in Ethiopia. 
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10� GROUNDWATER GOVERNANCE AND MONITORING

Apart from international dimensions, as came in the Journal of Hydrology, Regional Studies, 2018, regarding 
managing and governing TBAs, at the continental level: Identified governance structures and water 
management units, for playing an over-arching role in supporting coordination; and lessons harnessing 
and sharing include 1) AMCOW, 2) the Regional Economic Communities (RECs) and 3) the river/lake 
basin organisations. Critical, is the continent-wide strategic groundwater initiative through AMCOW 
to establish an Africa Groundwater Commission (AGWC) in 2007. From 2008–2011, a collaborative 
study, mainstreaming groundwater considerations into the integrated management of the Nile River 
Basin, was undertaken with the support of IAEA-GEF-UNDP using isotope studies, to raise the profile 
of groundwater in the NBI and initiate joint actions on groundwater. In the absence of agreements 
pertaining to a TBA, the domestic legal and institutional frameworks for sustainable water resources 
management continue to play a key role in the coordinated cross-border management of TBAs. 

10�1  Institutional, Policy and legal framework affecting Groundwater in 
Eastern Nile

As came in the needs assessment to support Groundwater Resources Management in the Lake and River 
Basin Organizations of Africa - a Case for the Nile Basin, February 2012, carried out jointly by Dr. Callist 
Tindimugaya for NELSAP and Dr. Muna Mirghani for ENSAP under auspices of Nile-IWRM Net: It is widely 
accepted that the hydro(geo)logically defined basins are the optimum units for sustainable management 
of water resources. As a result, lake and river basin organisations have been formed to represent the 
decentralised model recommended to achieve IWRM. Thus the emerging consensus on supporting L/
RBOs in considering GW in the framework of transboundary water resources management, as a nucleus 
for cooperation between neighbouring states. The regional hydrogeological context for the Nile Basin 
is well-defined as a result of several decades of effort, resulting in the development of hydrogeological 
maps at the continent scale. This will facilitate incorporation of groundwater element into the current 
structures of the Nile River Basin.

In this regard, Dr. Muna Mirghani reviewed current policy, legislation and institutional framework for 
cooperation and governance towards successful implementation of joint actions in the EN Sub-Basins. 
She assessed capacity to support groundwater management, based on one system interventions through 
ENTRO under the auspices of NBI. Some of her relevant findings to this study with supplements from Dr. 
Callist report, in a summarised, edited and updated form are captured in Annex V, in Volume II.

Table 8: International & Continental Policies, Strategies, Plans & Laws affecting Groundwater

Document Goals Focal Institution

1966 Helsinki Rules on 
the Uses of the Waters 
of International Rivers

Is an international guideline regulating how 
rivers and their connected groundwaters 
that cross national boundaries (international 
drainage basins) may be used

Countries’ Ministries of 
Water,  Foreign Affairs 
and International/
Regional Cooperation; 
and the UN
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Document Goals Focal Institution

1997 Convention 
on the Law of Non-
Navigational Uses 
of International 
Watercourses (the 
UN Watercourses 
Convention)

Is an international treaty pertaining to the 
uses and conservation of all waters that cross 
international boundaries, including both surface 
and groundwater

Countries’ Ministries of 
Water,  Foreign Affairs 
and International/
Regional Cooperation; 
and the UN

2008 Draft Articles on 
Law of Transboundary 
Aquifers

a set of nineteen draft articles on the law of 
transboundary aquifers completed work on 
by the UN International Law Commission 
(ILC), as it was found out that the definition 
of a watercourse in the UN Watercourses 
convention excludes many types of groundwater  

Countries’ Ministries of 
Water,  Foreign Affairs 
and International/
Regional Cooperation; 
and the UN

Africa Groundwater 
Commission (AGWC), 
2007

Continent-wide strategic groundwater initiative, 
to address challenge of critical shortcomings 
in the organizational framework and the 
building of institutional capacity for ground 
water. The emphasis being on a much clearer 
understanding and articulation of ground water’s 
role and contribution to national and regional 
development objectives and an integrated 
management framework, with top-down 
facilitation of local actions

Countries’ Ministries of 
Water,  Foreign Affairs 
and International/
Regional Cooperation; 
AU; and AMCOW 
Secretariat

10�2  Institutional, Policy and legal Framework Affecting Water Sector in South 
Sudan

South Sudan National Institutional, policy and legal frameworks for management of the water resources 
and associated sectors/sub-sectors had progressed well under the Government of Southern Sudan 
(GoSS).  Some policies, including in the sectors of water and environment were thus defined even before 
the independence. Structures mandated for management, utilisation and service delivery in specific 
sectors and sub-sectors of natural resources exist. The relevant entities include ministries and institutions 
responsible for land, water resources, forestry, wildlife conservation, environment, petroleum, mining and 
rural development. 

Internationally and regionally, apart from the Nile, through the IGAD, South Sudan is a signatory to 
the adoption of the IGAD Regional Water Resources Policy; and it is participating in the process of its 
execution protocol. Although, there are trans-boundary ground water basins and aquifers involving South 
Sudan, there is no any sharing arrangement pertaining to any of them. 
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Table 9: Regional & National Policies, Strategies, Plans & Laws Affecting Water Sector in RSS

Document Goals Focal Institution

the Nile River 
Cooperative 
Framework 
Agreement (CFA), 
2010

1. South Sudan undertook membership of the Nile Basin Initiative 
(NBI) on 5th July 2012 and subscribed to promotion of 
cooperation among the member states. 

2. South Sudan accession to the CFA has been passed by Council 
of Ministers to the Legislative Assembly (SSLA) for ratification. 

RSS Ministries of 
Water/Foreign Affairs 
and International/
Regional Cooperation; 
the South Sudan 
National Legislative 
Assembly (SSNLA); 
Nile-COM; Nile-TAC; 
and Nile-SEC

IGAD Regional 
Water Resources 
Policy; and its 
execution protocol

1. South Sudan is a signatory to the adoption of the IGAD 
Regional Water Resources Policy; and it is participating in the 
process of its execution protocol.

2. Its objective is to promote closer cooperation in the 
equitable, sustainable and coordinated utilization, protection 
and management of transboundary/shared water resources 
in the IGAD region for poverty eradication, socio-economic 
development, regional integration, environmental sustenance 
and peaceful coexistence.

RSS Ministries of 
Water/Foreign Affairs 
and International/
Regional Cooperation; 
and the IGAD water 
unit

2011 RSS 
Transitional 
Constitution  

{37, (2), (b)} 

Lists water among the natural resources that the government must 
“protect and ensure its sustainable management and utilization”, 
together with land, petroleum, minerals, fauna and flora

RSS Ministries of 
Water/Legal Affairs; and 
the National Legislative 
Assembly

2007 GoSS Water 
Policy 

1. Improved users’ participation in the water sector. 

2. Water must be a lever for peace and not a source of conflict”. 

3. Builds on local experience while taking into account regional 
and international best practices, incl. the World Summit on 
Sustainable Development (2002), which recommended the 
development of national plans for integrated water resources 
management (IWRM). 

4. It distinguishes water resources management (WRM) from 
water supply and sanitation. 

5. Water resources planning shall involve all relevant stakeholders 
and will be undertaken on the basis of natural hydrological 
boundaries. 

6. Government to develop a financing strategy in the long term 
where private sector investments are encouraged.

RSS Ministry of 
Water Resources and 
Irrigation (MWRI)



54 Groundwater Availability and Conjunctive Use Assessment in the Eastern Nile

Document Goals Focal Institution

Water, Sanitation, 
and Hygiene 
(WASH) Sector 
Strategic 
Framework (2011)

1. To operationalize the Policy and ensure its implementation 
through effective and technically sound strategic approaches, 
improved capacity and involvement of all stakeholders. 

2. It distinguishes Water Resources Management from Water 
Supply and Sanitation Services.

3. It recommends the establishment of a Water Council as an 
advisory body and a Water Resources Management Authority; 
and WASH Services Board, to enforce regulatory functions.  

RSS Ministry of 
Water Resources and 
Irrigation (MWRI)

Rural WASH Sub-
Sector Investment 
and Action Plan 
(2012–15)

To achieve MDGs in Rural Water Supply Coverage and advance 
access to improved sanitation services

RSS Ministry of 
Water Resources and 
Irrigation (MWRI)

Urban WASH Sub-
Sector Investment 
and Implementation 
Plan (2013–18)

To increase Urban WASH Coverage and initiate provision of sewage 
services to cope with an increased generation of liquid waste

MWRI-RSS; RSS 
Ministry of Lands, 
Housing and Urban 
Development; and the 
South Sudan Urban 
Water Corporation

Irrigation 
Development 
Master Plan (IDMP), 
2015

1. IDMP is the IWRM national framework for South Sudan 

2. Assessment, allocation, management, and development of 
water resources “to support agricultural production and 
productivity without jeopardizing the needs of other sectors 
and stakeholders” 

RSS Ministry of 
Water Resources and 
Irrigation (MWRI)

Draft Water Bill, 
2015

1.  Stipulates under CHAPTER 6 - WATER RESOURCES 
PLANNING AND PROTECTION (Article 52, a) that “where, 
in the opinion of WRMA or the Basin Water Board or the 
Catchment / Sub-Catchment Committees it is desirable that 
water use in respect of one or more water resources, including 
ground water, within a specific geographic area be rationalized 
or reviewed so as to:

i. Achieve a sustainable allocation of water from a water 
resource which is under stress; 

ii. Achieve equity in allocations; 

iii. Promote beneficial use of water in the public interest; 

iv. Facilitate efficient management of water resources; or 

v. Protect water resource quality. 

The WRMA or Basin Water Boards or the Catchment/Sub-
Catchment Committees may issue a notice requiring all water users, 
including permit holders, to apply or reapply for permits for one or 
more types of water use. 

RSS Ministry of 
Water Resources and 
Irrigation (MWRI)
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Document Goals Focal Institution

Draft Land Policy 
(February 2013) 

1. Water being the most essential of the land-based natural 
resources of the country, it has given significant consideration 
to the water sector in its statements and strategies. 

2. It encourages the sustainable management of land-based 
resources used in common such as forests, pasture lands 
and water resources, through collaborative planning and 
management initiatives. 

South Sudan Land 
Commission

Environment Policy 
(2015) and Act 
(2016)

1. To ensure the protection, conservation and sustainable use 
of the natural resources without compromising the tenets of 
inter-generational equity. 

RSS Ministry of 
Environment and 
Forestry

Policy Note 
pertaining to Legal 
and Institutional 
Framework (2010) 
updating the 2007 
GoSS Forest Policy 
Framework 

2.  Sustainable management of forest resources,

3. As forests play a vital role in climate mitigation and 
preservation of biodiversity, watersheds and wildlife: It focuses 
on issues relating to improvements in forest governance 
including decentralization, engagement of local communities, 
the involvement of the private sector, and the importance 
of strategies for protection of forest-related environmental 
services such as climate, biodiversity, water and wildlife. 

RSS Ministry of 
Environment and 
Forestry

Comprehensive 
Agriculture Master 
Plan (CAMP), 2015

1. Defined planning space for forestry, crop, livestock and fisheries 
subsectors under development themes of reconstruction and 
recovery; food and nutrition security; economic growth and 
livelihood improvement; agriculture sector transformation; and 
institutional development in short, medium and long term up 
2040. 

2. IDMP strategic goals are set and defined in consistent with 
CAMP development themes.

RSS Ministry of 
Agriculture and 
Food Security; and 
RSS Ministry of 
Environment and 
Forestry

The Republic of South Sudan (RSS) water sector, is comprised of the lead institution, the Ministry of 
Water Resources and Irrigation (MWRI), composed of six Directorates, namely: 

1. Rural Water Supply and Sanitation, 

2. Irrigation and Drainage, 

3. Planning and Programmes, 

4. Water Resources Management, 

5. Hydrology and Surveys and 

6. Administration and Finance. In addition, there is parastatal, the South Sudan Urban Water Corporation 
(SSUWC) and the under establishment Water and Sanitation Technician Training Centre. 

NBI’s activities, are coordinated by the Directorate of Water Resources Management that is responsible for 
the resource regulation and under which a National NBI Focal Point has been instituted. Hydrogeological 
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and the information management domains are under the Directorate of Hydrology and Surveys that 
would be a national liaison for the Eastern Nile groundwater.

South Sudan is run on the basis of a decentralised system of government with three levels of establishment, 
namely 1) National Government; 2) State Government; and Local Government that includes Counties, 
Municipal Councils, Payams and Bomas as lowest subsequent administrative units of government. Although 
not identical, the institutional framework at the state level, to some extent mirrors that of the national 
level. For instance, there are ministries in charge of water and associated natural resources, environment, 
livelihoods and rural development. MWRI assisted the States and Counties, to establish the Directorates 
of Water and Sanitation; and the Departments of Water and Sanitations respectively. These units do 
liaise with MWRI through State and County Authorities on water resources related service delivery, 
development and management aspects.

10�3 Groundwater Monitoring

Generally, the water resources monitoring system in South Sudan has suffered great deterioration and 
under established in the past due to many factors. At present, there is no groundwater centralised 
monitoring system where real time measurements are regularly taken such as water level fluctuation 
in observation wells, groundwater abstraction and water quality measurements. However, at projects 
level, such as Water for Eastern Equatoria Project and Water for Lakes Project, both financed through 
the Programme in the Water Sector between South Sudan and the Netherlands, a few groundwater 
monitoring wells are being established.

As came in the Preliminary Water Information Assessment Study Report, prepared for the Government 
of Southern Sudan (GoSS) Ministry of Water Resources and Irrigation (MWRI), by Prof. Abdin Salih 
et al, with support of the World Bank, June 2010: UNICEF had developed during Operation Lifeline 
Sudan (OLS), drinking water points (boreholes/hand-pumps) database and handed it over to MWRI-
GoSS after the Comprehensive Peace Agreement (CPA); and continued supporting its establishment and 
development as a full fledge information management system. The Republic of South Sudan (RSS) Ministry 
of Water Resources and Irrigation, together with UNICEF and through Multi-Donor Trust Fund (MDTF) 
furthered the efforts to an extent of uploading the RSS Water Information Management System (WIMS) 
online, which can be accessed through the WPDx website. Such a momentum was lost when the country 
slide back to crisis with itself by the end of 2013, after having recovered from decades of civil wars upon 
the signing of the 2005 CPA, passing through the pre-interim, interim and independence. 

The database contains basic well data such as coordinates, drilling depth, drilling dates, static and dynamic 
water levels, well yield, pump type, pump setting depth and water suitability. However, it is not fully 
functioning as planned, as data entry is incomplete due to insufficient manpower with technical know-
how. Also, consultants who have direct links with various aspects of groundwater development and 
management; and the private operators and NGOs that support execution of programs and projects for 
boreholes construction, operation and maintenance do not submit their drilling data to the database due 
to poor communication and reporting systems. Very important information, such as well lithology, water 
quality parameters and pumping test data is not included in the database. But, plans have been made to 
collect such information from newly boreholes being or to be drilled. As such currently groundwater 
development and information are scattered among many governmental authorities and implementing 
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partners (NGO’s, UNICEF, etc). Consequently, there is a problem of data scarcity, as most of the data 
and information is gathered from general literature and rather old references. It is therefore suggested 
that efforts should continue to examine and verify the present contents of the database first and then 
proceed with further data collection and entry.

10�4 Observations

Much of the institutional, policy and legal framework affecting water sector in South Sudan occurred 
during the pre-interim and the interim period of the CPA (2005-2011) under the sub-national level 
Government of Southern Sudan (GoSS). Although, then there was one country with two systems, yet 
certain national institutional mandates, policy dimensions and laws in relation to regional and international 
arena, could not be fully addressed. As such, apart from the Water Bill that is under review by the Ministry 
of Justice and Constitutional Affairs before its presentation to the Cabinet and subsequently to the 
Assembly, MWRI-RSS is planning to update their 2007 Water Policy, in which transboundary aspects of 
water resources, including groundwater, was a mere statement of intention, without further elaboration. 

They also, want to carry out information baseline survey and update their programmes and plans, in terms 
of costs, progress made and other changes that ensued. In fact, before independence, some vital national 
indicators and data were still not disaggregated from the overall Sudan information base. But, there are 
daunting challenges facing them in moving forward, including the fact that before it passes the transition 
after independence, the country plunged into austerity, inflation and political crisis. As a result, there is 
a difficulty in retaining or recruiting key staff; free access is impeded; and the development activities and 
governance issues such as enactment/enforcement of laws have been overweighed by humanitarian and 
search for peace interventions.
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11� THREATS TO GROUNDWATER RESOURCES

From the literature reviewed under this study, a number of elements which can constitutes a base for 
a unified regional monitoring approach and programme were encountered. They are as follow, and can 
further be expanded as more data and information have become available. 

Pollution 

Figure 24: oil exploration and production blocks in South 
Sudan and the Sudan ( Mapsof.net, Sudan Map Oelgas – 

Maps Sudan)

Figure 23: Oil Production Site and Access Roads within the 
Wetlands (Photograph: Stringer/AFP/Getty Images)

Figure 23: Oil Production Site and Access Roads within the Wetlands (Photograph: Stringer/AFP/Getty Images

Petroleum exploration and production activities, are taking place within the White Nile catchments, 
including the extensive inland wetlands of the Sudd and the Machr Marshes. A German human CSO, Sign 
of Hope, warned that “dangerous heavy metals used in oil production in South Sudan might seep into 
water sources. Also, urban wastes and salinity issues are a concern.
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Land subsidence due to ground water withdrawals

In the areas where unconsolidated and semi-consolidated alluvial aquifers are confined or partially 
unconfined by thick fine grained-beds, subsistence of the land surface is likely to result, as artesian 
pressure is reduced by ground water pumpage. 

Increase in demand 

Demand for groundwater in the region has considerable potential increase and very large number 
of wells will be drilled in order to meet the needs for the implementation of agricultural and other 
socioeconomic activities, as there are huge arable lands, livestock resources, wildlife, rapid urbanisation, 
population growth, etc. 

Implication of surface water based developments 

There are concerns about the consequences of surface water based development projects, which is likely 
to have its impacts on the interaction between river waters and aquifers.
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12� GAPS AND CHALLENGES 

From analyses of the comprehensive data and information on the groundwater resources, collected at 
regional, national, sub-national and projects levels; in addition to speaking to key stakeholders and some 
resource persons as documented in the preceding chapters, sections and subsections, a number of gaps 
and challenges are concluded.

12�1 Gaps

There are data and policy gaps. For instance, the obtained studies are missing some pages, analysis files 
and essential maps/plates; some are only in hard copies; and review of all of them could not be completed 
during this study. For instance:

 X Geophysical Investigations of Groundwater Structures in central and northern parts of the Upper 
Nile Province, fifth stage report prepared by Geophysics National Enterprise Brno-Tho Bratislava 
Branch; Czechoslovakia, Strojexport, the Foreign Trade Corporation for Export and Import, Prague, 
1977, obtained from the Sudan Groundwater and Wadis Directorate Library (in soft copy) is missing 
very important pages and plates (see Annex II-x, in Volume II).

 X The analysis files and essential maps of the two Baro-Akobo Master Plans (1990 and 1997), are not 
available, as the results are the ones published and in hard copies only. 

 X Generally, the water resources monitoring system in South Sudan has suffered great deterioration 
and under established in the past, due to many factors. As such:

 X Apart from projects’ level, where a few groundwater monitoring wells are being established, at 
present, there is no groundwater centralised monitoring system, where real time measurements, 
such as water level fluctuation in observation wells, groundwater abstraction and water quality 
measurements, are regularly taken. 

 X Established database contains only basic well data such as coordinates, drilling depth, drilling 
dates, static and dynamic water levels, well yield, pump type, pump setting depth and water 
suitability; and not fully functioning as planned, because data entry is incomplete. 

 X The efforts and a momentum, to an extent of uploading the RSS Water Information Management 
System (WIMS) online, was lost when the country slide back to crisis by the end of 2013. 

 X Much of the institutional, policy and legal framework affecting water sector in South Sudan occurred 
during the pre-interim and the interim period of the CPA (2005-2011) under the sub-national level 
Government of Southern Sudan (GoSS). Although, then there was one country with two systems:

 X Yet certain national institutional mandates, policy dimensions and laws in relation to regional and 
international arena, could not be fully addressed.

 X As such, apart from the Water Bill that is under review by the Ministry of Justice and Constitutional 
Affairs, before its presentation to the Cabinet and subsequently to the Assembly, MWRI-RSS is 
planning to update their 2007 Water Policy, in which transboundary aspects of water resources, 
including groundwater, was a mere statement of intention, without further elaboration. 
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 X They also, want to carry out information baseline survey and update their programmes and 
plans, in terms of costs, progress made and other changes that ensued. 

 X In fact, before independence, some vital national indicators and data were still not disaggregated 
from the overall Sudan information base.

12�2 Challenges

There are daunting challenges in moving forward, including, the fact that before it passes the transition after 
independence, the country plunged into austerity situation. As such, development activities, institutional 
building and governance issues have been overweighed by humanitarian responses.
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13� RECOMMENDATIONS 

To overcome the cited gaps and challenges, the following are recommended:

 X Data gaps need to be close through continuous follow up with custodians of the previous studies, 
so as to: 

 X Obtain and domesticate unpublished information at ENTRO, including analysis files of the 
studies carried out at country level in the region.

 X Through internship programme in collaboration with academia, make inventory of the existing 
data/information and carry out further analyses/reviews.

 X Carry out supplementary data collection activities and establish observation/monitoring wells 
in selected areas.

 X Using the comprehended data, extend the existing models to simulate groundwater at sub-regional 
scale, to better understand identified phenomena, such as the interaction between ground and 
surface water in the EN TBAs, so as to enhance conjunctive use and to determine how to introduce 
conjunctive use, in such a way that:

 X withdrawal from groundwater can be during or towards end of wet seasons.

 X utilization of rain or river water in the wet seasons through spate irrigation.

 X Use some actual future interventions scenario analyses, for ‘’potential regional sites from which 
irrigation groundwater would be withdrawn’’ from transboundary groundwater aquifers or basins 
such as Umm Ruwaba / the Sudd Basin / Alwero Formation / Akobo Domain / etc., to:

 X Come up with sub-regional projections/estimates on groundwater development for irrigation 
and show to what extent countries of the region might jointly or individually extract groundwater 
without adverse consequences.

 X Establish relationship between recharge and withdrawal rates. 

 X Introduce conjunctive use of surface water with groundwater, in such a way that withdrawal 
from GW can be during the dry season and utilization of rain or river water in the wet seasons 
through spate irrigation.

 X Scenarios can be developed in the zone made up of Gambela region in Ethiopia (for which 
identified potential sites are shown); southern Blue Nile in Sudan (for which Roseires is shown); 
and Upper Nile (for which studied sites around Renk and Malakal have been shown), as captured 
in Figure 22.

 X There is a need for prerequisite comprehensive guiding plans to curve potential problems such 
as overexploitation, reduction of reliable well yield and deterioration of quality. This would entail 
establishment of:

 X sound management policies, governance and legislative framework, to enhance coordination 
among sectors, institutions, governments and countries, to ensure long term sustainability of 
groundwater resources. 
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 X Through ENTRO and other NBI centres, National groundwater units will need to be engaged in 
the projects’ activities/platforms, through national committees, working groups, etc. on regional, 
continental and international water resources planning and activities, including pursuance of 
the UN resolution on transboundary aquifers and AMCOW Africa Groundwater Commission 
(AGWC) Initiative institutionalisation.
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Annex I: Results of the Two Baro-Akobo Master Plans (1990 and 1997) 

In this region, one of the concrete work on the geology, is the Joint Ethiopian-Canadian Team of Geologists 
headed by A. Davidson, who made a specialised geological-geochemical survey, as members of the “Omo 
River Project”24. They produced a geological map of “scale 1:250,000”, which covered a small part of the 
Gambela Plains. The survey was performed by means of helicopters using the method of site observations 
on profiles as well as aerial and space photographs. The map is a structural-lithological-stratigraphic 
scheme of the crystalline basement rocks in the plains area, with visible rock exposures to the east. The 
Baro-Akobo River Basin Master Plan Study of Land and Water Resources of the Gambela Plain, Draft 
Final Report, prepared by USSR for the Ethiopian Valleys Development Studies Authority, Moscow, 1990 
used the data of this study for the investigation of the sites on the watersheds in the mountainous parts, 
which are difficult to access. Also, the 1990 Baro-Akobo Master Plan, acknowledged that among the works 
that preceded it and of importance, are the surveys by the Soviet Specialists under the Alwero Project 
in 1982-1986, which were the first to apply geophysical methods and first to give the general idea of the 
hydrogeological and engineering-geological situation, covering 100 km2 of the Alwero-Nyikani interfluve. 
Thus, drilling showed that within the area, surface water of the Alwero River is part of the groundwater 
recharge; and the data of this work (hydraulic records, which started in 1984-1985; geomorphology 
of land; and geology of quaternary sediments and their engineering-geological characteristics and GW 
regime) were proceeded with during the 1990 Baro-Akobo Master Plan.  

According to the 1990 Baro-Akobo Master Plan report, its surveys covered an area of 24,276 km2 and 
consisted of engineering-geological observations; and hydrogeological and geophysical research, which 
included auger and core drilling, permeability tests, field and laboratory experiments carried out on 
different scales, ranging up to 1:50,000 (for reservoirs’ beds) and 1:5,000 (for dams’ sites). Indeed, an 
organised network of observation and key boreholes, drilled down to the aquifers (deep up to 253 and 
276 m), through logging were subjected to pumping tests, with an aim of defining groundwater regime; 
and water samples were chemically analysed. Geophysical observations consisted of vertical electric 
sounding (VES) and symmetrical electric profiling (SEP), were carried out at the points of boreholes 
drilling, to evaluate lithology of geological structure; and find out and trace aquifers and groundwater 
table, among others. Regional investigations were also conducted by profiles and special cuts. Trial plots 
were subjected to a more careful interpolation on the representative areas. In addition, wide use was 
made of aerial and space surveys. All these data were then integrated; and together with helicopter 
research results helped in describing geomorphological characteristics of the region (Map of Geological 
Tectonic Scheme). Further, the Baro-Akobo River Basin Master Plan Study of Land and Water Resources 
of the Gambela Plain of 1990, was reviewed and updated under the Baro-Akobo River Basin Integrated 
Development Master Plan, Final Report, prepared by TAMS Consultants, Inc. (USA), New York and ULG 
Consultants Ltd, Warwick, UK for the Ethiopian Ministry of water resources, May 1997.

24 Annex 2 (Geomorphology, Geology and Hydrogeology), Volume IV of the Baro-Akobo River Basin Master Plan Study of 
Land and Water Resources of the Gambela Plain, Draft Final Report, prepared for the Ethiopian Valleys Development 
Studies Authority by Selkhozpromexport, All Union Foreign Economic Corporation, Soyuzgiprovodkhoz Institute, 
USSR, Moscow, 1990.  
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Geological Setting/Formation Descriptions 

Baro-Akobo-Sobot Basin consists primarily of basement crystalline rocks in the eastern uplands, with 
covering tertiary lavas in places; quaternary sediments in the lowlands to the west. The rocks include 
three general types by age, from oldest to youngest:

1. The Pre-Cambrian, meta-igneous and meta-sedimentary (Pi). According to ARDCO-GEOSERV 
report, these rocks have been classified by previous workers, based on restructures. They include 
the Akobo domain, which consists of meta-volcanic and met-sedimentary formations.   

2. The tertiary igneous (Ti), which include the Akobo basalt. 

3. The undifferentiated Quaternary (Q). The alluvium is generally comprised of undifferentiated stream 
and lake deposits. 

It is considered that to some degree, useful quantities of groundwater are contained within all of the 
Precambrian through quaternary formations.

Stratigraphic and Structural conditions

Stratigraphy: In general, tertiary and quaternary alluvial/sediments and lacustrine deposits occur in 
the plains, above sandstones and basalts. The Pre-Cambrian basement rocks, consisting of gneisses, 
schists and granites overlain by various tertiary basalts in the high plateau areas. The meta-igneous and 
meta-sedimentary (Pi); and tertiary igneous rocks (Ti) are combined herein to constitute the Basement 
Complex Aquifer. Precambrian metaphoric rocks form the regional platform upon which all younger 
formations are based. Subsequent to placement more than 600 million years ago, these rocks were 
intruded, deformed, uplifted and eroded. Tertiary igneous rocks, primarily volcanic, were then deposited 
in nonconformity over the Precambrian sequence. 

Structure: Several short minor faults are shown to occur in the Precambrian formations, a few in the 
Tertiary volcanic and only four are noted to cut the Quaternary deposits. The Pre-Cambrian crystalline 
basement rocks exhibit intense folding and foliation; and they have been intruded by igneous rocks.

Hydrogeological Conditions

The geology of the area directly affects the groundwater environments therein, which can generally be 
divided into:

1. The relatively unconsolidated lacustrine and alluvial sediments in the plains, referred to as 
undifferentiated alluvium (Q).

2. The older consolidated rock formations in the highlands, referred to as basement complex (BC), 
were faulted, folded and disrupted in the pre-tertiary time. 

During the tertiary time extrusive volcanic rocks were deposited non-conformably over the pre-existing 
disrupted rocks and became a younger part of the BC. Pliocene sandstones and quaternary alluvium were 
then deposited on the BC. The groundwater of the alluvium is that of unconsolidated porous medium, 
while that of the BC is one of secondary porosity which has resulted from fracturing crushing and 
solution during post-depositional periods of structural activity.
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Conditions for GW formation, occurrence and movement

GW in the area is derived from direct infiltration of rainfall, percolating along stream courses and 
lateral subsurface down-gradient movement of water in aquifers. In the BC, GW is contained largely 
within localized aquifer environments, formed in fracture/fissure and crushed zones of impermeable 
consolidated rocks; and it is not possible to extend, permeability, recharge conditions and direction of 
water movement in such aquifers, unless site specific investigations are conducted. Generally, with a 
known annual rainfall, surface water runoff and relatively small amount of GW use the aquifers will be 
totally replenished essentially every season.

As came in the Baro-Akobo River Basin Integrated Development Master Plan, Final Report, May 1997, 
GW movement is in general, from east to the west; and covers an area of 18,800 km2. The alluvial plains 
vary in elevation from approximately 475 m at Gambela in Ethiopia to 400 m at the Ethiopian border with 
South Sudan, a distance of 160 m, resulting in a rather flat average surface gradient of 0.5 m/km from east 
to west across the plains. In the plains, GW is derived primarily from infiltration of surface water flows 
in the numerous stream that crisscross it.

Further, in the Baro-Akobo River Basin Master Plan Study of Land and Water Resources of the Gambela 
Plain, Draft Final Report, 1990, GW formation is described as depends on the complex and non-uniform 
geological structures and tectonics of the transition zone, from the Ethiopian highlands to the South 
Sudan lowland (Figure 2.IV.I: Scheme of Ground and Surface Water Relationship); and specific climatic 
conditions, among others. There are three phreatic aquifers:

1. The regional aquifer, common for the whole area (from the Fit-Makonnen Plateau on the east to the 
Pibor River on the west). It has artesian aquifers underneath, in sedimentary rocks strata;

2. The alluvial aquifer of river valleys; and

3. The aquifer in lacustrine – alluvial deposits.

The aquifer in alluvial deposits, longshore bars and Holocene deltaic formations: These water 
bearing deposits are 19 m thick; and the GW confined to them, together with the river water, constitutes 
a perched aquifer in relation to the regional one (Fig. 2.IV.I-c). Farther to the west, the alluvial aquifer is 
hydraulically connected to Holocene lacustrine-alluvial deposits, with both representing a single aquifer. 
Permeability is generally low (k is about 0.1 m/day) and borehole yields vary from 0.1 to 1.0 l/s, in most 
cases not exceeding 0.2 l/s. The GWT is generally 2 to 4 m deep, the range being 0 to 5 m. the aquifer 
discharges by way of hampered seepage to the regional aquifer and evaporation.

The aquifer in Holocene lacustrine-alluvial deposits: The strata thickness increases in the western 
direction from 10 to 20 and probably to 30 m. Water-holding deposits are sands, sometimes gritstones. 
This aquifer is everywhere confined to the upper Pleistocene lacustrine-alluvial deposits, mostly clayey 
ones (confining bed), which caused the formation of the under surface aquifer isolated from the regional 
one (Fig. 2.IV.I-d). Owing to the prevalence of clayey deposits in the upper parts, GW flow is directed 
to the west, discharging into the Pibor River and partly evaporates.  In most cases the GWT is 4 to 5 m 
deep; but under the longshore bars and deltaic formations, it is 6 to 7 m deep. The aquifer has not been 
studied well, being covered by only a very few boreholes. The permeability coefficients may presumably 
vary from 0.01 to 2.0 m/day and the yields from 0.01 to 0.5 l/s.
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Regional aquifer: Within the highlands, it exists only in crystalline rocks (gneisses, granitoids, etc.) of 
the basement. Depending on the degree of fracturing and tectonic disintegration of rocks, permeability 
coefficients range between 0.001 and 1.0 m/d and borehole yields between 0.01 and 0.6 l/s. Generally, it 
streams to the west; and it is a single aquifer with the GW overflowing on its way from one lithological 
formation to the other, from the area of recharge to that of discharge, i.e., from watersheds to riverbeds 
or from catchments to riverine areas. GW is interconnected with river water (Fig. 2.IV.I-d), under flow 
gradients reach 0.006 and the GWT depth increases substantially from riverbeds to watersheds. 

Under river valleys, where the aquifer gets supplemental recharge due to overflow (hampered infiltration) 
from the alluvial aquifer, a groundwater mound forms and spread towards watersheds. The resulting 
GWT looks like “anticlines” on watersheds and under rivers, with synclines in-between and general dip 
being to the west. It may be assumed that the more to the west, the anticlines under rivers become more 
flat and the aquifer gets insignificant recharge through water overflow from the lacustrine-alluvial aquifer; 
and having passed the Pibor riverbed, it is discharged into the White Nile Valley. 

Borehole #104 penetrated the regional aquifer down to the Pliocene deposits of the Alwero formation 
where an artesian aquifer with good prospects for water supply was discovered (Map of Possibilities for 
Groundwater Supply). It is confined with sandstones and sands with thickness of 30 m (in a depth interval 
of 90 to 120 m). Its roof and base are composed of confining aleurolites, the artesian pressure surface has 
set at a depth of 20 m (70-m head), the yield is 2.5 l/s at 1.1-m drawdown, the transmissibility is equals 
to 120 m2/day (k is about 40 m/day) and storativity is 2.4x105. This artesian aquifer presumably dips at 
a small angle to the west, leaving Ethiopia; and may be encountered within the Upper Nile syneclise at 
depths from 80 to 200 m. The aquifer recharge is by GW seepage through basalts and granite-gneisses. It 
is quite probable that the head is increasing in the western direction, till it can make the aquifer flowing 
and then might become economically feasible for irrigation.    

Water Quality

As came in the Baro-Akobo River Basin Integrated Development Master Plan, Final Report, May 1997, 
in the course of the Russian investigation (1990) and the ARDCO-GEOSERV project (1995), water 
samples were collected from rivers, springs, wells and test bore holes throughout the Baro-Akobo project 
area. These water samples were analysed for inorganic chemical content, to determine the chemical 
characteristics of project area waters. Appendix 2.8 of the 1990 Russian Report, lists 126 water quality 
analyses; and the ARDCO-GEOSERV report describes the results obtained from 273 sampling points. As 
would be expected, water quality from the sampled sources and locations of the large project area vary 
considerably.

In the Gambela Plain vicinity (the Lower Basin) most surface and groundwaters are suitable for many 
potable and irrigation uses. Total Dissolved Solids (TDS) of tested groundwater range from 72 to 955 
mg/l. Of note is the quality of the water from the artesian aquifer (Alwero Formation) encountered in 
Borehole 104. This water was found to be of excellent quality with a TDS of 313 mg/l A pH of 7.0 and 
generally low in all constituents, including rare elements.
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Use and Production of Existing Springs and Wells

As came in the Baro-Akobo River Basin Integrated Development Master Plan, Final Report, May 1997, 
available information regarding the use and production of existing wells in the project area by then, 
indicated that functioning wells serve primarily as village or individual household water supplies. The 
total water consumption from surface water sources, groundwater sources, street taps and springs was 
insignificant. “Thus, the water resources of the Baro-Akobo Valley Rivers were described as practically in 
a natural state”. Judging from this quote, the Russian work completed in 1990 appears to indicate that 
little well production of groundwater was occurring within the area of the Lower Basin, including the 
Gambela Plain.

On the other hand, in the Upper Basin Study of the Baro-Akobo project area conducted by ARDCO-
GEOSERV (1995) report: Information regarding production in the Upper and Lower Basins of the project 
area, indicated that only a very small amount of the total groundwater available is utilised by the regional 
population. 

Future Groundwater Development Potential

All data and information reviewed and analysed in the course of the preparation of the 1997 evaluation, 
indicated that groundwater is available in substantial quantity in almost all sectors of the project area. 
Such water has been developed for local population water supplies from springs, hand dug wells and 
deep bore wells. Although, water from these sources is used primarily for drinking and other household 
purposes, some irrigation of private gardens was also observed. In addition, a few significantly large 
groundwater irrigation projects were known to be active then. 

Water supplies can be derived from groundwater contained within essentially all rock types within the 
basin. Future potential water well supply areas were defined (Jikou-Baro, Baro-Alwero, Alwero-Gilo and 
Gilo-Akobo zones), which reportedly should provide bored wells ranging in production from 1.5 to 20.0 
l/s. 

Locations for Groundwater Development Potential

Although, there is some groundwater development potential in effectively all areas of the Baro-Akobo 
Basin. However, there is only one vicinity that has demonstrated potential for the construction of 
relatively shallow (I70 m) high capacity wells (5-10 l/s) and having good groundwater quality. The test wells 
identified in the Russian Report of 1990 as boreholes, indicated potential water bearing zones between 
depths of about 60 and I70 m in both electric and lithology logs. All of these wells are located in the block 
of map co-ordinates 8° 10´ and 8° 15´ north and 34° 10´ and 34° 20´ east. If agricultural conditions are 
considered suitable, a production-test well construction programme should be initiated in this vicinity. 

On the basis of information available from previous studies of aquifer conditions in the Lower Basin, 
Regional Aquifer, Alwero Formation, a production-test programme is recommended at the vicinity of 
Itang (50 km west of Gambela). There has been some groundwater testing done in the vicinity of Itang 
that indicates good potential for constructing irrigation supply wells of 20 l/s or more there. The Russian 
Borehole No. 5, where much testing was conducted, is nearby.
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Groundwater Development Options

As a part of the 1997 Baro-Akobo Basin Master Plan, community and irrigation water supply combined 
development option has been considered viable and important to the development of Ethiopian 
groundwater resources in the Baro-Akobo Basin. Albeit the fact that planning and construction approach 
to development of a groundwater Irrigation Water Supply (IWS), differs substantially from that of a 
groundwater Community Water Supplies (CWS). The IWS usually requires a significantly greater 
production capacity than a CWS to be economically and financially feasible.

Three general water well designs were recommended for exploration, testing and development of 
groundwater resources within the Baro-Akobo Basin. Two of the designs are for wells to be drilled in 
the alluvial aquifers of the Gambela Plain and one is for Basement Complex rock wells to be drilled 
throughout the rest of the Baro-Akobo area. Of the two alluvial aquifer test-production wells, one is 
designed for a production rate of 1.0 to 10.0 l/s, primarily for community water supplies; and the other 
for production rates from 5.0 to 50.0 l/s, is designed for irrigation wells. The Basement Complex well, is 
designed to produce as much as 10 l/s from fractured rock aquifers.

Conjunctive use of surface and groundwater is a possible consideration in the very long term; and 
artificial recharge was envisioned, after an overdraft is observed to be imminent in the groundwater 
production area within the basin. During the development and operation of the basin’s aquifers, site-
specific geological, hydrological, hydrogeological and aquifer hydraulics data and information would be 
obtained and maintained in a complete and continuous database, to be used in the design and construction 
of artificial recharge facilities.
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Annex II: Geophysical Investigations by the Czechs in Upper Nile (1977)

Annex II-i: Summary

Scope of the survey and methods applied

A geophysical survey was carried out in the Upper Nile Province by the Czechoslovakians during dry 
season of 1976. Field measurements were carried out from January to June, 1976; and the final report was 
completed in January, 1977. The purpose of the survey was to delineate, the structures and respectively 
aquifers with a low degree of salinity, i.e., to establish the important sources of ground water suitable as 
the water supply for the given area. Further aim was to detect buried morphological structures of the 
substratum of the Basement Complex, which have unfavourably influenced migration of ground water in 
the studied area25. 

A combination of geophysical methods was used, consisting of geo-electric, gravimetric and magneto-
metric measurements to solve the problem. Petrographic analyses, physical properties of rocks (density 
and magnetic parameters) were measured in the laboratory on a limited number of samples taken 
from natural outcrops. Magnetic measurements can detect basic rocks within the Basement Complex, 
young volcanic rocks within the sedimentary complex and contacts between crystalline and sedimentary 
complexes. Very Important data concerning the resistivity of rocks were derived from parametric electric 
sounding measurements carried out at the boreholes and water yards. 

Results 

Geophysical profiles measured during the five stage of the survey were situated generally perpendicularly 
to the assumed geological structures and strikes, so that they could delimit the boundary of the Basement 
Complex and sedimentary complex. The report includes data interpreted vertical resistivity profiles, 
the values of measured resistivity of water from water samples and the theoretical curves by which 
interpretation was carried out. Comparison of surficial electric sounding results and results on total solids 
led to the definition of relationships between ground water mineralization and water resistivity. Results 
of field measurements and derived data have served as the basis for the construction of geophysical 
profiles as well as geo-electrical sections. The mentioned results have also allowed to construct the 
sketch maps in which comprehensive geological structures were visualised; and hydrogeological ones and 
groundwater conditions were presented. 

The difference in the resistivity within the sedimentary rocks has given an assumption to delineate the 
strata series with higher resistivity, which corresponds to the water horizons with lower degree of 
salinity. It enabled delineation of the assumed Nuba Formation also and to detect the relief of Basement 
Complex. The application of gravity survey was based on the assumption of a considerable contrast in 
the density parameters of both, rocks of sedimentary formations on the one hand and rocks of the 
Precambrian substratum on the other. The assumed difference in densities has led to the assumption 
that the gravity anomalies would reflect considerably the relief of the Basement complex. On the basis 

25  Geophysical Investigations of Groundwater Structures; central and northern parts of the Upper Nile Province; fifth 
stage; prepared for the Democratic Republic of Sudan Ministry of Agriculture, Food and Natural Resources; Rural 
Water Corporation by Geophysics National Enterprise Brno-Tho Bratislava Branch; Czechoslovakia; Strojexport; the 
Foreign Trade Corporation for Export and Import; Prague; 1977. 
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of gravity anomalies distribution, three more important regional depressions were distinguished in the 
studied area - Malakal depression, Wunthau depression and Renk depression separated from each other 
by conspicuous elevations - Akoka ridge, Galhak ridge. Other two smaller depressions and three ridges 
were established in the subjected territory also. The most larger depression is the Wuntau one, with a 
thickness of sedimentary complex more than 1,500 m.

Three main stratum were delimited with regard to resistivity of rocks, water resistivity and groundwater 
mineralization, which can serve as the water supply in the surveyed area. The one of them ‘’superficial 
stratum’’, the most optimum source of potable waters in the given areas. In the sequence of sediments at 
depth 100 - 200 m are established resistivity changes, from the White Nile River to the west and east. The 
increase in resistivity in eastern direction is only gradual. In places were the resistivity is more than 7.0 
ohmm, it is assumed that there is presence of water with total solids less than 1,500 ppm in the sequence 
of sediments at depth, 100 – 200 m. Relatively large extension of aquifer of Nubian Series, was detected 
on the basis of geo-electrical and gravimetrical data. This stratum forms a layer at the depth from 250 to 
400 m. It is almost in the whole Malakal depression. Thickness of this stratum may attain several hundreds 
of metres, but at ridges it is reduced to several tens of metres.

On the basis of all the summarized geophysical, geological, hydrogeological and hydro-chemical data in 
the area in question, 23 suitable places have been selected for locations of verifying bore-holes, which 
would be appropriate water-bearing horizons that will be the main sources of good quality waters in the 
studied area. The surveyed area is located in the northern part of the Upper Nile Province. A big share 
of geophysical measurements was concentred in the surroundings of the towns of Malakal, Malut, Paloch 
and Renk.

Annex II-ii: Introduction

With respect to geological and hydrogeological knowledge, R. B. Salama and M. N. Salama (1974), pointed 
to the fact that besides delineation of waterbearing horizons of superficial deposits, sediments of Umm 
Ruwaba Formation and assumed Nuba Formation, there was necessity to detect buried morphological 
structures of the substratum of Basement Complex in the area in question. These structures are very 
important with regard to regional hydrogeology, because they have divided the sedimentary fill into 
independent basins and they have formed impermeable ridges which have unfavourably influenced 
migration of water. In specific circumstances, they can decrease water velocity to its minimum; and thus 
allowing for the dissolving of more particles from the aquifer material and increasing the salinity. 

There had not been any geophysical investigation carried out for the-purpose of knowing the 
hydrogeological problems in the Upper Nile Province, prior to this study. To use fully the results of 
geophysical and hydrogeological surveys carried out in the Upper Nile Province and in larger part of 
adjacent regions, it was necessary to summarize the available geological and hydrogeological data. The 
emphasis being that such summary would be the best possible base for an effective hydrogeological and 
structural survey. 
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Concerning the geology of the Sudan, a more systematic geological activity started after the year 1905, 
when the Geological Survey of Sudan was founded. The first ground water studies are from that time too. 
In addition, A. J. Whiteman (1971) compiled, analysed and generalized the results of almost all the presently 
available published or unpublished works, some of which are more important from the geological and 
hydrogeological point of view; and presented here below:

The first report dealing with the ground water occurrences in Sudan was published by Grabham (1906, 
1909 & 1934), followed by Andrew (1948) who described in the Geology of Sudan the water-bearing 
properties of various types of geological formations. He pointed to the fact, that the Nubian and Umm 
Ruwaba Formations are favourable from the saturation view point. White (1955) prepared a plan for the 
investigation of ground water occurrences of the Sudanese territory.

 X A. O. Mohamed (1974) described rocks of sedimentary complexes and the Basement Complex and 
their subdivision in the area investigated. He pointed to the fact that large part of Kodok, Sobat and 
Zeraf plains are underlain by the Nubian Formation.

 X R. B. Salama and M. N. Salama (1974), compiled the most important knowledge of other authors 
from the geological and hydrogeological point of view; and they expressed some significant opinions. 
These studies belong to the most complete works, which dealt with geological and hydrogeological 
problems, mainly with a salinity of water in the area in question. They presented a complete 
characteristics of individual geological formations of more important groups of sedimentary rocks 
and individual types of rocks; and they:

 X described the main three types of aquifers, namely: Umm Ruwaba – aquifer, Basement Complex 
and Superficial Deposits. 

 X concluded that the permeability of water is very low in Upper Nile Province and that this 
permeability decreases with the depth. 

 X supposed that the Basement ridges act as a water barrier and the water velocity is decreased 
to its minimum. Thus allowing for the dissolving of more particles from the aquifer material and 
increasing the salinity.

 X Chevron oil Company executed geophysical works (aeromagnetic, aero-radiometric measurements 
and aero-photo mosaic) in the area in question. There were surveyed deep geological structures to 
obtain an imagination or a visualisation about occurrences of oil in the projected area. 
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Annex II-iii: Geology 

The fundamental division of geological formations known in Sudan was published in the Sudan Geological 
Survey (Geological map 1:4,000,000), 2nd and 3rd editions (1949 and 1963); and in modified form by A. 
J. Whitemann (1971). From these works the Czechoslovakians study (1977) set the general geological 
column for the region studied (Table below).

General Geological column in the area in question

S/# Name of unit Age

1. Basement complex Mainly pre-Cambrian

2. Nubian series Mesozoic / Lower Cretaceous

3. Volcanic & intrusive rocks (mainly lavas/undifferentiated) Mainly Tertiary - Quaternary

4. Umm Ruwaba series Quaternary - Tertiary

5. Superficial deposits Quaternary - Tertiary
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Basement Complex

The term Basement Complex is used by Whiteman (1971) for igneous metamorphosed and sedimentary 
rocks mainly of Precambrian age, covered with sedimentary and Igneous Palaeozoic and Mesozoic rocks. 
These oldest rocks built up in the South Sudan extensive territories delimiting the synclinal basins filled 
up with sediments of the Umm Ruwaba series from the east, south and west. The long strip of Basement 
Complex rocks along the Ethiopian boundaries consists prevailingly of acid, gneisses, schists, granites, 
amphibolite and quartzite, which continue to Sudan and Ethiopia through Kenya from Mozambique 
(Cahen, Snelling 1966 in Whiteman 1971).

In the area studied Basement Complex rocks are cropping out only in the marginal parts as Independent 
Jebels or more continuous groups of Jebels. It was also, attested to by several boreholes in the substratum 
of the sedimentary filling at the depth of 49 m to 524 m. According to R. B. Salama and M. N. Salama 
(1974), the drilled rocks consisted of weathered gneisses, fresh unaltered granitic gneisses and granitic 
rocks. 

According to the results of geophysics, the basement complex underling the sedimentary filling is 
dissected by tectonics into several blocks, sunken ones onto one another more than 1,000 m. The 
Basement Complex in the depressions of Malakal, Wuntau and Renk is sunken to the depth of about 900 
m and more than 1,500 m. Very sharp, are mainly delimitations of the Renk Depression from the east by 
a distinct block (Qoz Fami Ridge) that forms the eastern margin of this depression; and of the Wuntau 
depression from the south. The Basement Complex occurs nearer to the surface again (100 – 400 m) 
between individual depressions - as Akoka Ridge and Galhak Ridge (Plates 3, 7 & 8). In the individual 
blocks, are often local less distinct depressions and elevations.

On the basis of density changes in the underlying complex, the Czechoslovakians stated that the basement 
complex rocks display a wide variety of types, structures and complex tectonic and metamorphic grades. 

Nubian Series

The continental and or nearshore marine sediments of Nubian Series (or Nubian group), form wide areas 
in the central and northern Sudan; and they are also extended in southern direction to the boundary 
of the Upper Nile Province (Geological Map 1: 2,000,000, 1973). This Mesozoic sequence (Lower 
Cretaceous) consists mainly of friable, highly solidified sandstones, claystone and conglomerates. The 
sandstones and conglomerates are usually aleuritic and the claystones sandy. For the sequences, presence 
of hard ferruginous and siliceous strata is typical. Within this series several lithostratigraphic subdivisions 
have been distinguished, probably only of local validity and it is not possible to apply this division to all 
areas where Mesozoic sediments have been founded.

In the area studied, Nubian series sediments were attested by drillings at the depth 930 feet and 1,120 
feet (283.464 m and 341.371 m). According to R. B. Salama and M. N. Salama (1974), a sequence 63 to 
136 feet (19.2024 to 41.4528 m) thick is concerned, consisting of sandstones with low percentage of clay, 
iron oxide concretions and mudstones. O. A. Mohamed (1974) mentioned the presence of this series also 
in drillings south of Renk (lat. 11° 45´, long. 32° 48´) and in Taufik (lat. 9° 26´, long. 31° 36’); and stated 
that: It is possible that a great portion of the Sobat plains are underlain by the Nubian formations. The 
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Czechoslovakians expected most probability that Nubian series rocks also underlie laterites at the profile 
C-C and D-D. Relatively low resistivity (around 10 ohmm) testify to a prevailingly claystone development, 
as also confirmed by the geological profile of borehole BH 3634 (mudstones with intercalations of 
sandstones). Geo-electric measurements have found a bed with higher resistivity (more than 20 ohmm) 
underlain by a low resistivity sequence in the area of Malakal, Akoka and Renk, which may be ranged to 
Nubian Series (gravity depression), in accordance with the assumption of O. A. Mohamed (1974). In the 
Malakal Depressions, thickness of the supposed Mesozoic Sediments attains several 100 m, while at the 
Akoka Ridge it is reduced to several tens of metres. In the Wuntau Depression and at the ridges (Jebel 
Megeinis and Galhak), these sediments have not been found. In the Renk Depression their presence is 
indicated by the occurrences at the eastern margin of Qoz Fami.

Volcanic and Intrusive Rocks

Tertiary effusive rocks and other volcanic rocks (mainly undifferentiated lavas) in the South Sudan are 
mainly spread along the International Border Line with Ethiopia and Kenya. According to A. J. Whiteman 
(1971) and O. A. Mohamed (1974), the volcanic complex consists of two series, the lower and upper 
one. The upper lava series includes leucocratic lavas and tuffs in at least one effusion of basalt lava. The 
lower lava series includes lavas and subsidiary tuffs. In the area studied, on the geological map 1:2,000,000 
(1979), two independent occurrences of volcanic rocks are mentioned near Galhak.

In reconnaissance of the field, young volcanic was found in Jebel Ahmed Aga only. Fragments of highly 
porous bombs and slag indicate that relicts of a slag cone are concerned, the age of which may be estimated 
as Pliocene-Pleistocene, according to relatively good preservation of an original shape. Petrographic 
composition of rocks varies from nepheline trachybasalts (slags) to basanites, nepheline basanites and 
olivine nephelnites (lava fragments). Similar rock types are known from the East African Rift System. It is 
probable that tectonic and magmatic processes connected with the western branch of the mentioned rift 
system rudimentarily reach as far as South Sudan, as indicated by B. H. Baker (1965). It affects the Nimule, 
Juba and the frontier area with Kenya.

Umm Ruwaba Series

Sedimentation of the Umm Ruwaba Series, took place in a depression of synclinal character, created by 
Tertiary-Quaternary tectonic movements between the Ethiopian plateau, Nuba Mountains and southern 
highland bordering Kenya, Uganda and Congo. The sediments were deposited in two synclinal basins, 
which are connected NW of Juba and N of Torit. The western structure occupies the larger part of 
the Bahr el-Ghazal basin. The centre of the eastern basin is extending through Pibor and Akobo, east of 
Malakal, between Galhak and Renk where it follows the White Nile River valley. 

Fluviatile and lacustrine sediments probably were not deposited in one large and continuous basin, but 
in inland deltas and shallow lakes. According to Andrew (1949), they consist of unconsolidated sands, 
sometimes gravelly, clayey sands and clays. Standing water and lakes existed from time to time dependent 
on the relationship between evaporation. Transportation and precipitation, date of integration of the river 
system, river flows, etc. Occasionally, dependent on the mentioned factors, drying up of lakes and swamps 
and deposition of saline deposits could have occurred.
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Lithological composition of sediments of the Umm Ruwaba Formation is similar of organic substance 
and transported fragments of the Basement Complex, basalts and granites dominate. Andrew (1948) 
mentioned that under the surface clays south of Malakal there are well sorted sands. The sands are, 
however rare in the Jebel Ahmed Aga area were the lithology is predominantly clayey. Near Paloich 
manganese layers are present in the sequence (Whiteman, 1971).

Thickness of sediments is variable, dependent on morphology and tectonic position of the underlying 
complex. Least thickness of the sedimentary cover is in the marginal parts of the depression and at 
elevations of the underlying Basement Complex, largest in sunken blocks. R. B. Salama and M. N. Salama 
(1974) mentioned a minimum thickness of 1.6 m found in borehole BH3652 and maximum one 524 m 
verified by borehole BH 3620 A. New information on structural tectonic conditions of the Basement 
Complex was also applied in determination of thickness of’ the sedimentary cover. The complex of 
sedimentary rocks of Mesozoic to Quaternary age attain several tens of metres to more than 1,500 m 
in thickness. Sediments of the Umm Ruwaba Series form a continuous sheet in the whole studied area, 
perhaps except the immediately adjacent area of the Nuba Mountains only.

At the conspicuous ridges of the Basement Complex, the Czechoslovakians assumed thickness of the 
sediments ranges from 50 m to 300 m, locally up to 400 m. In the Malakal Depression they are probably 
resting on the Mesozoic complex of the Nubian Series and the Czechoslovakians estimated their thickness 
to be from 250 to 350 m. In the relatively deeper Wuntau and Renk depressions this stratigraphic 
boundary is beyond the reach of the used method. On the basis of the results of geophysics and existing 
boreholes the Czechoslovakians then assumed that thickness of Pliocene-Quaternary sediments is more 
than 500 m.

Superficial deposits

Superficial deposits in southern Sudan were divided by O. A. Mohamed (1974) into the following groups:

I. Residual deposits (laterites)

II. Transported soils

a. alluvial deposits 

b. Eolianite/aeolianite deposits

Residual deposits (laterites) cover a wide area formed by the basement complex and their thickness 
varies from 1 to 15 m. The transported deposits are from the genetic viewpoint divided into alluvial 
and eolianite sediments. Alluvial deposits are mainly confined to stream beds and their flood plains. In 
the Upper Nile Province, the stream beds consist predominantly of loams, clays and locally also of fine-
grained sands. A more coarse-grained character displays only in lateral Khors in the proximity of the 
Ethiopian plateau.

According to Berry (1962) in the White Nile River valley, are also well developed two terrace benches. 
The lower terrace (386 m above sea level in Alexandria) was observed from Kosti to Malut bend and 
higher up (386 m a.s.l) as far as Malakal. Eolianite sediments are spread in the area SE of Malakal, along the 
Sobat River and between Galhak and Renk. On both sides of the Sobat River, morphologically conspicuous 
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elevations are formed by clay and only loamy or sandy horizons indicate their eolianite origin.  An equal 
type of stabilized dunes was observed also north of Malakal. The described lithological composition of 
dunes was also indicated by the method of geo-electric sounding.

Geological structures

Tectonic structures in South Sudan and Sudan were divided by Whiteman into three fundamental groups:

a. Basement Complex structures or older structures in the Basement Complex, which are mainly 
foliation trends of Pre-Cambrian and Early Paleozoic age.

b. Post Basement Complex structures, which include those systems, which were initiated in the 
Paleozoic period and their fault movement continued throughout the period of deposition of the 
Nubian Series, allowing the basin floor to subside and the sedimentation to continue. The faults were 
reactivated in the tertiary, perhaps with the initiation of new fault system in addition and in similar 
manner the basin floor subsided through the deposition of the Umm Ruwaba Series.

c. Rift Valley structures, which are believed to be associated with the East African Rift system. The major 
depression in which the Umm Ruwaba series were deposited is of the same order of magnitude as 
the other African Rift through. 

Annex II-iv: Hydrogeology

On the basis of the geological structure, several hydrogeological units are distinguished in the investigated 
area and its wider surroundings.

Basement Complex Rocks 

In general, they are considered as impermeable and unsuitable for accumulation of a larger amount 
of groundwater. Of an equal character is that these rocks also underlie the sedimentary fillings. Local 
hydrogeological importance is ascribed to these rocks in places of more permeable weathered zones and 
young still unsealed fault systems only.

In the investigated area, basement complex rocks are cropping out only in the marginal parts in the 
shape of independent Jebels and more continuous groups. Regarding to the areal extension and textural/
structural features, these Precambrian rocks are not of direct hydrogeological importance. Their position, 
however, is very important from a more regional standpoint. They form the downflow areas and together 
with their foothills obviously are the catchments for near and more remote sedimentary formations. 
Under the sedimentary cover, basement complex rocks form ridges or are sunken to greater depths. 
Conspicuous ridges differentiate the sedimentary filling into independent formations, which in places 
are connected with one another in the uppermost parts of the sequence only. From the standpoint of 
regional hydrogeology, these ridges form either impermeable barriers for streaming groundwater or 
reduce the discharge profile only.

Nubian Series Rocks 

The hydrogeological character of the Nubian Series rocks is very favourable in the adjacent Kordofan 
province. In a porous or porous-jointed environment huge amounts of groundwater reserves of suitable 
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chemical composition are accumulated. Continuation of this favourable subterraneous stratum into the 
Upper Nile Province has been proved. The view of O. A. Mohamed (1974) that a great portion of the 
Kodok, Zeraf and Sobat plains are underlain by the Nubian Formation has been confirmed by boreholes 
and partly by the results of this study geophysical exploration (Plate 9). According to geophysics, it was 
concluded that sediments of the Nubian formation are mostly formed by claystone with intercalations of 
sandstones or by a sandstone-conglomerate sequence with water of higher mineralization than is typical 
of this formation. The hydrogeological properties of these sediments, in general, may be influenced by 
lithological composition of both sequences and boundary conditions of the individual subterranean strata.

Volcanic Rocks

Volcanic rocks occur in the area investigated in one or two independent Jebels only (Plate 2).  Although 
their textural-structural features form more favourable conditions for circulation and accumulation 
of groundwater (being highly porous slags than in basement complex rocks), regarding to the areal 
extension, they are not of greater hydrogeological importance. They may form only local catchment areas 
for neighbouring sedimentary sequences of the Umm Ruwaba Formation and for depressions filled up 
with slopewash sediments. Unless hydraulic connection of these waters with highly mineralized waters of 
the Umm Ruwaba formation exists, it is assumed that groundwater genetically linked with the mentioned 
areas will have favourable chemical composition. The occurrence of volcanic rocks in other areas of the 
investigated territory has not been found in the underlay of the sedimentary filling. It is probable that 
these occurrences are the only evidence of youngest volcanism in this region.

Umm Ruwaba Series Sediments

The hydrogeological character of Umm Ruwaba series sediments has been evaluated in detail on the basis 
of existing exploration by R. B. Salama and M. N. Salama (1974). It is evident from the mentioned work 
that the Umm Ruwaba aquifers cover almost the whole Upper Nile Province area, the eastern part of the 
Bahr el-Ghazal Province and the northern part of the Equatorial Province. In the southern provinces, the 
aquifer is in hydraulic connection with the aquifer in the other regions; and only interrupted by outcrops 
of Basement Complex rocks and volcanic rocks in form of Jebels. 

Thickness of the aquifer varies from 200 - 400 feet (60.96 – 121.92 m) in the marginal zones, more than 
1,500 feet (457.2 m) along the Gelhak - Akobo axis. The aquifers are characterized by a high content of 
clays and fine sands, Kankers and Ironstone concretions. Although the Umm Ruwaba Aquifers represent 
one hydraulic unit, the lithological changes and high content of fine sands and clays, testify that the 
aquifer is not homogeneous; but may consists only of small independent waterbearing bodies/aquifers of 
different hydrogeological properties, which are mutually connected through aquitards. In some areas the 
aquitards are very important from the qualitative and quantitative standpoint; and in other areas their 
effect is almost negligible.

The map e.p.m. shows that the flow direction of groundwater is from south to north and that the 
Basement Complex forms catchment areas for sediments of the Umm Ruwaba Series at the western 
and eastern border of the basin. The water from the basement areas in Equatoria and Bahr el-Ghazal 
Provinces are mainly HC3 water (carbonated hardness - secondary alkalinity) with low percentage of 
sulphate Cl anions. In the Umm Ruwaba Aquifers, the infiltrating water starts to dissolve some salts from 
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aquifer material and mix with the aquifer water. The percentage of the carbonated harness decreases and 
the percentage of the sulphate nearly equals that of the bicarbonate. Moving further into the aquifer, the 
water changes continuously, increasing its sulphate content and the water is dominated by alkaline and 
strong acid.

The high content of total solids in ground waters is explained by some authors, as due to the unfavourable 
lithological composition of the water bearing bed, its very low permeability and barriers inside the 
sediments filling. From lithological logs of the drilled boreholes, they concluded that permeability of the 
water-bearing layers is very low and decreases with depth. The water moving in the aquifers will be of 
very low velocity and thus the contact time with the formation will be long, allowing the water to dissolve 
more salts from the aquifer material. This is shown by the higher increase in the percentage of sulphate, as 
the water moves downstream. The second important factor of the increase in total solids, is confirmation 
of the views that groundwater flows from the margin of mountains into the central part of the basin, 
independently of the fact that whether the basin is hydraulically continuous or discontinuous. 

Annex II-v: Delimitation of the sedimentary basin and its dissection

The sediments of the Umm Ruwaba Series together with superficial deposits cover the whole area studied, 
except the already mentioned outcrops of the Basement Complex in marginal parts and the outcrops 
of volcanic rocks near Galhak. The sedimentary filling in large parts of the investigated area, consists of 
superficial deposits, the Umm Ruwaba Formation and Nubian Series. This sedimentary complex is not 
complete everywhere. Its western border forms the eastern margin of the Nuba Mountains, the eastern 
margin lies outside the studied territory, except the area east of Renk, where delimitation is formed by 
the Ingessana Hills. Underlying the sedimentary complex, the Basement Complex forms morphologically 
conspicuous ridges or is deeply sunken in depression parts. 

On the basis of gravity measurements, three regional depressions have been distinguished in the 
investigated area, namely the Malakal Depression, Wuntau Depression and Renk Depression. In the 
Malakal Depression, thickness of the sedimentary filling attains 400-900 m. It is a tectonically subsided 
block between the Akoka Ridge and Jebel Zeraf Ridge, the southern delimitation of which lies outside the 
investigated area. The Wuntau Depression represents the most distinct depression downthrown along 
faults of NW-SE direction between the Akoka Ridge and Renk Ridge. In the centre of the depression, 
thickness of sediments is probably more than I,500m. The Renk Depression is represented by a narrow 
depression of NW-SE direction, which broadens in the Renk area towards the Jebel Megeinis. Its western 
and southern borders are formed by faults of E-W and NW-SE direction. In the east to the Qoz Eami 
Ridge, the depression is delimited by a distinct fault of NW-SE direction. The thickness of the sedimentary 
filling in the centre of the depression is about 1,200 m. Thickness of the sedimentary sequence on ridges 
of the Basement Complex (Jebel Zeraf, Jebel Fungor, Jebel Megeinis, Akoka, Galhak and Qoz Fami) varies 
about 50-400 m. In the area of Akoraweng and Gereid within regional ridges, two local depressions were 
distinguished with thickness of sediments varying about 400-500 m.
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Annex II-vi: Water-Bearing strata

According to R. B. Salama and M. N. Salama (1974), the aquifer of the Umm Ruwaba Series is characterized 
by a high content of clays and fine sands and ironstone concretions. According to geological profiles of 
existing boreholes, it consists of sand, sandy clay, clayey sand, sand with gravel, gravel, clay with gravel and 
sandstone. The whole sequence is prevailingly of clayey development, water-bearing-layers form only local 
layers several cm to several m thick. They are recoded at depths, from 41 m (BH 3649) to 338 m (BH 
3660); and are laterally discontinuous, as also confirmed by boreholes BH 3978 & BH 6430 in the Malakal 
Depression.

On the basis of the structural-tectonic building of the Basement Complex, occurring under the sedimentary 
filling; and the piezometric level of groundwater, it may be stated that in horizontal direction, no hydraulic 
connection exists between the individual water-bearing layers in the whole studied area. In depressions’ 
parts (Malakal, Wuntau and Renk), at depth below 340 - 400 m, this connection is interrupted by buried 
ridges of the Basement Complex (Jebel Zeraf, Akoka and Galhak Ridges). In the upper part of the sequence 
to the depth about 300-400 m, hydraulic discontinuity is caused by lithological changes and locally uplifted 
blocks inside the regional ridges. Vertical hydraulic connection of water-bearing horizons displays also 
areal restricted effectiveness. The whole investigated basin, is filled up with the sedimentary complex of 
the Umm Ruwaba Series, thus most probably, it may be considered as a hydraulically discontinuous multi-
layer aquifer system.

The aquifer of the Nubian Series occurring under the Pliocene-Pleistocene sediments, probably consists 
of sandstones and conglomerates, as also proved by the profiles of some boreholes (BH 3618 & BH 
3634); and indirectly also by geo-electric measurements, which found a bed with higher resistivity of 
more than 20 ohmm underlain by the low resistivity sequence. The sediments of this series, according 
to the results of geophysical measurements, are mostly spread in the Malakal Depression and Akoka 
Ridge. In the Renk Depression, they are assumed at accessible depth at the margins of the Qoz Eami 
Ridge and Jebel Megeinis Ridge only. Their hydraulic connection with the overlying complex of the Umm 
Ruwaba Series, as well as their horizontal connection with the neighbouring areas built up of these rocks 
(Kordofan and Blue Nile Provinces) is not known.

The aquifer of superficial sediments is according to resistivity (over 20 ohm) formed by sands to gravels, 
most probably of fluvial origin. The occurrence of these deposits is probably bound to stretches along 
rivers and Khors of restricted area only.

Annex II-vii: Groundwater Movement

The map of equal lines e.p.m, in which the results of boreholes (not exceeding the depth of 152.5 
m) of R. B. Salama and M. N. Salama (1974) were applied, shows that in the Umm Ruwaba Basin, the 
groundwater flows from south to north and the water in the basement complex (in the western and 
eastern outcropping parts) feeds this aquifer. This is also confirmed by the map of resistivity changes 
compiled by the Czechoslovakian study (Plates 5 & 9). Small lithological changes provided decreasing 
resistivity from the margin of mountain ranges (Nuba Mountains and Ethiopian Highlands), which would 
testify to an increase in total solids in the direction of groundwater flow.
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At borehole BH 643, a difference in water tables of 2.72 m has been found between the date from the 
well log (16.2.1974) and the measurement by the Czechoslovakians (15.2.1976). The Czechoslovakian 
study measurements on borehole BH 6430 (Malakal) have shown a permanent trend of sinking of SWL 
in the dry period. From Table ..., is to be seen that the piezometric level was sinking in the time 2.2. - 
26.4.1976 by 0.12 m. The results of tritium analyses carried out in the Czechoslovakian laboratories have 
proved the presence of tritium units in the samples taken, permitting the Czechoslovakians to state that 
the groundwater is not older than 30 years. 

The performed analysis has led to the following number of tritium units (TU):

WY Lelo BH 3978  229 TU

WY Akoraweng BH 3669 278 TU

WY Akoka BH 3663  259 TU

WY Rom BH 3628  414 TU

The differences in piezometric levels, water table fluctuation and the relatively young-age of water testify 
to the flow of groundwater, completing and draining of water-bearing horizons. The conditions of draining 
of the water-bearing sequence are unclear as also the conditions of feeding. The known conditions of 
feeding are only in regional apprehension, i.e. that the groundwater flows from the margins of crystalline 
and volcanic rocks into the central parts of the basin. The Czechoslovakian Study further supposes that 
this general direction of flow is influenced in depression and uplifted blocks also by local sources of 
feeding (precipitation, superficial streams and swamps). 

Annex II-viii: Aquifer properties and well characteristics

As to the aquifer properties and well characteristics, setting out from Keingorski table, R. B. Salama and M. 
N. Salama (1974) quote a permeability of 4.84 - 43.55 mm/day for the aquifer of the Umm Ruwaba Series. 
The authors also mentioned the values of transmissibility of 15-300 m2/day, established from availing 
tests in the northern provinces and remarked that this value will be lower with a larger content of fine 
materials to 7.5-130 m2/day in the southern provinces.

On the basis of Logan’s approximation equation:

T = 1.22 Q/S max.

Where T - transmissivity in m2/day 

 Q- discharge rate in m3/day 

 S max. - maximum drawdown in the well

The Czechoslovakians calculated tentatively T values for the respective boreholes as follow:

BH 6430 T 3.328 m2/day 

BH 3666 T 14.916 m2/day 

BH 3656 T 12.96 m2/day 
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BH 3636 T 17.185 m2/day 

BH 3620 B T 14.777 m2/day 

BH 3621 T 34.372 m2/day 

BH 3657 T 17.186 m2/day

The lithological profile of borehole BH 6430 made it possible for the Czechoslovakians to determine 
tentatively also the coefficient of permeability. From unstable flow, its value was 0.13 m/day and from 
stable flow 0.29 m/day. From the value kf = 0.29 m/day, they calculated also orienting coefficient of 
storage, “s = 2.10-5” (Becinsky’s relation), corresponding to range of “s” for confined waters (10-6-10-3). 
The mentioned values, correspond to the aquifer formed by coarse sandy clay. The borehole BH 6430 
is one of the most unfavourable boreholes in the whole investigated region and therefore its hydraulic 
parameters are also very low. “T” values in other boreholes are higher but also fluctuate only at the 
lower boundary of the above mentioned range, confirming the already quoted views that the aquifer is 
little permeable and contains a large amount of fine fraction.

Annex II-ix: Groundwater Quality

In the Upper Nile Province, in the subarea (1) the chemical properties of groundwater are dominated by 
alkaline, earth and weak acids – “carbonated hardness” (secondary alkalinity) exceeds 50%. In sub-area 
(2), the chemical properties are dominated by alkalis and strong acids – noncarbonated alkalis (Primary 
Salinity) exceed 50%٠ The sub-area (3) groundwater, which are individually soft in properties due to 
origin of their solids content, carbonated alkalis (primary alkalinity) exceed 50%. Sub-area (4) includes 
waters with nearly equal cation-anion pair, that is no one cation-anion exceeds 50%٠

The area on the right side of the White Nile, is almost all a low-resistivity one, except for its easternmost 
parts and the Qoz Fami Ridge, what also corresponds to hydrogeochemical zonal. The changes of chemical 
composition of groundwater and resistivity changes, confirm the views that groundwater flows from the 
margin of mountains into the central part of the basin, independently of the fact that whether the basin is 
hydraulically continuous or discontinuous. The increase in resistivity from the river towards the eastern 
margin of the Nuba Mountains, probably also corresponds to changes in total solids, as it is the case on 
the right side of the White Nile.

Vertical chemical zonal of groundwater indicates that the permeability gets lower with depth of occurrence 
of aquifer, which is clear in Fig. 6 of the report. The great dispersion of points testifies that such a relation 
does not exist in the whole region studied; and its local validity cannot be excluded either, as also the 
boreholes with equal coordinates prove. At the locality Mading Deng (SE of Malakal), the decrease in total 
solids with depth is evident as follows: 

BH 3631 Total depth 133 m   Total solids 5,270 ppm 

BH 3660 Total depth 344 m   Total solids 2,300 ppm

A similar relation is also valid for boreholes BH 117 and BH 3632 in Renk (BH 117 - TD 156 m, TS 9,300 
ppm and BH 332 - TD 248 m, TS 2,240 ppm); and a similar dependence is also assumed in the Wuntau 
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Depression between Melut, Paloich and Abyat. A reverse dependence (total solids increasing with depth 
of the aquifer) is revealed by shallow boreholes in the Malakal Depression.

Relation between total solids and depth of borehole

On the basis of boreholes near Akoka, the Czechoslovakians indirectly concluded on the positive 
influence of the underlying Nubian Aquifers. Total solids from boreholes BH3663 (1,880 ppm), BH 3669 
(1,960 ppm) and BH 3974 (2,120 ppm) are different from mineralization of groundwater in the Malakal 
and Wuntau Depressions, although the resistivity of the overlying sediments of the Umm Ruwaba Series 
are very low (2.8 - 3.3 Ohm), similar to resistivity in the mentioned depressions.

The process of formation of the chemical properties of groundwater is complicated, with a complexity of 
primary and secondary factors taking part in it. As most important primary factors, the Czechoslovakians 
considered, are the structural-geological, lithological, mineral and chemical composition of the aquifer; 
hydrodynamic; and oxidation-reduction conditions. In its circulation, groundwater is subjected to natural 
conditions of the heterogeneous system, within which it tries to adapt and reach a state of equilibrium. If 
water is considered as a mobile factor in this complex system, then the resulting chemical properties will 
be an integral sum of all participating factors and conditions. Forming of physical-chemical properties of 
groundwater is thus a complicated process and its explanation depends on the degree of a competently 
documented knowledge of geological structure or region.

The degree of investigation of the described region is insufficient for definitive conclusions. The 
Czechoslovakians think that the source of total solids is the aquifer proper and the delimitation in space, 
with properties given by structural-geological, physical-geographic and climatic conditions of origin. These 
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conditions indicate that in the central part of the Umm Ruwaba Basin, it is not possible to expect horizons 
with good-quality potable water. Waters with relatively more suitable to suitable chemical properties are 
assumed in proximity of catchment areas only.

Annex II-x: Gaps

This document is missing: 

1. Pages 26 & 57; and 

2. The following plates: 

a. 1A - Situation of Geophysical Measurements and 
Boreholes (Sheet I).

b. 1B - Situation of Geophysical Measurements and 
Boreholes (Sheet II).

c. Geological Map.

d. Sketch Map of Gravity Anomalies.

e. Sketch Map of Relative Intensity Geomagnetic Field.

f. Sketch Map of Geomagnetic Field.

g. Sketch Map of Resistivity of Deposits in Depths (from 100 to 200 m).

h. Sketch Map of Spreading of Deposits with Resistivity more than 20 Ohmm.

i. Sketch Map of supposed Faults, Depressions and Elevations of the Basement Complex.

j. Hydrogeological Sketch Map.

k. Groundwater Conditions Sketch Map.
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Annex III: Results from the GW component of the TWAP (TWAP-GW) 

Comparative assessment for Africa considered 64 of the 72 Transboundary aquifers (TBAs). Mostly, 
these are those larger than 5,000 km2 in area, shared by in total 45 countries and consisting of 178 
national segments26. The model calculations were limited to the 34 larger TBAs, involving 112 national 
segments. The distribution of national segments per core indicator category, is compiled from IGRAC 
and UNESCO-IHP, 2016. Using the limited data yielded from the questionnaires, indicators could only be 
calculated for a small number of country segments.

Distribution of African TBA country segments per indicator category for all TWAP-GW core indicators27

 

The TWAP-Groundwater indicator comparative assessment for Africa concluded that there is lack of 
available systematic data, both on static aquifer characteristics (such as structure e.g. aquifer thickness) 
and on time-dependent trends (such as groundwater abstraction, flow and chemical water quality). 

It then recommended that the situation requires further well studying of hydrogeological systems, for 
their proper characterisations; as well as systematic monitoring and site-specific research of groundwater 
in TBAs. The emphasis being harmonization of aquifer information across country boundaries, which 
requires increased focus on standardized and harmonised data systems, methods and formats; in addition 

26  The TWAP Programme considered national or country segments of the transboundary aquifers as the primary 
reporting unit (UNESCO-IHP et al., 2012). A country segment is the part of the TBA located within one country.

27  Based on the questionnaire outcomes, adapted from UNESCO-IHP and UNEP, 2016.
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to promotion of data exchange across aquifer boundaries: At all TBA levels, i.e. at regional, river basin 
and TBA level, as an entry to transboundary groundwater management and development. The study 
further, asserts that the database and portal developed by IGRAC and UNESCO-IHP (2016) can aid such 
cooperation, which is fundamental for joint management. 

On monitoring TBAs, the study pointed to the importance of long-term monitoring of groundwater 
levels, borehole abstractions and groundwater chemistry, as essential inputs required for assessments and 
developing sustainable groundwater resources management policies. Unfortunately, there are deficiencies 
in the monitoring of aquifers in some African states are the result of poor institutional capacity, due to the 
low importance given to groundwater resources by the governments and less donor attention, as water 
resource programs have been focusing on surface water. This has resulted in a lack of hydrogeological 
data. In fact, one would add that this scenario is aggravated by the lack of proper coordination or limited 
cooperation by the consultants, private operators and NGOs that support execution of programs and 
projects for boreholes construction, operation and maintenance.

On governing TBAs, the study identified governance structures and water management units at the 
continental level, for playing an over-arching role in supporting coordination; and lesson harnessing and 
sharing. these structures, include AMCOW and the Regional Economic Communities (RECs); in addition 
to the river/lake basin organisations and the continent-wide strategic groundwater initiative.  The Sudd 
Basin underlies river sub-basins that have been put under one regional sub-basin organisations (ENTRO 
and NELSAP-CU), as subsidiaries of the overall Nile River basin organisation (NBI).  The Sudd Basin 
Aquifer Transboundary organisation would be anchored/aligned to the NBI structures, to leveraged 
cooperation on groundwater more broadly between aquifers-sharing countries and at regional level, 
creating incipient frameworks for broader collaboration on aquifers management.

From 2008–2011, a collaborative study, mainstreaming groundwater considerations into the integrated 
management of the Nile River Basin, was undertaken using isotope studies. This study included a 
component on the interaction between the Sudd wetlands and the groundwater on one hand and 
the relation between the Sudd impoundment and the regional moisture circulation over the Ethiopian 
highlands on the other. This is another relevant action towards the TBAs management within the Nile 
River basin or its river sub-basins. 

From the three case studies of transboundary aquifers, the Nubian Sandstone Aquifer System (NSAS - 
AF63), isotopic studies revealed that groundwater was recharged during several humid phases during 
the Pleistocene (Sturchio et al., 2004) and Holocene periods (Edmunds et al., 2004; Edmunds and Wright, 
1979; Wallin et al., 2005), although present day groundwater recharge may also occur. This latter 
statement implies necessity for investigating the connectivity with the Sudd Basin Aquifer. This 
proximate regional aquifer with fully established scope for TBA cooperation and management; and the 
like within the continent, could informed the setting up of EN GW joint institutional arrangements28 and 
management functions. 

28  These include steering committees, coordination units, joint research and training centres, etc. 
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Annex III-i: Definition/description of Groundwater indicators

Groundwater quantity indicators 

For national TBA segments estimates of mean annual recharge rates were provided. These range from 
highs of >300mm/year in TBA country segments in humid areas to lows of between 2 and 20 mm/year 
for TBA segments in drier regions. Mean annual groundwater recharge is a crucial quantity in a country’s 
water balance, because it indicates the amount of groundwater that is utilizable on a sustainable basis. In 
general, countries provided information on this parameter, but only 5 countries indicated that dedicated 
recharge studies had been undertaken. 

Groundwater depletion rates (mm/year averaged over a TBA total area), are mainly low. High to very high 
depletion rates are reported for 10 of the 30 country segments that supplied data via the questionnaires. 
These include TBAs in North and West Africa in arid areas with high abstraction rates, and TBA segments 
in Zambia, Malawi and South Africa where long-term abstraction from low replenishment aquifers can 
have detrimental impacts.

Groundwater quality Data 

On the natural background groundwater quality, defined as the percentage of aquifer area where natural 
groundwater quality satisfies local drinking water standards. Data on groundwater pollution, defined as 
polluted zones as a percentage of the total aquifer (segment) area.

Socio-economic aspects 

Population density, defined as the number of people living within a TBA area divided by the areal extent 
of the aquifer. 

Human dependence on groundwater is defined as groundwater abstraction for domestic, agricultural and 
industrial water use as a percentage of total water use. 

Groundwater development stress, is defined as annual groundwater abstraction divided by annual 
recharge. Country segment with groundwater development stress values of 50–100% are reported for 
Senegal, Malawi, South Africa and Swaziland (UNESCO-IHP and UNEP, 2016). Groundwater development 
stress estimated from model results is mostly very low to low, even in the semi-arid and arid zones of 
Africa, except for the Algerian segment of the Taoudeni (AF64) and the Libyan part of the Lake Chad 
Basin (AF52). Riedel and Döll (2015) identified TBA hotspots where at least one country segment is 
experiencing medium to very high development stress and medium to very high human dependence on 
groundwater in 2010 and/or in the future (2020/2050). Ten of the 19 TBA hotspots identified are in Africa. 
The need for improved management, including joint monitoring, is obviously more acute here.

Annex III-ii: Conclusions and recommendations

There is lack of available systematic data, both on static aquifer characteristics (such as structure e.g. 
aquifer thickness) and on time-dependent trends (such as groundwater abstraction, flow and chemical 
water quality). The state of the resource, is not obvious from the data collected. There are considerable 
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differences between the outcomes of the questionnaire survey and the model results, which may question 
the validity of the indicators/methods used and the results.

This situation requires further well studying of hydrogeological systems, for their proper characterisations; 
as well as systematic monitoring and site-specific research of groundwater in TBAs. Harmonization of 
aquifer information across country boundaries is fundamental for joint management; hence the current 
lack of information, is an indicator that well establishing of the institutions responsible for transboundary 
cooperation; and joint management and monitoring, covering all TBA segments, still has some way to 
go. This requires increased focus on standardized data collection, promotion of data exchange and 
harmonisation of systems, methods and data formats across aquifer boundaries, at all TBA levels, i.e. 
at regional, river basin and TBA level, as an early part of transboundary groundwater management and 
development. The database and portal developed by IGRAC and UNESCO-IHP (2016) can aid such 
cooperation.

Annex III-iii: Monitoring TBAs

Long-term monitoring of groundwater levels, borehole abstractions and groundwater chemistry are 
essential inputs required for assessments and developing sustainable groundwater resources management 
policies. At national level, some states have systems in place for monitoring their groundwater resources. 
Unfortunately, most states display a near absence of active monitoring systems or monitoring archives 
with historic time series. The fragmentary nature of monitoring data and other information makes effective 
management of groundwater resources diffcult, particularly at TBA level. Deficiencies in monitoring 
of shared aquifers in some African states are the result of poor institutional capacity, due to the low 
importance given to groundwater resources by the governments and less donor attention, as water 
resource programs have been focusing on surface water. This has resulted in a lack of hydrogeological 
data.

Annex III-iv: Managing and Governing TBAs

At the continental level, identified governance structures and water management units, for playing an 
over-arching role in supporting coordination; and lesson harnessing and sharing: Include AMCOW and 
the Regional Economic Communities (RECs); in addition to the river and lake basin organisations. Critical 
for groundwater is the continent-wide strategic groundwater initiative through the Africa Groundwater 
Commission, established in 2007 (AMCOW, 2008, in the Journal of Hydrology, Regional Studies, 2018). 
Challenging though, is the management of the TBAs, which underlie several river/lake basins or those 
TBAs located in areas not covered by international river or lake basin organisations. 

Following the SADC whose Protocol on Shared Watercourses (SADC, 1995 and 2000, in the Journal of 
Hydrology, Regional Studies, 2018) was instrumental in getting groundwater added into the programme 
of activities of the African Network of Basin Organizations (ANBO) in 2008: From 2008–2011, a 
collaborative study, mainstreaming groundwater considerations into the integrated management of the 
Nile River Basin, was undertaken using isotope studies, to raise the profile of groundwater in the NBI 
and initiate joint actions on groundwater issues (Braune and Christelis, 2014, in the Journal of Hydrology, 
Regional Studies, 2018). 
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Further, although not all the institutions are in place or not fully operational, the NSAS (AF63, shared 
between Egypt, Libya, Chad and Sudan) has an agreement made from 1992 to date with full scope for 
TBA cooperation and management signed by all parties (Conti, 2017; Tujchneider and van der Gun, 2012, 
in the Journal of Hydrology, Regional Studies, 2018). 

Nevertheless, in the absence agreements pertaining to a TBA, the domestic legal and institutional 
frameworks for sustainable water resources management continue to play a key role in the coordinated 
cross-border management of TBAs.

From the three case studies of transboundary aquifers, the Nubian Sandstone Aquifer System (NSAS - 
AF63), described as the heavyweight of TBAs in Africa, is confined in places and semi-confined in others. 
Isotopic studies revealed that groundwater was recharged during several humid phases during the 
Pleistocene (Sturchio et al., 2004) and Holocene periods (Edmunds et al., 2004; Edmunds and Wright, 
1979; Wallin et al., 2005) within the unconfined Nubian sediments of south-western Egypt, although 
present day groundwater recharge may also occur. Water quality varies, from excellent in the south to 
saline in the north of Libya (Alker, 2008).
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Key figures, data availability from TWAP-Groundwater indicator assessment29

29 Table A1 of Appendix A, Review of Transboundary Aquifers of Africa (in the Journal of Hydrology, Regional Studies, 
2018.
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Where:

1. is surface area in 1000 km2; 

2. is population in 1000 persons/km2; and 

3. is population density (with 1p/km2 being very low, 1–10p/km2 as Low, 10–100 p/km2 considered 
medium and >100 p/km2 is High).

No. of CS is number of countries sharing TBA; TWAP is number of country segments with indicators; 
Quan is groundwater quantity indicators (with 1.1 being mean annual groundwater recharge and 3.1 
as groundwater depletion); Qual is groundwater quality indicators (with 1.3 being groundwater natural 
background quality and 3.2 as groundwater pollution); Soc.-Econ refers to socio-economic indicators 
(with 4.1 being population density, 1.2 as renewable groundwater per capita, 2.1 refers to human 
dependence on groundwater and 4.2 is groundwater development stress); and L&I indicates legal 
and institutional indicators (with 5.1 being transboundary legal framework and 5.2 as transboundary 
institutional framework).

TBA Specific, A & X refers to TBA specific assessment/research undertaken in an international context, 
with (X) being in preparation; M & X represent monitoring of groundwater in place in an international 
context, with (X) being in preparation; G & X means governance framework existing, with agreement 
and/or some form of formalized TBA specific cooperation in place; and * indicates TBAs for which 
TWAP-Groundwater data and indicators are not available at country segment level, but only at TBA-level.
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Annex IV: Results of GW Use & Recharge Study in Sudan, University of 
Khartoum for ENTRO, 2014

The Nubian Sandstone aquifers are characterized by low to moderate permeability. Transmissivity ranges 
from 20 to 1,500 m2/day. The storage coefficient ranges from 10-2 to 10-4 and the well yield ranges from 
40 to 400 m3/h. The depth to static water level varies between 5 and 100 m.

The Umm Ruwaba sediments are characterized by thick deposits of clay and clayey sands under 
semiconfined to confined conditions. The alluvial aquifers are relatively small but numerous, rich and of 
high local importance. They possess high permeability, moderate to high transmissivity and high storativity 
values. Furthermore, their water quality is very good, usually fit for all uses.

From the available literature, a summary of the information about groundwater storage, annual recharge 
and abstraction is given in Table 1-1 of the study report.

Estimates of groundwater storage, annual recharge and abstraction for aquifers in Sudan

Major aquifer
Groundwater storage 

M m3 
Annual recharge 

M m3 
Annual abstraction 

M m3 

Nubian sandstone basins 503,000 1,800 2,200

Um Ruwaba/Gezira basins 60,000 800 450

Alluvial 1,000 375 200

Total 564,000 2,975 2,850

As can be seen, apart from the alluvial, almost all the groundwater in storage is considered as fossil or 
non-renewable water, the study report asserts. The study report continues narrating that the Basement 
Complex, extends over half of Sudan; and it is a very important source of groundwater in rural areas. 
Unless subjected to extensive weathering, jointing and fracturing, the parent rock is largely impervious. 
A major problem encountered in the management of fractured aquifers is the limited understanding of 
their hydrogeology and flow dynamics. The fractures characteristics could be extremely complex, making 
it very difficult to locate areas of productive boreholes with sustainable groundwater yield. Vulnerability 
and risk of contamination of these aquifers are also very high.

In the Blue Nile Sub-Basin within Sudan, groundwater is found in two main water bearing layers, a lower 
confined to unconfined aquifer in the predominantly Nubian Sandstone formation and an unconfined 
upper aquifer in the Gezira or Um Ruwaba formation. As can be seen in Figure 2-9 of the study report, 
assessment of the obtained data has revealed that:

1. Groundwater occurs in the basin at depths that vary from 7 to 30 meters below the ground surface 
near the rivers at the centre of the sub-basin, but generally it is found at depths less than 60 meters 
within most of the sub-basin. 

2. Groundwater table elevation was found to vary between 460 and 360 m.a.s.l.
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Average Groundwater Levels and Depths to Groundwater for the Period 2000 – 2010
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River-Aquifer Interaction 

Stream - Aquifer interaction can take place in three general categories: 

1. Water from the river flowing into the aquifer (losing stream), 

2. Water from the aquifer flowing into the stream (gaining stream), or 

3. Some combination of both.   

Stream - Aquifer interaction occurs continuously, with a transition between gaining and losing depending 
on the height of the water table and increases/decreases in river stages at some point in time. Flood 
waves usually have short time durations and can temporarily reverse direction of flow, depending on the 
groundwater system. This phenomenon is termed “bank storage”. Recharge to the lower unconfined 
aquifers in the Blue Nile Groundwater Basin is most likely attained from surface runoff in the southern 
part of the basin. Evidence shows, however that recharge to the unconfined top aquifers is primarily 
through lateral flow from the Blue Nile. Observations of groundwater levels in the basin have revealed 
that there are annual water level rises, ranging between 0.5 and 8.0 meters at the recharge areas of the 
rivers in the centre of the Groundwater Basin.

Areas close to the Blue Nile (within 2-4 kilometers of the river banks) witness a significant use of 
groundwater for agricultural development. Based on available information the estimated groundwater 
abstraction for agricultural development is about 1.7 billion cubic meters per year. This is the figure 
generally agreed upon by the groundwater development officials. However, to confirm this figure the 
agricultural area within a buffer zone of 5 Km on both sides of the Blue Nile has been delineated from 
satellite imagery using GIS and was found to be around 1.35 Million Feddan (Feddan = 4,200 m2). Assuming 
supplementary irrigation of three irrigations per year at 400 m3/Feddan, the groundwater abstraction is 
estimated as 1.62 BCM/ year. This estimate agrees with the amount given by the Groundwater Authorities 
(1.7 BCM/ year).

The Blue Nile Groundwater Model

The Conceptualisation of the Model was with the aim of investigating the:

 X Contribution of the Blue Nile River to the ground water recharge; and

 X Potential changes to the flow regime in the Blue Nile River, emanating from upstream interventions 
in Ethiopia.

Based on geological and physical characteristics of the study region, the following factors and assumptions 
were adopted to determine the layout and internal structure of the model:  

 X The project area comprises two overlaying aquifer systems that are for all practical purposes 
hydraulically separated.  

 X The development of the shallow aquifer is primarily for irrigation uses in the vicinity of Blue Nile 
River and to a lesser extent in the settlements within study area.   

 X Blue Nile is the primary source of recharge to the upper aquifer and the groundwater level in the 
vicinity of the recharge area varies seasonally with changes in the river water levels. 
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 X Areas of the aquifer that are bounded by rock outcrops are clearly defined as the end of aquifer and 
can be modelled as no flow boundary conditions. 

 X Head Dependent Flux (Cauchy) type boundary condition was used to model the interaction between 
the shallow aquifer and the river.  

 X The depths of the aquifers in the study area was ascertained from available lithology data.   

The study area is divided hydro-geologically into three different regions (Figure 3-1 of the study report); 
Nubian Sandstone formation, Gezira / Um Ruwaba formation and Al-Atshan / Alluvial Formation. 

Aquifer Divisions and Boundaries
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The average hydraulic conductivity for each formation were obtained from previous studies and they are 
listed in Table 3-2 of the study report.

Hydraulic Properties for the hydro-geological Formations in the Study Region

REGION HYDRAULIC CONDUCTIVITY

Nubian Sandstone formation 20 m / day

Gezira / Um Ruwaba formation 16 m / day

Al-Atshan / Alluvial formation   5 m / day

The Blue Nile Groundwater Model Water Balance Results 

The simulation runs were carried out to evaluate the Blue Nile River and groundwater interaction under 
the current flow regime, named as No Upstream Development Scenario or baseline scenario, using the 
average monthly river gauges in a one-month step transient simulation between 2000 and 2010. The 
simulation run computes the river basin water budget for each month of the simulation period as well as 
the groundwater levels and drawdowns. 

Table 3-3 shows the overall mass balance in Billion Cubic Meters (BCM) of the study area aquifer under 
the current flow regime for the years 2005 & 2010, as an example. The mass balance components are: 

1. Groundwater abstraction  

2. Recharge from the river into the aquifer 

3. Outflow from the aquifer to the river 

4. Change in aquifer storage 

Years 2005 & 2010 Mass Balance Components for Baseline Scenario (No Upstream Development)

Component
2005 2010

Quantity in BCM/Year Quantity  in BCM/Year

Groundwater abstraction 1.714 1.714

Recharge from the river into the aquifer 1.807 1.676

Outflow from the aquifer to the river 0.2689 0.2529

Net aquifer recharge 1.538 1.4231

Change in aquifer storage
-0.1759 (reduction of 

storage) 
-0.2909 (reduction of 

storage)

Discrepancy in water balance 0.03% 0.03%

Table 3-3 shows that the net aquifer recharge is less than the abstraction from the aquifer indicating that 
water is taken from aquifer storage to satisfy the demand. It can also be seen that the discrepancy in 
the water balance as given by the model is very small, confirming the high accuracy of the model and its 
capability to simulate the true response of the aquifer. As expected, the highest recharge from the river to 
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the aquifer takes place during the months of July, August and September when the river water levels are 
the highest, whereas the highest outflow from the aquifer to the river takes place during the months of 
February, March, April, May and June when the water levels in the river are low compared to the aquifer 
water levels. 

Upstream Interventions 

The various development scenarios studied by DELTARES, resulting from the various upstream 
development scenarios as compared with the current situation (baseline scenario). As can be seen, the 
upstream development projects will result in a more regulated flow with significant reduction of the 
peak flow during the flood season (Jul., Sep. & Oct.) and increased flow during the low flow season. 
Considering, the impact of the Renaissance Dam, for instance, Table 3-6, compares Net Aquifer Recharge 
for Baseline (No Upstream Development) with a Scenario with Renaissance Dam.

Comparison of Net Aquifer Recharge for Baseline Scenario and Renaissance Dam Scenario

Year

Scenario S00  (No 
Upstream  Development)

Scenario S001  
(Renaissance Dam)

2005 2010 2005 2010

Total Inflow ( BCM) 1.807 1.676 1.648 1.517

Total Outflow (BCM) 0.2689 0.2529 0.0675 0.0651

Net annual Recharge (BCM) 1.538 1.4231 1.580 1.452

The conclusions from overall results of the Blue Nile Groundwater Model Water Balance are as follows:

1. Aquifer recharge pattern has the same temporal distribution as the River water level hydrograph, 
were the peak recharge crests clearly during the month of August.  

2. During the low flow periods of the river the river stage drops to its minimum and subsequently 
outflow from the aquifer to the river occurs. 

3. The model mass balance results also show that almost all of the annual groundwater abstractions 
are mostly recovered by inflow from the river. 

4. The mass balance computations show that the total annual inflow from the river into the aquifer is 
almost the same for the year 2005 and 2010; and is also, the same as the baseline scenario, amounting 
to about 1.5 BCM per year (Table 3-6).  

5. The results of the post intervention groundwater level for 2010 simulation (S01) show that the 
aquifer recharge pattern has shifted (Figure 3-17), to follow the new temporal distribution of the 
River water level hydrograph resulting from the upstream intervention (Figure 3-11).   
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Comparison of Monthly River Recharge into the Aquifer (MCM) for Year 2010

Average Monthly Water Level at Roseires Station for Scenarios S00 and S001

6. The upstream intervention will lead to a reduction of the peak recharge to the aquifer and will 
create a new situation whereby the total monthly recharge from the river to the aquifer is almost 
constant throughout the year (Figure 3-17).  

7. Another comparison of the mass balance of the two scenarios (baseline and post intervention 
scenario) shows that the upstream interventions in the Blue Nile do not appear to have an overall 
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appreciable impact on the groundwater recharge potential of the Blue Nile groundwater basin (Table 
3-6). 

8. The head distribution throughout the aquifer for the month of August for the year 2010 (scenario 
(S00) and scenario (S01)), also confirms that the upstream development will have negligible impacts 
on the groundwater basin under the current abstraction rate.

Management/development issues

Groundwater provides a very important source of water for domestic and agricultural uses; hence a key 
element for human settlements and sustained socioeconomic development, hence:

 X Demand for groundwater in the region has considerable potential increase and very large number of 
wells will be drilled in order to meet the needs for the implementation of agricultural and economic 
development activities, as there are huge arable lands, livestock resources, wildlife, etc. 

 X Concern about the consequences of surface water based development projects, which is likely to 
have its impacts on the interaction between river waters and aquifers.

 X A need for prerequisite comprehensive guiding plans to curve potential problems such as 
overexploitation, reduction of reliable well yield and deterioration of quality. 

 X This would entail establishment of sound management policies, governance and legislative framework, 
to enhance coordination among sectors, institutions, governments and countries, to ensure long 
term sustainability of the resource.
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Annex V: Needs assessment to support GW Resources Management in the 
Lake and River Basin Organizations of Africa - a Case for the Nile 
Basin, Feb� 2012

Carried out jointly by Dr. Callist Tindimugaya for NELSAP and Dr. Muna Mirghani for ENSAP under auspices 
of Nile-IWRM Net, it is widely accepted that the hydro(geo)logically defined basins are the optimum 
units for sustainable management of water resources. As a result, lake and river basin organisations 
have been formed to represent the decentralised model recommended to achieve IWRM. Thus the 
emerging consensus on supporting L/RBOs in considering GW in the framework of transboundary 
water resources management, as a nucleus for cooperation between neighbouring states. The regional 
hydrogeological context for the Nile Basin is well-defined as a result of several decades of effort, resulting 
in the development of hydrogeological maps at the continent scale. This will facilitate incorporation of 
groundwater element into the current structures of the Nile River Basin.

In this regard, Dr. Muna Mirghani reviewed current policy, legislation and institutional framework for 
cooperation and governance towards successful implementation of joint actions in the EN Sub-Basins. 
She assessed capacity to support groundwater management, based on one system interventions through 
ENTRO under the auspices of NBI. Some of her relevant findings to this study with supplements from 
Dr. Callist report, in a summarised, edited and updated form are captured in the following sub-sections.

Annex V-i: Institutional and Legal Framework

1. NBI governance is comprised of the Nile Council of Ministers of Water Affairs (Nile-COM), a 
Technical Advisory Committee (Nile-TAC) and a Secretariat (Nile-SEC) based in Entebbe, Uganda. 
Supported by Nile-TAC, Nile-COM, serves as the decision making and policy guidance organ. 

2. The Eastern Nile Subsidiary Action Programme (ENSAP) is an intergovernmental water resources 
management and investment programme of Egypt, Ethiopia, South Sudan and the Sudan under the 
umbrella of NBI (Figure 21). To achieve joint actions, ENSAP is led by the Eastern Nile Council of 
Ministers (ENCOM) and the ENSAP Team (ENSAPT), which comprises of technocrats (three per 
Member State, 2 from a water Ministry and 1 from Foreign Affairs), to provide technical advice to 
their respective water Ministers and the ENCOM in general.  



110 Groundwater Availability and Conjunctive Use Assessment in the Eastern Nile

NBI Organogram (Richard, in Muna Mirghani, Nile-IWRM Net, 2012)

3. Established by an ENCOM decision in 2002, the Eastern Nile Technical Regional Office (ENTRO) 
manages and coordinates the preparation of ENSAP Projects. Figure 22, presents the setup of ENSAP.

ENSAP Organogram (Muna Mirghani, ENTRO, 2012)
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1. Based in Addis Ababa, Ethiopia, the legal status of ENTRO is conferred upon it by ENCOM and a 
Headquarters Agreement with the Government of the Federal Republic of Ethiopia.

2. To facilitate in-country coordination of NBI’s activities, each of the Member States established a 
National NBI Focal Point institution, referred to as the NBI Office. Among other things, the NBI 
office provides a forum for in-country coordination of NBI’s projects and activities; assists with 
promoting coordination and integration with other relevant national activities and initiatives as 
well as with logistical arrangements for incoming NBI missions. The staff of the NBI office includes 
National Inter-agency and Inter-sectoral representatives. 

3. No formalized mechanism for the exchange of knowledge among the member states. However, 
the countries own national systems for the knowledge/data, are shared to facilitate the work of 
ENTRO to meet its mandate of projects/programs identification and preparation. Currently, ENTRO 
helps create conducive environment for knowledge/information sharing, contributing to better 
understanding and enhancing of regional cooperation by transferring analysed data and produced 
information to national institutions. Eastern Nile countries had agreed to commission a no boarder 
dada inventory system as part of future plans of the JMP1 “one-system” inventory. 

Annex V-ii: Institutional Capacity 

The NBI Institutional Design Study (IDS), made a situation analysis and diagnosis, followed by 
recommendations on strengthening the current transitional NBI operational structure, in the short- to 
medium-term; and recommended organizational options for the envisaged Nile River Basin Commission 
that would be based on the CFA (NBI, 2011 in Muna Mirghani, Nile-IWRM Net, 2012). 

Under auspices of ENCOM and ENSAPT, the current role of ENTRO is to prepare, manage and coordinate 
projects within the EN sub-basins; and to strengthen institutions and provide secretariat support to 
ENSAP processes. ENTRO is led by the Executive Director and has three Units, namely: (i) Projects 
Coordination Unit; (ii) Social Development Office; and (iii) the Finance and Administration Unit. The 
Projects Coordination Unit has a Senior Project Coordinator and Project Coordinators for each of the 
ENSAP Projects; and the Social Development Office (SDO) supports all ENSAP Projects. 

At the Country level, ENSAP has National Focal Points (NFP) that undertake overall coordination in 
liaison with National Coordinators and Working Groups for specific projects/themes.

Annex V-iii: Stakeholder involvement

ENTRO (CRA, 2007) acknowledged the definition of a “Stakeholder” as any person, group, enterprise, 
organisation or institution that has an interest in any ongoing or proposed activity or intervention that 
may affect their welfare in any way. However, ENTRO emphasised that the stakeholder analysis must be 
restricted in the project, being of a strategic regional scale; and identified two types of stakeholders of 
direct and practical relevance to a project. The first involves those stakeholders who are able to contribute 
information, technical or policy advice, which generally comprise relevant government institutions; 
partner organizations; research and training centres; and academia. The second type of stakeholders are 
the resource user groups, which include the main users of the sub-basins natural resources, comprising 
smallholder farmers; agro-pastoralists; pastoralists; commercial farmers; etc. Again ENTRO considers the 
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analysis and consultation with resource users at regional level as not possible, given the size and scale of 
the Eastern Nile Sub-Basins. Allocation of resource to analysis and consultation with these stakeholders, 
is found to be relevant only to studies and research that includes social aspects of natural resource use 
and management.  

Under the Institutional Strengthening Project (ISP), stakeholders’ participation was introduced in 2009 as 
a new component. According to the strategy for addressing environmental and social safeguards, public 
consultation is considered as a cornerstone. Therefore, all environmental and social studies prepared 
by ENTRO or NELSAP-CU will be subjected to consultation among affected stakeholders (including 
communities). Furthermore, all such documents will be available to the public through the NBI regional, 
sub-regional and national offices. To facilitate this process, Public Consultation Frameworks for the two 
SAPs, were supposed to be developed through the SVP – CBSI project that ended in 2010. In reality, 
these frameworks were not developed till the end of the SVPs in September 2011. SAPs will have then 
operationalised these frameworks. 

The future component 2 of the ENTRO JMP Project, is to identify in more refined and concrete ways, 
key stakeholders; develop consultation strategies; information sharing mechanisms and instruments; and 
will incorporate consultative activities and information-sharing means into the implementation program. 
The main output for this sub-component is a Stakeholder Involvement and Communication Strategy 
with clear objectives, target audiences, timelines, organizational arrangements and activities that will be 
satisfactorily implemented. 

Annex V-iv: Technical Capacity (Data) 

ENTRO was established in 2001 to develop the technical capacity of the regional organization, ENSAP 
as one of the major outputs of the NBI project. At the end of the project in September 2011, ENTRO 
revised its original objectives regarding the EN basin integrated development process. Generally, regional 
data used for various ENTRO projects were compiled from national databases/archives, in addition to 
online published data of disputed accuracy. ENTRO has not yet put in place any regional or sub-basins 
level management systems (e.g. monitoring, information, planning, etc.). A big gap though, is that apart 
from some projects such as the planning model and the Nile DSS, considering seepage to groundwater as 
a loss in the Nile water balance, groundwater had never been considered in ENTRO water management 
structure. However, the need for groundwater assessment and mapping was identified; and member state 
ministries and other related institutions/organisations have engaged in some other national and regional 
projects addressing groundwater - surface water interaction projects. 
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Annex VI: Properties of the Sudd Basin Groundwater Transboundary Aquifer
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