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abstract

The River Nile originates in Central Africa where it starts to
flow under the name of Victoria Nile. It assumes the names Albert
Nile and Bahr El Jebel at the eastern end of Lake Albert and at
Nimule on the southern border of Sudan respectively. At El Sudd
Rtgion in Southern Sudan, Bahr El Jebel enters an almost flat
alluvial plain where the river course becomes highly ramified and
infested by swamps largely covered with vegetation, there the
main channel of Bahr El Jebel is sufficient to carry its water
discharge when the water is low, however, Bahr El Jebel overflows
its banks as the water rises leading the great losses of water by
seepage, evaporation and evapotranspiration (Hurst, et al., 1932-
present). During the months of May, June, July, August, Septem-
ber, October, November and December the average monthly dis-
charge of Bahr El Jebel at Mongalla normally exceeds two thou-
sand million m', while in the months of January, February, March
and April the average monthly discharge is less than two thousand
million m'.

One of the most accepted means of overcoming the water losses
at Bahr El Jebel in Southern Sudan, estimated at 12,250 million m"
annually, is its canalization through a canal some 280 km long
vonnectiny Jonglei on Bahr El Jebel with Malakal on the White
Nile. This scheme is called the Jonglei Canal Project.

The regional mapping and study of the huge Jonglei Canal Project
area represent an ideal case for the application of Landsat imagery

---	 —
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interpretation especially in view of the inaccessibility of most of
its coverage, notably in the long rainy season. The implementation
of this work has been carried out through Landsat imagery inter-
pretation in both the dry season and the wet season together with

low reconnaissance flying, ground field work along passable roads
and tracks, and extensive laboratory analyses. In the present part
of the work maps are presented for the geological and environ-
mental units, structural lineations, lineation density, surface drain-
age and surface water bodies and groundwater. Landsat imagery
interpretation has thus provided, within a short period of time,
including the preparatory period, a regional picture for such a

unique area of investigation covering 165,000 km'-.

1
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a
On the basis of Landsat-1 satellite imagery interpretation and field
studies, two drainage maps for Jonglei Canal Project area have been
constructed — the first during the dry season. (Fig. 2a) and the
second during the wet season (Fig. 2b). Moreover, the general
surface water conditions in the studied area during the same seasons
are illustrated on a separate map (Fig. 6). On these maps, it has
been possible to distinguish between perennial and seasonal drainage
lines, the direction of general water flow, the drainage pattern and
the density variations in drainage lines.

The area studied is traversed by four main river courses, namely
Bahr El Jebel, Bahr Ez Zeraf, White Nile and River Sobat. The

4 first two and the last one drain into the White Nile which eventually
flows northwards (Fig. 1). The main drainage lines drain into the
main rivers, the former attp ?ning various directions of flow which
are mainly northwest, nortlicast, north and south ( Figs. 2a, 2b) .

The drainage pattern and the geomorphology of the studied area
vary according to its geology and structure. Accordingly, the area
has been divided into four geomorphologic units each possessing
certain drainage patterns, these are the basement upland unit, the
lateritic-covered unit, the seasonal flood plain unit and the perennial
flood plain unit.

r
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This unit is characterized by high relief, gradational contact with
B1 ► soment Upland	 the lateritic covered country and the absence of flooding. It covers

Unit nearly all the southern part of the studied area (Fig. 6). The
drainage pattern is ranging from dense dendritic to trellis types and
the drainage lines are narrow and deep. The pattern is controlled
by relief, joints, fractures including faults, folding, gniessosity and
other lineaments. Accordingly, the degree of uniformity of the
drainage lines and their angle of junction differ from place to place.
The direction cf flow is oriented to the east and to the west around
Bahr El Jebel and to the north in other Darts of the unit ( Fig. 2a) .

La t er i t i c: -covered	 This unit occupies a rather wide zone extending generally in a
NW-SE direction and it lies to the south of Yi:ol-Mongalla line

Unit ( Fig. 6) . The unit is characterized by the presence of drainage
lines of moderate density which belong to the dendritic type and
they exhibit a high degree of branching on the slope of the high-
lands. Moreover, the channels of the drainage lines are wide and
seasonal in the low parts.

The area of the lateritic-covered unit is divided into two subunits
according to relief, namely the high undulating land to the south
with high density drainage lines and the low lateritic-ccvered plain
which is partly covered by clay especially near the channels. Yirol,
Anyi, Nubo and other small lakes, extending in a nearly straight
line in the low plain, are mainly structurally controlled. It is im-
portant to mention here that most of the main drainage channels
which cross this unit end with elongated lakes before their connec-
tion with Bahr El Jebel course especially from its western side.

Seasottal Hood	 This clay plain extends mainly to the north and to the east of the

Plaid main river courses, and it is formed of slightly undulated land.
'rhe higher parts are occupied by low sand ridges (Qoz) which are
about 1 m high. The plain is mainly seasonally flooded by water
derived from the surrounding high country, especially during the
rainy season when sheet flooding occurs in the lower parts. The
drainage channels are darker in Landsat images in the rainy season
relative to the dry season. These drainage lines are characterized
by their dendritic pattern of long tributaries, with the main streams
draining mainly to the northwest. The parts occupied by the sand
ridges are less subjected tc drainage, and they are either not flooded
or flooded under shallow water depending on lithology and relief.
The ridges themselves appear as light grey zones on Landsat images.

1) Cren r 1 i 0 1 Flood	 This plain may be also termed El Sudd plain, and it covers the area
in the immediate environs of Bahr El Jebel and Bahr Ez Zaraf in

1 ►lt ► rr ► 	 the northern part of the mapped area, however, it extends south-
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wards to the neighbourhood of Juba (Figs. 2a, 2b). On Landsat
images this plain appears in dark tune in all seasons except where
savanna and other vegetation become dense. The degree of darkness
of the tone depends upon the amount of water and moisture
present. The plain is characterized by a complicated drainage pat-
tern. To the west of Lake No (Figs. 2a and 2b) the water course
is formed of changing almost shallow dense braided channels. The
latter are responsible for the waterlogging of the surrounding
environment especially during the flood season. El Sudd plain, in
general, is characterized by complex meandering network of separate
channels connected with Bahr El Jebel and Bahr Ez Zaraf. These
channels are mainly shallow, wide and they form in some parts
swamps and lakes of perennial nature.

The plain in question represents the lowest part in the studied area
in which vegetation belongs mainly to the savanna. The vegetation
is of low density in the central none, but becomes more dense on
the two banks of Bahr El Jebel and extends in a long strip parallel
to the main water course but slightly scattered around Bahr
Ez Zaraf. Vegetation appears in the form of zones exhibiting a light
tone in band 7 of Landsat images. It is worth mentioning that the
lakes, lagoons and swamps which surround Bahr El Jebel are
present in the lowest levels of El Sudd plain.

In the area to the south of Bahr El Jebel and Bahr Ez Zaraf
connection, the lakes and lagoons become more abundant and they
are connected by complex meandering channels in which the main
river course is hardly observed. Swamps and vegetation in this
part become less dense or scarce especially around the lakes.
Between Mallik and Juba, the lakes become less abundant to scarce,
but the meandering channels become more common ( Fig. 2a) .

To the southwest of El Sudd plain and to the west of Yirol, there
exists a long and deep basin filled with clay which is generally
a flat land dissected by numerous channels, with the latter causing
seasonal flooding in the basin. Moreover, the southern parts of
the basin are highly vegetated in comparison to its other parts.
In the satellite images the former parts appear during both the dry
and the rainy seasons in lighter tone in comparison to the other
parts of the basin which become darker in the rainy season. More-
over, some scattered lakes are present in these southern parts.

j
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The structural lineaments in Jonglei Canal Project area have been
delineated and interpreted as fractures including faults and folds
(Fig. 3) on Landsat images. The lineaments are 878 in number and
they have been computed and contoured on a lineament density
map ( Fig. 4a). Moreover, they have been statistically analyzeu and
rose diagrams for length and number distribution are constructed
( Figs. 4b, 4e, 4d). The geon!orphologic and physiographic features
in the studied area are evidently greatly controlled by its struc-
tural and lithological units.

Landsat imagery interpretation of Jonglei Canal Project area deli-

neated six sets of fractures (including faults) which follow the

NNW-SSE and NW-SE, ENE-WSW and NE-SW, and NNE-SSW

and ENE-WSW trends. The first two are the most predominating

sets, while the third and fourth are of moderate distribution and

the fifth and sixth sets are of minor importance. Whiteman (1971)
mentioned that most of the structural trends in the Southern

Sudan vary from 160° to 180", i.e., from N20' W-S20" E to N-S, how-
ever, the results of the present work show the superiority of the
presently applied space-borne techno,ogy in the Jonglei Canal

Project area.

1

Fractures
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The NNW-SSE set includes the fractures striking N20-40-820-1.
40-E with a mean strike of N35°W-835 "E direction. Some faults
belonging to this set show dextral strike-slip movements.

The NW -SE set incorporates the fractures striking N40­50 W-
S40'-50„ E with a mean strike of N45 W-S45 • E direction. The two
sets under consideration are widely distributed in the investigated
area, and together with the other four sets they give the major

sedimentary basin, extending from Nuba Mountains in the north
to the basement outcrops in the proximity of Juba, its configura-
tion and eventually its present environment and its dominating
swampy nature. The NW -SE fracture set is roughly parallel to the
axial trace of a major fold trend including Duk Faiwil and Juba
folds ( Fig. 3). It appears that some NW-SE faults located to the
northwest of Torit ( Fig. 3) possess a dextral strike -slip separation
while others have a sinistral strike-91ip separation. Furthermore,
a major shear zone named Torit shear zone which extends inter-
mittently for more than 350 km belongs to the treated NW-SE
Pets. In addition, a major fault belonging to Nimule shear zone
extending intermittently for more than 300 kin is dislocated by
ENE-WSW trending faults to the northwest of Nimule ( Fig. 3).
This proves that some fractures belonging to the NW-SE set are
apparently older in age than the associated ENE-WSW fractures.
The ENE -WSW fracture set strikes N50°-SO E—S50-'-80 "W, with a
mean strike of N65 °E-S65"W. Some faults belonging to this set
apparently show dextral strike -slip separation while others exhibit
sinistral strike-slip separation as noticed to the northwest of Nimule
( Fig. 3).

The NE-SW fracture set exhibits N40'-50' Er--S40^ -50°W strike with
a mean of N45,'E-S45 ~W. The lineaments of NE -SW and the ENE-
WSW sets are roughly parallel to the axial traces of some double
plunging folds especially well exhibited in the southern basement
exposures ( Fig. 3). Moreover, the mentioned two fracture sets are
more common in the southern basement exposures relative to the
northern sedimentary cover ( Figs. 4b, 4c) .

The NNE -SSW fracture set shows N20- -40 "E—S2O" 4& W strike
with a mean of N25” E-S2& W. This set is of minor distribution and
some of its fractures are roughly parallel to the axial traces of some
mesoseopic folds appearing especially in the basement ( Fig. 3).

It is important to mention that a WNW-ESE fault is delineated
from satellite images in the northern part of the studied area,
which follows the course of the White Nile (Fig. 3). The delineated
fault is about 125 km in length and it shows a dextral strike-slip
separation. The fault in question is apparently responsible for the
great bending of the White Nile to the westsouthwest of Malakal.
The horizontal separation along the discussed fatilt is probably in

r
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the order of magnitude of tens of kni, however, due to the absence
of clear geological features on both sides of the fault it has not
been possible to estimate correctly the horizontal separation.

The distribution of the previously mentioned linear elements in the
studied area is treated by the construction of a lineament density
map (Fig. sa). This map reveal: renuirkable variations in In :iment
density between the sedimentary ;over and the bn 4% , nneut. The
former is characterized by the presence of r0ativel y low densities
of lineaments which range from 0.025 to 0.211) a!nd accordingly the
contour lines are widely spaced. On the other hand, the lineament
distribution in the basement is of relatively- high density simeA it
ranges from 0.025 to 0.300, while the contour lines expressing the
density are closely tipaced. This result is due to several factors
including the greater brittleness of the basement rocks, the better
basement exposures and the grelltter number of tectonic events
which influenced the basement.

The curved lineaments delineated by Landsat imagery interpreta- 	 FC 1 d'
tion are represented mainly by macroscopic folds and by circular
structures. Frequency distribution of ninety axes of the delineated
fold traces shows the presence of four gets with axial traces trend-
ing N-S, NW-SE, NE-SW and NINE-WSW (Fig. 4e1.

The N-S axial traces of the folds of the first act range, from
N 10°W-S10'E to N10"E- SIO^W, ;nd the set is represented by
large to moderate scale folds. The most interesting fold is located
some 60 km to the east of }3or-Malakal line with an axial trace
extending for more that ► 300 km towards the outside of the inves-
tigated area. A considerable part of western limb of the fold in
question is located in the eastern part of the mapped area and It is
correlated with some drainage lines, fractures and bedding attitudes
in the land between Bor and Malakal (Fig. 3). Moreover, mnny
folds belonging to the considered sei are scattered in the basement
and they are of moderate to small magnitude and with relatively
steeply inclined limbs. These foll y are doubly Plunging and rather
tight in character.

The NW-SE axial traces of the folds of the second set strike in
N30"-50- W,S,30^-50 , 'E directions. The folds belonging to this set
influence considerably the distribution of the sedimentary cover and
Hic basement rocks, as well as the shape of some of the main river
courses in the mapped area. The axial trace of Duk Faiwil fold,
which is the main one, has been mentioned before (Whiteman,
1971), but some parallel axial traces of folds are recorded for the
first time in the present work. In Juba area, a fold of regional
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i	 dimension appears to be partly responsible for the great curvature
of Bahr El Jebel, and the associated main drainage and fracture

t	 lines.

The NE-SW axial traces of the third set of folds trend N2& E-S20"W
and N60-, E-S60- W. Actually, it may represent NNE-SSW and NE-SW
trends. The discussed folds appear to be rather scarce in the sedi-
mentary cover, while they are well developed in the basement
(Fig. 3). Most of the folds belonging to this set are closed and
doubly plunging in character.

The ENE-WSW axial traces of the fourth set of folds possess
N70" 80°E-570"-80°W trends. This set is relatively less abundant
than the formerly discussed three sets and it is mainly developed
in the basement.

Tectt ► nic Erenvv
Guided by the distribution of lithulogic units and the statistical
counting of the linear trends of axial traces bisecting the curved
lineaments, it could be speculated that the tectonic events to which
Jonglei Canal Project area have been subjected are the Laramide
and the Alpine diastrophisms.

The Laramide deformation affected the basement rocks and the
Cretaceous Yirol Formation. For this reason a Late Cretaceous age
is assigned to the peak for this deformation. The relatively plastic
deformation is expressed as folding of regioaal scale with N-S to
NW-SE axial traces. In other words, the foiding in the area con-
sidered is of the branching type. The southern part of Bahr El Jebel
is mostly coincident with an axis of a major syncline trending nearly
N-S and plunging gently to N. This syncline starts near Junglei and
diverges into two major synclines ; one N-S while the other is
approximately NW-SE. These two synclines are separated by an
uplifted zone which may represent an anticline along which the
flood and swampy plain is superimposed.

The Alpine deformation of rupture character is expressed by major
Might open folding with an axial trace striking nearly ENE-WSW
and to a great extent by major fractures trending NW-SE, N-S
and E-W. The first two fracture sets are most probably represent-
ing conjugate shear planes while the third one is tensional in
character. Weak folding occurred during the discussed deformation
which created certain pattern of structural features when super-
imposed on the older Laramide deformation. The younger deforma-
tion is of Alpine age and it extends into the late Tertiary. The
River Nile owes its origin in particular to this deformation. The
superimposition of the previously mentioned two generations of
folding created major basins and domes of semicircular or crescent
shapes.

E
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It has been proposed that Jonglei Canal may be dug between Jonglei
and Malakal. An alternative idea is to dig the canal between Bor
and Malakal. The lineament density leap (Fig. 4a) shows that the
land crossed by the projected Jonglei Canal is structurally calm.
These major fracture lines are apparently covered with thick
sedimentary units. Moreover, the folding structures imposed on the
northern sedimentary cover are of rather open type where no major
sharp crenulations are recorded. Accordingly, the proposed Jonglei
Canal site is generally suitable front a structural point of view.
However, the zone around this line should be subjected to a detailed
structural study.

The drainage maps in the clry and the wet seasons (Figs. 2a, 2b)
chow in a clear manner the drainage lines which will encounter
the proposed canal and their nature. Accordingly, these maps could
be utilized in planning the Canal course.

Impact  of

Lineaments o ► i
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In the Jonglei Canal Project area, the basement rocks outcrop at
the southern part while the northern part is covered by sedimentary
rocks and sediments mostly of Cretaceous and Quaternary ages.
The basement rocks are partly covered by lateritic soils. The
younger units such as Yirol Formation and Umm Rawaba Forma-
tion are mostly buried under thick cover of surficial deposits,
except at Yirol locality, where the Yirol Formation is exposed.

The basement and the sedimentary cover, sinsii stricht, are invaded
by some dyke-form, ring-shaped, vein-like bodies and plugs com-
posed of quartzite, porphyry, syenites and some granitic rocks
distributed in the area of study. Most of these bodies are of Late
Cretaceous age, although some of them cover a longer time span.

These rocks are mainly crop pin out in the southern part of the
area under investigation. Theare dominantly gneisses carrying
biotite or hornblende or both, al 

are
 some charnokitic and related

rocks are more conspicuous t the south. The injection gneisses
and the granitic rocks make remarkable masses associated with
the other rocks in the area of investigation.

Charnockitic and Related Rocks : (Andrew, 1948) recognized char-
nockitic rocks similar to those present in Northern Uganda. These

Precis mbriu ► l
I ► eolls-

Wtf ► morp i ► c

Rocks
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rated on the geological map of the Sudan, southern
i('(), (Vail, 1914), as Mated to the granulite rocks.

These rocks our considered by Whiteman (1971) as equivalent to
the older orthogneiss of Sudan (Dolauiy in Whiteman, 1971) slid
to Para- and orthogneisses of Northern Red Sea Hills (Kabesh in
Whiteman, 1971).

On the new oral ► (Fig, b) interpreted from satellite images, there
units ant- delineated according to similarity of the charnockitic ricks
to those located on the previous i naps. These rocks are charac-
terized by the presence of notable contortions and fractures. They
aplxwar on Landsat images in medium grey toned units with coarse
textured surfaces and they occupy the southern part of the country
as a continuation to the cliarnockitic rocks of Northern Uganda.
Some patches with similar features could be delineated to the east
and west of Juba. The charnockitic rocks have been subjected to
a grade of metamorphism cormsponding to the most intense amhhi-
bolite facies.

(ineisse % : These rocks are exposed in the area of study where they
form low or moderately hilly country. The gneisses shoe • variable
features on Landsat images but ,generally they have distinct
properties. Their grey tones are ranging from medium to light,
and their textures are mainly fine and medium. Four units of
gneisses have been delineated on the geological map, which include
hornblende, biotite-rich, biotite and injected gneisses.

Hornblende gneiss is well mpntsented at Juba, and it is intercal:4ed
at some places with banded mica gneiss In general, the gneiss
forms folia or sheets dipping SE .45 The hornblende gneiss is
also exposed to the west of Nimule and in the western part of the
investigated area at latitude 5 N where well foliated acid gneiss
bands and coarse pegnaatites with NNW 20' dip are associated.

Motite-rich and biotite gneisses show frequent outcrops to the vast
or the west of Bahr El Jebel, These outer ips. are forming scattered
moderately to highly elevated hills partly covered by forests. The
gneisses are fine to medium grained, non porphyritie and whitish
to dark grey in colour. The foliation present in the gneisses to the
cast of Gebel Lungy is trending NE-SW, and dipping to NW, Recum•
bant, isoclinal and open folds are observed in the gneisses in
question. The differences between the biotite and the biotite-rich
gneisses are better expressed in textum rather thaun in tone as
the foliation in the biotite-rich gneiss is more clear than in the
hiotite gneiss.

Injected gneiss shows augen texture and is highly sheared and fairly
homogeneous except for fens' hills where the gneiss possesses
Ixirphyritie texture and darker tone. Numerous outcrops of well
foliated feldspathic gneiss with quartz and 1)ogrnatite veins are seen
to dip to SW by about 60 At other locations the strike shifts to
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become N-S. The darker variety of the gneiss is found as elongated
ridges with distinctive dense fracturing. The rock is coarse to
medium grained, hard and greyish to whitish in colour. It is essen-
tially composed of feldspars, biotitc and/or hornblende and quartz.
It seems to be affected by nearby granitic intrusions which seem
to be always present at the gneiss contacts. The gneiss is also cut
by basic dykes which are mostly trending NW-SE.

Granodiorite, pink granites and other grznitoid rocks include the
relatively older granodiorites and the relatively younger granitic
rocks. The granodiorites are mostly characterized by gneissose
texture and abundant ferromagnesian minerals while the granitic
rocks show the presence of riebeckite mineral. These rocks can be
differentiated on Landsat images by their variable tone, texture
and real extension. The pink granites appear lighter in tone and
coarser in texture in comparison to the granodiorite exposures.
The smaller outcrops, which are mostly granitoids, form ring-like
features or plugs possessing mostly fine texture and grey tone.
They are found in locations covered either by lateritic or other soils
to the north.

These rocks include quartzites on fault zones, porphyry and other
dykes, syenites, granites, and small igneous bodies.

Qwt tzites : These rocks occur in bands trending NW-SE and they
form low hills of rounded form. They show drag folding and com-
mon crushing. The quartzites form elongated ridges along major
shear zones. The most distinct ridge is that called Maadi shear
zone extending from Nimule northwest for more than 100 km. This
shear zone is most probably the extension of Assua trend of North
Uganda.

Porphyry and other dykes are mostly of lamprophyric and basaltic
composition. They are mostly controlled by faults and fractures and
they invade the Precambrian rocks and the Maadi quartzite itself.
These are clustered also in a clear manner at the intersection of
long. 30,,E and lat. 5-N. Smaller dykes are present to the east and
to the west of Bahr El Jebel, however, they are too short in length
to be recorded on the map.

Syenites and other granitic rocks form ring structures and plugs.
They include syenites and nepheline syenites which are well jointed
but still highly resistant to weathering. These are also bodies of
granitic composition such as Gebel Ez Zeraf. The syenites appear
in light grey tone and fine texture on the Landsat images, while
the granitic bodies appear lighter in tone and smoother in texture.

Ph o tterozoic
l ti ► ieous Bodies

r
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This includes clastic sediments exposed near Yirol. They are made
up of sandstones and grits interbedded by mudstones and clays.

III-it/ hi ► r ►► 1, ► 1 ism They possess undulating surfaces and they are mostly overlain by
thin deposits of clays in Yirol locality while in other localities they
are expected , to be covered by thick surficial deposits.

These deposits include either residual deposits or transported sedi-
Qim ter ► ► ttry Deposi ts ments. The residual deposits are mainly represented by the lateritic

soils while the transported sediments cover the plains and fill the
valleys.

Lateritie Soils : These mainly outcrop to the north of the basement
exposures. On Landsat images, they show characteristic features
and they vary slightly in tone and texture, but generally they
possess medium grey tone and coarse texture. The lateritic deposits
are variable in thickness from less than 1 m to some 30 m where
they overlie the basement. Generally the lateritic soils include an
uppermost bed of red ironstone. The variation of surface textures
of the lateritic Soil from south to north is mostly due to the dif-
ference in conditions of deposition. On the top of the basement
highlands, the lateritic soils form a distinct horizon with low density
drainage pattern. Due north the basement highlands start to slope
down and the drainage density increases and the lateritic soils
there seem to be transported for short di: tances along channels
and on low relief hills.

Terraces and Valley Fill Deposits : These include the deposits filling
the main streams of Bahr El Jebel, the White Nile and their
tributaries, and the deposits of the terraces and plains bounding
Bahr El Jebel and the White Nile. The terraces are mainly covered
by sands, grits, clays and silts according to the conditions con-
trolling their formation. They are perennially covered by water
whether shallow or deep. The plains to the east of Bahr El Jebel
and to the north of the White Nile are covered by silty and sandy
soils. The different soil types are delineated on the satellite images
considering their vegetation cover. The deposits covering the main
channels of Bahr El Jebel and the White Nile and their tributaries
are mainly composed of clay and silt in addition to gravel which
is encountered at the medial parts.

The Quaternary units encountered in the path of the proposed
Jonglei Canal are shown on the map of the geological and environ-
mental units (Fig. 5). The Quaternary units in particular have
strong environmental implications on the projected canal site and
on the area as a whole regarding its reclamation and development.
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The scope of this study is to evaluate the groundwater resources	
sco sof the Jonglei Canal Project area, and to study its suitability for 

domestic and irrigation purposes. Such a study is carried out as
a part of a general survey of the potential natural resources of
the area.

The climatological data used have been collected from the climato- (:li ►► titl
logical normals of Torit, Juba, Bor and Malakal Meteorological
Stations for the period between 1941 to 1970. The location, latitude
and period of records of the four stations are given in Table 1.

TABLE 1

Meteorologicid Stations

statit'n Litt itmic Lou^it1141c Alt iluJr Period 4of records

Torit 4° 25'N 32, , 33'E 625 27
Juba 4,, 52'N 31^ WE 458 30
Bor &'12'N 31" 33'E 423 30
Malakal 9, , 33'N 31° 39'E 389 30
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t
The dominant feature in the climate of the project area is the
movement of the boundary between the northerly dry, and the
southerly wet air masses with the declination of the sun. This
boundary moves northwards till Lat. 19 , 'N during the summer and
returns south again during the winter. Rain is practically associated
with a zone extending 800 kin south of this boundary. The Jonglei
Canal Project area lies within this zone characterized by heavy
summer rainfall and a relatively dry winter.

The mean monthly distribution of rainfall in the four stations in
the project area is shown in Table 2.

TABLE 2

Monthly niinfall di.trikiition in uun

Station	 .tun Feb Mar 1pr Jluy duu Jul Aug sep Oct Nov Dee. Year
Torit	 8 16 53 99 121 115 178 141 124 102 48 23 1028

Juba	 4	 8 51 95 156 112 134; 150 114 115 38 	 9	 988

Bar	 5	 6 36 79 107 120 142 132 124 119 31 	 4	 905

Malakal	 Tr Tr	 7 21 102 109 149 167 144 82	 6 Tr	 787

1 From Table 2, the annual average rainfall in the project area ranges
front about 800 mm in the north to some 1000 mm in the south
and southeast. The season of heavy rain lasts for nine mor_ths
extending from March to November in the south, whereas in the
north it lasts for seven months extending from April to October.
July and August are the wettest months in the year and about
40!'f . of the annual precipitation falls during these two months.

The coefficient of variability of rainfall ranger from 12(,,c' at .Tuba
to 84 17c at Malakal. The comparison between the average annual
rainfall of the area for the periods 1931 -1960 and 1941-1970 shows
a slight increase in its total amount in most of the southern stations.
It also shows a little decrease in the averages of July and August,
which may be attributed to the limited movement of the inter-
tropical zone to the north.

Most of the rainfall in the project area is of convective origin,
and is derived from showers and thunder storms. The duration of

` thunder storms in Juba is less than one hour for 33 15c of the cases,
1 to 2 hours for 40 17t of the cases and more than 2 hours in 25r('
of the cases. In Malakal, the thunder storms mostly last more than
one hour, and exceed 3 hours in 30 % of the cases. The frequency
of these long period thunder ..̂ torms is highest in May and October.
The mean daily maximum temperature varies between 36.8"C in
Torit to 38 .6^C in Malakal during February. The mean daily
minimum temperature ranges from 18.1°C in Malakal to 19.5°C in
Juba and Bor during December. The relative humidity ranges from
the average low of 2Vr' in Malakal and 53 1 'G in Torit during the
dry season to an average height of 88^1r, in the peak of the rainy
season. The average daily evaporation from open water surfane in

r
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Juba and Malakal varies from 2.9 min 	 August to 11.8 mm
'	 and 20.8 mm respectively.

The annual potential evapotranspiration calculated by Thornthwaite
method for the area ranges from 1625 mm in Torit to 1800 Pint at
Malakal. These figures may be interpreted that on the average the
Jonglei Canal Project area suffers from an annual water deficit
varying from 600 min at Torit to about 1000 min Malakal.
However, the comparison of the amount of potential evapotranspira-
tion versus the amount of precipitation during the peak of the rainy
season (July and August) shows that thO area entertains a water
vurplus ranging from 34 mm in the north to some 120 mm in the
south. Part of this surplus becomes a surface runoff, while the
rest infiltrates through the top soil and recharges the underlying
groundwater body.

The Jonglei Canal Project area lies mostly in the central flat plain	 Tt ► (rri'".1-ilk by (1114

of the Sudan which is dominantly occupied by El Sudd Region. 	 River SI•s141111
This flat plain is bounded by relatively high terraces, locally known
as dabbas, with few proti uding hillocks scattered in the southern
part around Juba and Torit. The altitude of the land surface ranges
from 390 m in the north to 560 m in the south. 'the general slope
is extremely flat towards the north towards Lake No and the upper
reaches of the White Nile.

The project area lies within the catchment area of the Nile. The
local drainage within the area is primarily to Bahr El Jebel, Bahr
Ez Zaraf, Lake No and the upper reaches of the White Nile.

Bahr El Jebel is the plain drainage system and the major perennial
water course in the area. The river starts from Lake Albert, enters
the Sudan near Nimule and proceeds to Lake No with a total length
of some 1200 km.

The stretch of the river between Nimule and Rajaf, south of Juba,
is a narrow fast flowing stream with occasional rapids and rocky
stream bed. The average slope of the river at this portion is 1 m /km.
:North of Rajaf, the river starts to enter the flat plain. The average
slope of the river between Rajaf and Mongalla is nearly 30 cm; km ;
gradually flattening off near Mongalla. The river at Rajaf is con-
fined to one channel with well defined banks.

Shortly before Mongalla, the southern fringe of the swamps begins.
The width of the river and the swamps at Me=igalla is about 3 km.
Further northwards to Bor the river is never confined to cne
channel. The valley reaches 9 kin in width and there is little open
water in the swamps. North of Bor, the river is connected to many
lagoons such as Lake Fagarial and Lake Papu which has an exit
to the main channel of Bahr El Jebel.	 ORIGINAL PAGE "

OF POOR QUALT717



I

26
	

E.M. El Shazly, M.A. Alutel Hady, at al.

River Atem begins east of the main channel opposite to Lake
F'ajarial. The river continues northwards till it joins Bahr El Jebel,

' south of Shambe. North of Shambe, Bahr El Jebel meanders in
El Sudd Region, forming many lagoons, mayas and Ox-Bows on
each side, till it reaches Lake No. After reaching this lake the
river turns sharply eastward s till it joins Bahr Ez Zaraf first and
then River Sobat.

The average annual flow of Bahr El Jebel is 29 milliard m :'. After
passing through the swamps, the River emerges with an annual
average flow of 15 milliard m •', i.e. half of its water is lost in
El Sudd Region.

The sudded channels of Bahr Ez 'Zaraf start from a relatively high
ground (Dabba) east of Bahr El Jebel, opposite Shambe. The
water shed between the two rivers is extremely flat, and the Upper
Zaraf was connected by Bahr El Jebel through a series of canals
which drain part of the waters of El Sudd Region into Ez Zaraf.
Bahr Ez Zaraf is separated from the swamps till it pours its water
in the White Nile between Lake No and the mouth of River Sobat.

The surface geological and environmental units are given in the
Subau r l i l c e Gee l u ti y present work which is corroborated with the subsurface geological

information inferred from the rock cuttings encountered in the
boreholes drilled for domestic water supply and from the geophy-
sical surveys carried out in the area by Strojexport and Chevron
Oil Co.

The major geological units encountered in the subsurface of the
Jonglei Canal project area are as follows starting from the oldest :
basement, Yirol Formation, Umm Rawaba Formation and the sur-
ficial deposits.

The lithologic characteristics of these units and their water-bearing
properties are briefly described in Table 3.

Basement : The basement rocks outcropping in the area of inves-
tigation have been previousiy described in this work. It may be
added that the quartzites form the course of the Nile for many
kilometers. In the northern part of the project area, basement
rocks including weathered acid gneiss and fresh granites have been
encountered in the boreholes drilled along the berried ridges at
depths ranging from 20 m to 250 m below the ground surface.
It should be taken into consideration that the distribution of the
basement rocks shown by Landsat imagery interpretation together
with the drillhole results may imply the possible encounter of hard
basement ridges in the path of the projected canal.

The basement rocks, in general, are non water-bearing except for
local pockets in the weathered zone or along fractures and ,joint
clusters.
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TABLE 3
Lithology and Water-bearing Properties of the Major Geological

Units Encountered in the Subsurface in donglei Canal Project Area

:Major Geological Unit	 Age	 Thickness (m)	 Liithology	 Water-bearing Properties

Surficial Deposits	 Quaternary	 0--50	 Sticky clay of El Sudd, The valley fill is highly porous
loose alluvial silt, sand and permeable. Depth to
and gravel	 groundwater ranges from 0.5

to 3 m. Water quality is ex-
cellent.

Umm Rawaba Fm.	 Pliocene and	 0-350	 Intercalating clays, sands Average low permeability.
Pleistocene	 and little gravel 	 Depth to groundwater ranges

	

from 25 to 85 m. Water quality	 n
varies from fairly saline to
extremely saline.

a
Yirol Fm.	 Cretaceous and	 0-4000	 Interbedded	 sandstone, Aquifer is expected to be rich.
Nubian Sandstone	 older	 mudstone and conglo- The quality of water is good to

merates	 fair with TDS up to 1500 ppm.

Basement	 Precambrian mainly 	 Not	 Quartzite, Acid gneiss. Primary permeability very
and including	 determined	 synite and granite	 low. Water occurs locally in
younger igneous	 the weathered zone and in
bodies	 joints and fissures. Water a

quality is erratic.
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Virol Formation : Thi, formation, associated probably with older
sediments, underlies Umm Rawaba Formation in some of the deep
troughs within the basins of Jonglei Canal Project area. In these
troughs Yirol Formation reste unconformably either over the base-
ment or some older sediments.

Yirol Formation was encountered in some of the deep bore-holes
at depths ranging from a few meters to 370 m below the ground
surface. In boreholes Nos. 3974, 3663 and 3634 some 40 m thick
Yirol Formation successions consisting of sandstones with low
clayey content, ironstone concretions and mudstone were encoun-
tered. The presence of Yirol Formation was also inferred from the
geophysical survey carried out by Strojexport, and it has been
interpreted as relatively thick beds with a higher resistivity, of
more than 20 ohms, underlying the low resistivity successions of
Umm Ruwaba Formation in the environs of Malakal and south-
wards. The thickness of these beds has been estimated to be several
100 m. The results of the seismic survey carried out by Chevron
Oil Co. south of Malakal included the estimation of the thickness
of the sedimentary cover, !ying unconformably over the weathered
surface of the basement to be in the range of several 1000 m.

Yirol Formation, in general, is predominantly formed of semicon-
J solidated to consolidated fine to coarse sandstone interbedded with

mudstone and conglomerates. The sandstone is primarily composed
of subrounded to rounded quartz grains loosely or strongly bound
by a siliceous ferruginous and;'or a clayey matrix. The colour of
the sandstone ranges from yellow to red and brown depending on
its iron oxide content. The grains are well sorted thus indicating
more or less comparable conditions of deposition in extensive basins
of sedimentation.

Yirol sediments fill two separate basins in the basement west. of
Bahr El Jebel. These sediments consist of isolated successions of
mudstone and sandstone. The mudstone possesses a variety of
colours ranging from violet, grey, brown to red and pink. The
sediments are micaceous with few thin quartz pebbles.

Urnm Ra%%aba )Formation : This fiLs two basins, created by the
Alpine and older tectonic events between the Ethiopian Plateau,
Nuba Mountains and the southern highlands bordering Sudan with
Kenya, Uganda and Zaire. The western basin occupies a large part
of Bahr El Arab and continues southwards with a NW-SE trend
to Duk Faiwil and further to the southeast till north of Torit. The
eastern basin extends from Malakal in a N-S trend till Mongalla.
The two basins intersect each other north of Jonglei, thus forming
a Y shape single basin.

i'mm Rawaba Formation rests unconformably either over the
weathered basement surface along the burried ridges such as
J. Zaraf ridge, or over Yirol Formation filling the deep troughs
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within the large basins. Over much of the area underlain by Umm
Ruwaba Formation the surface deposits consist of heavy clays with
limestone nodules (Kanker).

The sediments of Umm Rawaba Formation are primarily of fluvia-
tile and lacustrine origin, deposited in inland deltas and shallow
lakes. These sediments consist mainly of unconsolidated sands
which are sometimes pebbly clayey sands and clays. The clays are
mainly buff to greyish white or greenish grey in colour. South of
Malakal environs, Unim Rawaba sediments include a succession of
well sorted sand at the top, whereas in the rest of area of study
the clayey content dominates in most of the sediments. At Paloich
north of Malakal (lat. 10" 30'N) Umm Ruwaba sediments include
a succession rich in manganese.

In general, Umm Rawaba sediments are ill sorted and poorly stra-
tified with characteristic rapid lateral and vertical facial changes.
Accordingly, a permo:able sandy or pebbly layer may change
laterally and withh, a short distance to impervious clays and vice
versa.

The thickness of Ulnm Rawaba sediments is variable, depending
or its position within the basin. In the margins of the basin, or
along the top of the burried basement ridges. J. Zaraf ridge, the
thickness is minimal being around 100 m or less. In sunken blocks
within the basin Umm Rawaba sedim(.nts may attain a thickness
f over 300 m as in Borehole No. 3620 at Paloich north of Malakal.

The age of Umm Rawaba sediments is not exactly determined and
their fossil content has not been identified. However, they are
generally considered to be of late Pliocene and early Pleistocene
age.

Surfieial Deposit% : These have been described previously in this
work and mapped by Landsat imagery interpretation Wig. 5). The
thickness of the lateritic soils ranges from a feather edge to 30 m.
The sand dunes or sand ridges are formed primarily of yellow to
yellowish brown fine to coarse grained sand.

El Sudd clay plains consists of sticky heavy clay and loams rich
in organic matter intercalated with a few layers of fine to medium
grained sands. The valley fill deposits include a variety of uncon-
solidated silts, sands and gravels. Boreholes and dug wells indicate
that the valley alluvium is very variable both laterally and ver-
tically and contains thick beds and clays in close proximity. These
deposits probably occur in a more or less lenticular form, hydrau-
lically interconnected with each other. The thickness of the valley
fill ranges from a few to some 25 m.

C
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G ro u r i d i va l c r	 For practical purposes, the major geological units in Jonglei Canal

11	 Project area are divided into two main categories :

1. Water-bearing units which are capable of absorbing, trans-
mitting and yielding groundwater in sufficient quantities.

2. Non water-bearing units which do not absorb, transmit or
yield groundwater in appreciable quantities.

The water-bearing units in the area include the Surficial Deposits
and the Umm Ruwaba Formation/Yirol Formation aquifer system.
The rocks of the Basement, in general, are considered here as non
water-bearing though some of the wells drilled in Juba environs
produce moderate quantities of water from the weathered zone.

Surficial Deposits : The valley fill deposits form the principal
aquifer in the area underlain by the Basement rocks in Equaturia
Province, water is generally obtained from a series of boreholes
or shallow hand dug wells fitted with diesel operated or hand
pumps. These wells are located mostly along the banks of the
perennial or seasonal streams or at the wadi bed.

The depth of these wells hardly exceeds 10 m below the ground
surface. However, some boreholes were drilled down to a depth of
more than 20 in in Juba environs. Groundwater occurs in the Bandy
and gravelly successions of the Surficial Deposits under free water-
table conditions. The depth of the water ranges from less than 1 m
in the wadi bed to some 3 m along the high banks. The fluctuations
in the watertable are rather sharp ; the water level attains its
highest level shortly after the rainy season and then declines gra-
dually during the rest of the year.

The specific capacity of the wells drilled or dug in the Surficial
Deposits has never been properly tested. However, most of the
wells give an appreciable and sustained yield nearly all the year
round.

The groundwater tapped from the Surficial Deposits generally has
an excellent quality and is fit for human and animal consumption.
The amount of total dissolved solids in the water ranges between
110 ppm and 860 ppm. Water is slightly alkaline with an averrge
of pH 8.5 and an ave."'ge total hardness of 150 ppm. The most
common salts dissolved in the water are sodium, and to a lesser
runtent calcium carbonates and bicarbonates. The water does not
contain any harmful or toxic ingredients.

Umm Rawaba/Yirol Formation Aquifer System : This is the main
water-bearing geological unit in Southern Sudan. It underlies most
of Jonglei Canal Project area. The aquifer is essentially made up
of permeable sands and pebbles interbedded or intercalated with
impermeable clays and silts. Due to the absence of proper aqui-

OWiNAL PAGE IS	 elude, the different water-bearing horizons are hydraulically inter-
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PWF. QUALITY	 connected either directly or by seepage through less permeable
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layers. Therefore, tilt , groundwater body in each basin has a single
and main water level,

.Some 30 boreholes (wells) have been drilled in the discussed aquifer.
The depth of these wells ranges from 40 m to 580 in below the
ground surface. The regional water level in the area covered by the
aquifer varies from 20 m to some 80 m below the ground surface.
The output of the wells ranges between 10 to 15 ni3/h.

Groundwater occurs under free watertable conditions in the
aquifer, and it has more or less a main regional water level. Mild
If-cat artesian conditions sometimes occur where the permeable
water-bearing beds are found in a lenticular form surrounded by
highly impermeable silt: and clays,

The seasonal or permanent regional fluctuations in the watertable
of the aquifer have never been monitored. Recent measurements
of the depth of water in Borehole No. 6430 at Malakal show it slight
but steady decline of 12 em in the watertable .luring tilt , wriod
between February and the beginning of May. finch decline may be
attributed to the seasonal fluctuations in the water level of the
White Nile, The hyth aulie continuity between the groundwater body
and the perennial water courses in the area is evident from the
high tritium content (between 2241 and 414 TO of the groundwater
of the tube wells along; the bank.+ of the White Nile. The fluctua-
tions in the piexometric surface of the groundwater in the aquifer,
at large, am expectt%d to be minimal and insignificant because of
its large areal extent and high storage eapacity.

With the exception of few gxAnts at the rim of the major basin or
Mong; some of the burried basement ridges, the thickness of the
aquifer in question is not fully known. At these points, the thick-
ness of the aquifer ranges from 70 m to 150 m. In the deep troughs
of the basin the whole thickness of the aquifer has not been pene-
trated and it is estimated by geophysical methods to be in the order
of several 100 m or even 1000 m.

llydrologle Properties of the Atguifer : The sediments of the Unim
Pawaba Formation 1 irol Formation aquifer system below the
watertable, vary in their storage, transmitting and drainage capa-
bilities. This is attributed to the lateral and vertical variations in
the lithologie characters of the water-bearing materials.

The wells drilled in the Jongiei Carnal Project area have never
been pro1wrly treated by pumping; in order to study the hydrologic
characteristics of the aquifer. The only tests carried out were by
a bailer, for several hours, to determine productivity of these wells.
thm , t ver, from those bailer tests, and from the lithologic deserip-
tion of the water-bearing materials encountered from these wells,
the following tentative transmissivity values of the aquifer have
been estimated in Table 4.
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1
TABLE 4

The Coefficient of Transmissivity of
t im,i l;awaba > ormation/Yirol Formation Aquifer System

Well No.	 Location	 Coefficient of Transmissivity

3640 Malakal 3,300 m'=/day
3666 Uying Scheme 14,900 m''/day
3656 Oriang 13,000 M2 /day
3636 Dolieb Hill 17,200 m'/day
3657 Ayod 17,200 ml/day

According to these volumes the average coefficient of permeability
of the aquifer is estimated to be ranging from 0.13 m/day to
0.029 m/day. From the lithologic logs of the wells and from the
bailer tests carried on them, the coefficient of storage has been
estimated to be 10 2 to 10-:' which indicates mild artesian conditions.

The indicative watertable contour map (Fig. 7) shows that the
groundwater movement in the aquifer is from south to north, i.e.
in the same direction of the surface water drainage of the area.
The map also shows that the aquifer is receiving an appreciable
amount of recharge from the northern piedmont of the basement
in Equatoria Province and from the southern slopes of the Nuba
Mountains.

The relationship between the groundwater body and the perennial
streams of the area is not clearly identified, however, from the
shape of the watertable contours in the map it looks as if the
stretch of Bahr El Jebel from Mongalla to north of Bor is acting
as an effluent stream recharging the groundwater reservc-ir. North
of Jonglei, in El Sudd Region proper, both the surface and ground-
water bodies emerge together and crop out in the form of swamps
and marshes covering the triangle between Bahr El Jebel and Bahr
Ez Zaraf. The watertable contours indicate that Bahr El Jebel
north of Jonglei is acting like an influent stream where the river
is receiving water frorl the aquifer. The contours indicate also that
El Sudd Region is acting like a funnel into which all the surface
and groundwater are drained. Jebel Ez Zaraf ridge is acting like
a groundwater divide which separates the water drained into El Sudd
Region and that moving northwards along the White Nile.

The average slope of the watertable in the aquifer syster., upstream
El Sudd Region is some 0.4 m/km. This gradient falls gradually
till it becomes extremely flat in El Sudd Region south of Lake No.
In this part, the movement of groundwater is almost nil and the
groundwater body becomes stagnant, and it contributes to the
marshes and swamps covering, this part.
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The aquifer system underlies some 31,000 km2 of the project. area.
Despite the quality of the water, all the wells drilled within the
area of the aquifer were productive. However, their productivity

	

varies according to the lateral or vertical variations in the hydro- 	 i,

geologic properties of the water-bearing materials forming; the
aquifer.

The groundwater in storage: within any aquifer is generally esti-
mated by multiplying; the wilume of saturated sediments by their
coefficient of storage or their specific yield. The minimum thick-
aess of the aquifer, so far known, is some 20 m, whereas the
maximum may reach several 1lk)0 in. The coefficient of storage
has been estimated to be ranging from 10.2 to 10 ,3. Accordingly,
the groundwater in storage in each meter thickness of the aquifer
will be in the order of 81 to 810 million m y of water. This also
means that assuming no recharge, which is not the case, then one
has to draw a volume of water ranging; between 81 to 810 million m"
of water in order to lower the present watertable by one meter.
This definitely indicates the large capability of the aquifer as a
source of water either for domestic use or for irrigation purposes
once the projected canal is constructed.

Recharge to the aquifer can be secured from different sources such
as direct precipitation, effluent beepage from surface runoff and
through subsurface inflow from the basement piedmonts surround-
ing the aquifer.

The Jonglei Canal Project area enjoys an average water surplus
in the order of 75 mm during; July and August which is the peak
of the rainy season. Such surplus is equivalent to some 6000 mil-
lion m;' of water over the area underlain by the aquifer in the
Jonglei Canal Project area. Assuming that only 10 , r of this amount
of water seeps down to recharge the underlying aquifer, whereas
the remaining water flows either as surface runoff or is kept as it

soil moisture in the vadoze zone. Therefore, the amount of recharge
from direct precipitation to the aquifer system in Jonglei Canal
Project area is estimated to be 600 million M3/annum.

The amount of subsurface recharge to the aquifer system from
the southern basement piedmont can be estimated using Darcy's
ISquation as follows :

Q — TIL where

Q : amount of subsurface inflow in in", day
T : average transmissivity of the aquifer
I : the hydraulic gradient
1.: the length of the aquifer

Accordingly, the daily subsurface inflow will be

Q : 13,000 X 0.0004 X 75,000 a 390.000 m2/day.
This is a quivaleut to some 140 million m2/annum.

r-
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	 Receili, reeliaige to the aquifer aystem has been confirmed from
the tritium analysis carried on the groundwater of some of the

.	 tube wells along the White Nile near and north of Malakal. The

	

j	 results of these analyses are shown in Table 5.

TABLE 5

Tritium Content of the Groundwater in
Malakal Environs (after Strojexlwrt)

Borehole '1't it 9 nu

No. Locution	 latitude	 Longitude	 Content	 (T u)
3978 Lelo	 9°37'	 31,32' 229
3669 Akaraweng	 9, 42'	 32"20' 278
3663 Akoke	 9"45'	 32"15' 259
3628 Rom	 11^45'	 32"45' 414

It is evident that the groundwater in storage plus the amount
recharged every year is, by tar, greater than the present and
future demands for domestic water in the area. It also encourages,
whenever the quality permits, the use of these groundwater resour-
ces to grow, under supplementary irrigation, some high value cash
crops which can contribute to the economic welfare of the area.

On the basis of chemical analyses carried out on some groundwater
samples obtained from the tube wells drilled in the concerned
aquifer system in Jonglei Canal Project area, a groundwater iso-
salinity contour map was constructed for the aquifer (Fig. 8).
The salinity values are expressed in ppm of the total dissolved
solids ( TDS) . The cumplete chemical analysis of the groundwater

-.}	 of some of the wells is shown in Table G.

The iso-salinity contour map further confirms the idea that the
aquifer system is receiving appreciable amounts of fresh water
recharge from the basement piedment around the aquifer. It also
shows that the amount of T.D.S. increases in the direction of move-
ment of groundwater within the aquifer.

From the map (Fig. 8) it is evident that the aquifer includes two
hydrogeochemical zones weakly connected or even rather separated
by Bahr Ez Zaraf basement ridge. The northern zone covers the
environs of Malakal basin, and the gi c. n -viater In this zone is
extremely hard and highly mineralized. The TDS varies between
2000 ppm and over 6000 ppm. The salinity decreases in every
direction away from Malakal. The relationship between the salinity
of the aquifer and its depth is more clearly known as most of the

^^ p^C'^	 drilled wells in Malakal basin have shallow depths and « •ere all
OF POOR QUALI , 	 finished within the highly mineralized Umm Rawaba segment of

I
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the aquifer. Moreover, it has been noted that the deep wells always
have a better quality water than the shallow ones drilled in the
same locality, e.g., Well No. 3631, total depth 133 m, TDS 5270 lipm
and Well No. 3660, total depth 344 m, TDS 2300 ppm. The relative
freshness of the groundwater in the deep wells may be attributed
to the possibility of deriving part of their water from the less
mineralized Yirol segment of the aquifer.

The non carbonate alkalies (primary hardness) dominate the dis-
solved mineral salts in the groundwater tapped from the northern
zone of the aquifer. More than 60 11A of these salts are in the form
of sodium sulphate and sodium chloride. The cause of the highly
► mineralized groundwater in the northern zone of the aquifer is not
fully understood. However, saline water is frequently tapped from
the Umm Rawaba aquifers in different parts of the Sudan. The
main reason for the salinity is attributed to their mode of deposi-
tion, where some of the water-bearing material was deposited in
closed shallow lakes under semi-arid conditions.

The southern zone covers the rest of the aquifer system. Ground-
water tapped from this zone is generally fresh with TDS always
less than 1000 ppm. The earth alkalies and alkali carbonates and
bicarbon 3tes, and secondary permeability dominate the dissolved
salts in the groundwater at the rim of the aquifer. About We of

	 r
r these salts are in the form of calcium, magnesium and sodium

carbonates and bicarbonates. As the groundwater moves to the
center of the basin, these salts gradually give up to the non car-
bonate alkalies and the water gets more saline. 	 ,.1

Suitability of Gronu ► dwater for Domestic Use : The general speci-
fications of drinking water in the Sudan as adopted by the Ministry
of Health are as follows :

1. Water should be free from colour, turbidity and any unpleasant
odour or taste.

2. The TDS should not exceed 2500 ppm, however, for cattle and
other livestock eater up to 7000 ppm can be used.

3. The concentration of certain ions should not exceed the harmful
limits such as :

Constittient	 Upper limit in ppni

F 1.5
Pb	 .. 0.1
As ....	 0.05
Se	 ............ 0.05
Cr++++++ 0.05

These limits are mandatory and excessive concentrations may cop.
stitute basis for the rejection of the whole supply.

a
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O) her limits which are less sCriet are

Mg # +	 .............. 125	 ppm
Cl. 	 ................ 750	

91

SO4__	 ...... 500

NO,--	 .............. 5o	 ,.

Ammoniacal Nitrogens as N	 ...... 0.06
Albuminoid Nitrogen as N	 ........ 0.1
Total Alkalinity as CaCO. 	 ........ 150

The human and animal population of Jonglei Canal Project area
are depending on the groundwater tapped from the aquifer system
for their drinking and other domestic purposes for most of the
year. Some 30 tube wells fitted with piston pumps and diesel motors
are tapping their water from the aquifer. From the available che-
mical analysis, it Is clear that, with the exception of the envirMis
of Malakal, the groundwater tapped from the aquifer system is
fresh and contains lower amounts of salts than those quoted in the
above specifications. All the other iron concentrations are also far
below the harmful limit. Accordingly, such water is fit for hunnun
and animal consumption, as well as for other domestic uses.

Snitabillty of Groundi%ater for irrigation : Groundwater is not
currently used for irrigation in the Jonglei Canal Project area.
However, the possibility of using it for supplementary or even for
full irrigation of the reclaimed hind after the construction of the
projected canal should not be excluded.

The assessment of the suitability of water for irrigation usually
takes into consideration the following criteria :

1. The amount of total dissolved salts expressed in the form of
electrical conductivity, measured in p mohe/cm.

2. The sodium absorption ration (S.A.R.).

3. The toxic level of individual ions Such as boron, selenium,
magnesium and sodium.

From the chemical analysis of the groundwater of the southern
zone of Umm Rawaba Formation/Yirol Formation aquifer system,
it is clear that the electrical conductivity of most of the samples
is lower than 750 N mohs/cm. Their S.A.R. ranges from 1.28 to
about 4, therefore, such waters are classified as good to excellent
(from C2S1 to C1S1) as to their suitability for irrigation. These
waters can be used for various crops and soils without fear of
salinity or alkalinity hazard.

The groundwater of the northern zone of the aquifer system is
highly mineralized, with at specific conductance always over
1000 p mohs'em. Their S.A.R. ranges from 8.8 to 15.5. This clas-
sifies them as C3S2 or worse, i.e., fair to poor waters for irrigation.

I
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The fair waters can only be used for crops with moderate to high
salt tolerance and for coarse textured soil.

Cost of 'O ater Vrt,N isiun : The estimation of accurate costs for
drilling slid cull-41 uetion of water stations in Jonglei Canal Project
area is rather difficult because the costs change drastically from
year to year. A groundwater station normally consists of one or
two tube wells fitted with reciprocating diesel powered piston
pumps, elevated 5 m:' steel tank, four livestock troughs, and six
taps for domestic water supply. The common diameter of tube
wells for domestic supply is 150 mm, always installed with API
plain and slotted casings.

The average cost for drilling in Southern Sudan is estimated to
lie $100/m. The cost of the pump and other installations in the
water station may sum up to $ 20,000. Accordingly, a water station
with one tube well of a depth of 200 m will cost $ 40,000, while a
:station with twin wells is estimated to cost about $ 60,000.
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TABLE 6. — Chemical Analysis of Ground%iater from Fqu. ►toria Wells and Upper Nile

Well No.	 Location	 Lat. N Long. H	 t► 11	 T.D.Q.	 T.11.	 T. iii..	 E. W,

3671 Juba 4 50'	 31'30' 8,8 491 220 350 134

3690 Lago . 4'00'	 3010' 7.9 140 48 100 55

3691 Lord	 .	 .	 .	 .	 . 4'47'	 31'39' 7.8 240 80 100 20

3691 lanya	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 3'31'	 30'50' 8.1 30t) 140 180 42

3693 Loka	 .	 .	 . ,	 .	 .	 .	 .	 4°17'	 31 1'10' 8.3 230 100 150 53

3950 Juba	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 4'50'	 31'30' 8.6 620 180 300 127

3636 Doleib Hill	 .	 . .	 .	 .	 .	 .	 9 120'	 31 '35' 7.3 6420 3640 250 Nil

3643 Malakal	 .	 . .	 .	 .	 .	 .	 9'35	 3140' 8.8 2460 400 830 460

3646 Lake Feng.	 . .	 .	 .	 .	 .	 7'l2'	 31`57' 8.5 350 124 280 165

3449 Duk Fobit	 .	 .	 . .	 .	 .	 .	 .	 7'43'	 31'25' 8,2 185 75 120 45

6650 Duk Faiwi	 .	 .	 .	 . .	 .	 .	 7''30'	 31''25' 8.0 120 50 90 40

3651 Kongor	 .	 .	 .	 .	 . .	 ,	 .	 ,	 .	 7''29'	 31''22' 8 0 780 255 500 260

3654 Anyad	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 6`20'	 31''50' 8.6 430 180 350 180

3655 Bahwang .	 .	 .	 .	 . .	 .	 .	 .	 .	 848'	 31'32' 7.8 4120 1200 140 Nil

3656 Oryang .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 9'05	 31'31' 8.0 2060 720 150 Nil

3657 Ayod	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 8'07'	 31°26' 8.0 170 68 IOU 34

3658 Magogh	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 8'25'	 31'15' 8.7 1080 248 330 87

3660 Mading	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 9'10'	 32'11' 8.1 2303 800 370 Nil

3666 Lyria	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 9'22'	 31°42' 7.3 5800 2660 340 Nil

3678 Lelo	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 9''37'	 31°32' S.1 1400 155 590 450

6430 Malakal	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 9'35'	 31°40' 8.2 5403 I800 500 Nil

6929 Bor	 .	 .	 .	 .	 .	 .	 , .	 .	 .	 .	 .	 6'15'	 31'35' 8.8 340 120 290 180

T.D.S. Total Dissolved Solidcs in ppm.

T.H. Total Hardness as Ca Co3 in ppm.

T,Alk. Total Alkalinity as Ca CO, in ppm.

E.Alk. Evxss Alkalinity as Na 2CO 3 in ppm,

Ca, NI g. Na, K, Fe, Cl, SO4, NOa.	 N 2 and F values in pptn.

4
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Cs Nig Na ti Fe CI SO4 NO3 Nut F Aquifer Reavirks

51F 23 ? 20 7 15 Nil 1.8 S Fit

8 7 ? — 8 20 2 0.1 0.4 S Fit

20 10 ? — -- 10 15 Nil Nil 0.8 S Fit

48 5 — — — 16 84 2 2 0.4 S Fit

27 8 -- — — 16 54 1 Nil 0.2 S Fit

24 29 75 7.4 — 70 20 8 Nil 1.5 S Fit

632 25; ? ? ? I6.K) 2580 s0 2 2 UR/Y Unfit

92 41 ? ? ? 130 960 Nil Nil I UR/Y Fit

32 11 Y ? ? 8 20 Nil Nil 0.4 UR/Y Fit

20 10 ? ? 2 10 5 Nil Nil 0.5 UR/Y Fit

15 5 ? ? ? 10 15 Nil Nil 0.9 UR/Y Fit

6t) 25 ? ? ? 50 80 7.5 Nil 0.6 UR/Y Fit

35 22 ? ? ? 20 20 2.5 Nil 0.3 UR!Y Fit

40 145 ? ? ? 440 330 Nil Nil 0.3 UR/Y Uftit

175 70 ? ? ? 330 940 Nil Nil 0.2 UR/Y Unit

17 6 ? ? ? 12 47 it NO 0.4 UR/Y fit

67 19 ? ? ? 75 440 1.25 Nil 0.4 UR/Y Fit

176 87 ? ? ? 380 Sib 2.5 2.5 0.3 UR!Y Unfit

616 258 ? ? ? 1680 1370 10 20 0.3 UR/Y Unit

30 20 ? ? ? 8.) 495 12 -- 0.7 UR/Y Fit

415 190 135 30 -- 383 2 3 15 110 0.14 Nil UR/Y Unfit

38 6 10) 77 — 16 21 Nil Nil 0.3 UR/Y Fit

Aquifer S Sur-,'b;W D.-posits

Aquifcr UR/Y; U.-t R.I:vab:i Farmation/ Yirol Formation

Aquifer Symc. n

r
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BOREHOLE No. 36:0;

Location :	 Doleib Hill
Total Depth :	 180 ni
Depth to Water : •10 in

Log Deseeription

Depth (m) Lithology
Surficial Deposits :
0-3 Clay, highly silty, yellowish grey.
Umm Rawaba Formation
3-58 Clay,	 slightly sil0r,	 dark	 grey	 with	 kanker

nodules.
58-92 Clay, highly sandy, greyish with ironstone and

kanker nodules.
92-100 Sands,	 highly clayey, fine to coarse grained,

moderately sorted, yellowish.
100-138 Clay, low sandy content, yellowish grey.
138-158 Sand, highly clayey, well sorted with ironstone

concretions.
158-178 Sands, low clay content, fine to medium rather

well sorted, greyish yellow.
178-180 Clay,	 low sand content,	 with	 dark	 ironstone

concretions.

BOREIIOLE No. 3651

Location Kongor
Total Depth : 125 m
Depth to Water : 29 m
Output : 5.5 m:'%h

Log Dp%eription

Depth (m) Lithology

gurfieial Deposits :

0-3 Clayey sand, fine to coarse grained, subangular
to subrounded, moderately sorted.

l mm Rawaba, Formation :

3-10 Sandy clay, yellowish.
10-22 Clayey sand, subangular to subrounded, mode-

rately sorted.
22-30 Clay, highly sandy, greyish yellow.
X0-125 Sands, low clayey content, fine to coarse grained,

subangular to subrounded.
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IWIt i .11OLE No. it;.-)!

Location : Malakal
Total Depth : 70 m
Depth to Water : 25 in
Output : 5.5 m3 ./ h

Lug Description

Depth (m)	 Lithology
0-30	 Clay, with low sandy content and some kanker

nodules.
30---30	 Sandy clay, grey with pale brown patches.
315-40	 Clayey sand, medium to coarse grained, mode-

rately sorted, pale to yellowish.
40-60	 Sandy clay with some iron nodules.
60--65	 Clayey sand, coarse grained, moderately sorted

with some iron concretions.
65-70	 Sandy clay, pale brown with ironstone nodules.

BOREHOLE No. 365,S

Location :	 Magogh
Total Depth :	 330 m
Depth to Water: 82 m
Output :	 5.5 m3/ h

Lot, Deseripticn

Depth (m)	 Lithology

Surficial Deposits :

0-2	 Sands, highly clayey.

limn ► Kawaha formation :

2--8	 Sands, low clayey content, fine to coarse grained,
moderately sorted, yellowish in colour.

8-33	 Clay, slightly sandy, greyish to yellowish.
33--82	 Mudstone, slightly sandy, hard with ironstone

concretions.
82-270	 Clay, slightly silty, pale brown, with ironstone

concretions.
270-290	 Clay with a higher content of fine to coarse

grained sand, greenish grey with brown spots.
290-330	 Sands, highly clayey, medium to coarse with

some pebbles and weathered basement fragments.

I
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BOREHOLE No.

Location :	 Lelo
Total Depth :	 113 m
Depth to Water : 44 m

Lot; Description

Depth (m )	 Lithology

surficial Depo%it^ :

i^ 0-14	 Clay. slightly sandy, earthy in colour, with white
kanker nodules.

• l'min Rawalia Formation

14-56	 Clay, slightly sandy, greyish in colour.
56-60	 Sand, slightly clayey, fine to coarse poorly sort-

ed, brownish grey.
60-70	 Clay, low sandy content, pale with grey patches,

kwithironstone concretions.

' 70-73	 Sand, silty, poorly sorted, 	 subangular to sub-
rounded grains, yellowish.

I 73-75	 Clay, silty, greyish brown, with few pebbles and
fragments of ferruginous sandstone.

t
75-110	 Sands, slightly clayey, fine to coarse.
110-113	 Clay, slightly sandy, grey with white spots.

t

BOKEHOLE No. 3691

Location :	 Lorri, Equatoria
Total Depth :	 25 m
Depth to Water :	 3 m

Lot; Descriptiml

1
} Depth (m)	 Lithology

Surficial Deposits

0-1.5	 Clay, sandy, brown.
i 1.5-7	 Sand, fine to coarse.

7-8	 Sand, clayey. yellow.Y 

8-9	 Clay, sticky. dark grey.
9-18.5	 Sand, medium to very coarse, 	 rounded to bnfi-

I
rounded.

1 18.5-22	 Sand, clayey, rounded to subrounded.j	
"+ 22-25	 Weathered basement.
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