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1. Introduction

1.1General

The Gash basin is one of the most famous alluvial basins in Sudan. The Gash river is an
intermittent stream originating in the highlands of Eritrea, It flows northwesssia flat

plain and ends as an inland fan delta. It forms one of the most important agricultural lands in
this area. Groundwater basins are part oetfusystem, therefore the studying and addressing
any ecosystem problems in Gash basin requires thestadding of the present and future
performance of aquifers within the basirhis studyis to build a groundwater model of the

Gash basinGroundwater flow model is a valuable tool for better understanding groundwater
flow in aquifers and helping to bettenanage groundwateesourceslt is of the few tools
available that can consider a complex array of aquifer variables (hydraulic properties,
recharge, pumping, rivers, structure, and heterogeneity) and allow these variables to interact
with eachother.Exploring these interactions with a model can reveal how an aquifer behaves.
Once a model is properly calibrated, it can be used for predictions to manage groundwater
resourcegHarbaugh, A. W. 2005)The groundwater flow modeling technique is introduced

in this study to assess and evaluate aquifer system of Gash basin and predict the effect of
increasing the extraction from aquifer presentand future development

1.1.1 Climate

The region is characterized by seamd climatic conditions. Two main seasons dan
distinguished: summer and winter. The rainy period starts in July and continues to the end of
September with an average annual rainfall of-1B® mm. The vegetation cover is governed

by the intensity of the seasonal rains and it increases afteptuederiods of the Gash River.

1.1.2 Physiography

The topography of the River Gash Basin is generally flat to slightly rolling with a gentle slope
towards the nortlestern part of the study areBhe elevation ranges from 500 m in the
southeast to 450 m in themhwest

The total length of the river from its source in Eritrea to the apex of the fan north of Kassala is
about 280 km. When entering Sudan, the flow direction of the river changes from west to the
north and the river attains its characteristic appesaf a wide shallow stream with a sandy

bed bordered on either side by extensive flood plains. The drainage pattern is characterized by
several minor khors flowing from the east to the northwest joining the River Ggsing(1).

1.1.3 Geology

The rock unitsn Gash basin consist of Precambrian basement complex rocks, essentially
made of granitic gneisses overlain by the clays of the plains, which are considered to be
Tertiary-Pleistocene weathering products of basement complex réaksd€ 2). These two

units are overlain by the PleistoceineRecent fluvial deposits of the Gash River. North of
Kassala the River Gash forms an inland terminal theita having a characteristic conical
shape. The delta covers an area of 2000 square kilometers. The fluvial depositd
between 3 and 4 km east and between 5 and 7 km to the west of Kassala. The thickness
reaches more than 40 in the west and northwest, and a maximum of 80 m wuéia. The

fine to coarse sand and gravels dominates the deposits in Kassalluasiah(Saeed, 1969).
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Downstream of Kassala there is a progressive increase in fine sediments (silts and clays),
which reaclesa maximum in Gash fadelta.

Landsat ETM+7 Color Composite Image of Band 7, 4, 1 represented in R, G, B respectively.
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Figure1l: An image showing general physiography of the Gash basm aound Kassala (after Babikir, I, A,
2004)
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1.1.4 Groundwater

Alluvial deposits of Gash River form an important aquifer in the region of Kassala. The
headwaters of the Gasle lin Ertria, where flow is perennial. At Kassala the flow of the river
lasts in average for 88 days per year and an annual average discharge is estimated to be of 483
million m3, Kassala is situated at the apex of the river delta which extends northamaéfs f

km, in a ribbon up to 15 km wide.

The alluvium of the Gash River consists of intercalated unconsolidated beds of coarse to fine
grained sediments, gravel, sand, silt and clay. The alluvium of the Gash is the only aquifer of
significance in the ared@he average saturated thickness of the alluvial sediments is 27 m and
the depth to water increases away from the river, varying from 5 m to 30 m below surface.
Recent Reports of the Groundwater performance in the Gash basin indicates a general trend of
groundwater level decline due to high pumping and the aquifernmaigagement.
Groundwater modeling is one of powerful tools to account for symtoblem It is usedto

simulate the behavior of a natural system by defining the essential features of theisyste
some controlled physical or mathematical manMathematical modeplays an extremely
important role in the understanding and management of groundsyatems;therefore we

attempt toapply it to simulate the groundwater situation in the Gash aquife

1.2 Objective
A Develop a strengthened conceptual foundation for local catchment and groundwater
basins problems using an ecosystem approach.

A Increase ability to develop and demonstrate alternate management approaches for
groundwater in the Gash basin.

A Increase ability to identify, engage, and communicate with stakeholders, women and
youth to participate in groundwater management and awareness.

1.3Approach
A Incorporates knowledgabout functioningof the catchment ecosystem into planning
and management

A Focuses o managing groundwater and land resources within catchments
A Recognizes the need to maintain catchment and groundwater basin ecosystem health

A Incorporates ecosystem services to express value and influence behavior to address
water security

2. Previous studis

Different geologicalhydrogeologicalhydrogeochemical and hydrogeophysical studies were
carried out in the study area. The earlier studies concentrated on geology of the area, static
water levels and general hydrogeological studies. Then assessmamhgement and
guantification of the resources came into consideration. Recently, studies on sustainability of
these resources, the quality and evolution of groundwater and the general performance of the



aquifer studies have been conducted. Karkanis (18&&hments on the general ground water
conditions in the area, in his report he has given some data on static water levels in a few
wells at Kassala town. Samuel (1962) described the geology of the area and classified the
rock units as Basement Complex, Llaf the Plain, and Alluvial deposits. In his report he
gives some static water levels for some wells in the area.

The first detailed studies for groundwater resources assessment in the Gash river basin were
done by Saeed (1969 and 1972). He concludddhkagroundwater level fluctuations depend

on the recharge and discharge processes. However, later studies (ERfBincontradicted
Saeed's findings, and from 1979 more land was put under cultivation in the Southern Sawagi
(middle to upstream part) ugj groundwater, where more consideration of understanding the
groundwater condition in the basin became necessary.

In the period Augusi979 and ending in March,1982 a bilateral project between the Sudan
Government represented by the National Rural Wd&erporation (NRWC) and the
Netherlands Government represented by The Netherlands Organization for Applied Scientific
Research (TNO) was implemented to assess the groundwater resources of the Gash river basin
and to develop a master plan for groundwatedaation for all purposes and promote the
situation of regional water authorities in the alluvial basin. Most of information regarding this
basin was collected during the implementation of this project. These include the geology,
hydrogeology, the geometrof the aquifers, the engineering characteristics, the water
quantity, water quality, recharge, discharge regime; the water uses and finally assesses the
development and management of the basin. The statement of water Actssad pg a
regional assemblyn 1984 and as a result, &¢r Bard and Technical Committesere
established. The rial report of the project (NAWRNO, 1982) and a later published
technical bulletin (Enk and Mukhtar 1984) constinh e r esul t s of the proj
From 1982to 1984 monitoring of the water resources started using the existing network of
1982.

Samia (1987) identified an organic and bacteriological contamination in the area. Abdullatif
(1989) discussed thehannelfill and sheetflood facies sequences in thehemeral terminal

Gash River at Kassala.

The water resources management (WRM) project was formulated in September 1989. The
work was carried out in three locations: The information center (IC) in Khartoum and two
technical committees (TC), one in Kassalad another in Nyala. The final report of the
project (WRM 1993) and the technical paper (Nurelmadi®@3) contain the results of the
project investigation. This phase concentrated on the management of the basin, where an
attempt was made to develop agess for modeling the aquifers.

Mona (1993) studied water pollution in Kassala town and concluded that there is a
bacteriological contamination in form of coliform within the town limit, mainly in the shallow
parts of the aquifer.

Salama (1997) concludethat the Gash River has a relationship with the-gxisting
basement shear zone in NSE direction and it belongs to the river Atbra basin. Mohammed
(1998) conducted a geophysical study of the upstream part of the Gash river basin. He
concluded that thbasement complex is undulated forming a system of ridges and furrows
represented probably by burietiannels of the old Gash Riyghe same conclusion have

been reached during the assessment phase of the bilateral project held by NRWC and TNO.
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Bireir (20@) conducted a study on the geochemical evolution of the groundwater in Gash
alluvial basin, using isotope hydrochemistry; he concluded that the periodical Gash river flow
is characterized by light isotopic composition due to altitude effect is the maroesof
recharge.Artan et. al. (2007) presented a hydrologic model using Sateddged rainfall
estimates for flood forecasting to reduce the death toll associated with floods. They suggest
that the remotely sensed rainfall estimates are an excellecesof rainfall data for modeling
processes with monthly and longer time scales.

Elobeid (2007) conducted geophysical study to determine and configure the underlying
basement complex and to assess it as potential zones for groundwater. The studyafpund th
the fractured basement rocks plays as good zones for storage and movement of the
groundwater in the area. Elkrail and Ibrahim (2008) constructed groundwater flow model to
evaluate the groundwater potentiality and assess the effect of groundwateawsthidr the
regional water level and flow direction in the Gash River basin. They concluded that, to
maintain the sustainable development, the annual abstraction rate as groundwater pumpage
should not exceed 156 millian®.

Elsheikh et. al. (2008) studidtie subsurface geometry of the basin using remote sensing
data, structural analysis, and geophysical surveys. They found that the river geometry and
morphology is structural controlled and the pal®er courses are parallel to theVEE
fractures trend, wile the current river course is parallel to the&SNractures trend. Gadelmula
(2008) conducted geophysical study for management groundwater as well as surface water.
The study concluded two distinct paleochanells occur in the upstream of the GastHRiver.
also estimated the groundwater budget and found loss between the inflow and outflow.
Elsheikh et. al. (2010) estimated the groundwater budget of the upper and middle parts of the
basin. He concluded that, the groundwater balance grants annualerdseage in the
aquifer. Nay] K.E (2014), estimatethe totalannual groundater recharge of the Gash basin.

The total annual reeinge is estimated as 380m? and 235 byusing equatiorand gauge
stations methods respectivelochem 2015 inhis studyto madel the groundwater level in

the Gash River delta, with a transient coupled surfgoandwater model in MODFLOW,
concluded that the model provides a reasonable global overview of the important processes in
the area and the sensitivity of the processeshi@nges in the groundwater levels. It is
therefore recommended that the model should be improved to provide more accurate and
reliable results. Crops are mainly responsible for the evapotranspiration. To increase the
groundwater replenishment, the amouaitscrops can be reduced or a crop with less water
demand can be used. The first option is for practical reasons not realistic. It is likely that the
duration of the period that the river flows is more important for the groundwater
replenishment, close todssala, than the amount of discharge of the river.

3. Methodology

x Literature review and data collection:
Information is collected fromdifferent resources, including reports, maps, sections and
satellite images.

x Data processing:
Study the collected informian to identifyexactly thegaps



x Reconnaissance field surveyas doneto clearly identify and understand the model
area.
x Field surveywas carriedto collect the necessary required data especially from the
downstream and Gash die area
x The collected datvasanalyzed and nessary parameters was estimated
x  Groundwater modeling
Modeling is an attempt to simulate the behavior of a natural system by defining the essential
features of the system in some controlled physical or mathematical manner. Therefore
groundwater modeling is a tool used by scientists and engineers for solving groundwater
problems. Modeling plays an extremely important role in understanding and management of
hydrologic and groundwater systenisfollows the following stepss appears ithe chart
below.

Define Problem

4

Develop Conceptual Model .

}
Develop or ldentify

‘ Mathematical Model

Model Assessment

ey
)
!

Re-evaluation of problem —

Hew Objectives?

Completion of Project

x Data preparation for groundwater model:

1. Hydrogeological sucture

For each aquifer unit wdefine top elevation, bottom elevation, thickness, and extent.
Those data should be assigtedachmodel cell

2. Aquifer properties:

For each quifer unit we estimate: transmissivity and hydraulic conductivity, storage
coefficient (specific storage), specific yield (for unconfined aquifer).

3. Boundary onditions

For Flow Model we need to define:

A constanthead boundary

A no-flow boundary

A generalheadboundary



A time-variant specified boundary

4. Recharge data:

Flow model needs to assign recharge rate by cell in each stress period and the layer to be
recharged should be specified.

5. Discharge:

Discharge componentgere defined and calculated.

For Flow Model: discharge rate per stress period, pumped cell and layer should be
specified.

6. Initial data

For Flow Model we definenitial hydraulic head.

x Develop the conceptual model

x Enter data to model

x Calibration and sensitivity analysi$ the model

x Run the modeand development of different scenarios

x  Write the reports

4. Groundwater

4.1 Aquifers/aquitards system

The most important aquifers found within the Gash alluvial deposits are divided into two
main aquifers upper and lower aquifers generally separated dopntisuous aquitard (TNO,
1982). Where the aquitard is missing, the two aquifers form one unit, this case is clear in the
upstream part. Therefqrahe types of groundwater aquifers in Gash river basin are
unconfined to sengonfined.

Generally the upper aquifer is composed dfner sediments than the lower onghich is
mainly silt to finegrained sand. It varies in thickness from less thamt® about 12n while

the average thickness amounts to abaut The upper aquifer represents a water bearing uni
in wide strip along both sides of the Gdg&ilver with average width range from 500to 1500

m in the upstream and around 4060n the middle and downstream parts (Bireir, 2002). The
water table drops below the upper aquifer, especially at the end dfytseason. The upper
aquifer is absent where the top layer and the lower aquitard form one unit in the upstream part
and the eastern side of the basin where the basement is very shallow.

The lower aquifer is composed of coarser sediments than the appevith thickness varies
from 2m to more than 2@n, locally near Kassala Bridge with average ofr@.5The depth to

the top of the lower aquifer ranges from less tham i the upstream area, to almostmOn

the delta (Bireiy2002) with an average gth of about 20n. The depth to basement, which is
considered the bottom of the lower aquifer ranges fram® 60m.

Two less pervious layers can be distinguished in the area. First treetepdayer, locally
called 'badobd which consists of heavyisky clay. These clayey layers are alternating
laterally with rather permeable sand amd silty layers known locally aslébad”. The
thickness of this layer varies from about 1m in the upstream to Inside the Gash delta
with an average of 6.8. The ajuitard separating the upper aquifer from lower one is locally
called 'sara" and it consists of heavy clays alternating locally with argillaceous sandy layers.



The basement rocks are encountered to unconformably underlain the deposits. From the
resistivity surveys conducted in the area and also from exploratory drilling and water well
drilling, we estimate the depth to the basement rocks raetygeer® m to 22m, 27 to 50 m

and 14 to 60n in upstreammidstream and downstream argaspectively Figure 3).
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4.2 Aquifer properties
The aquifer properties such as transmissivity, saturated thickness, hydraulic conductivity,
aquifers storage capacity and groundwateoaig} are discussed below.

4.2.1 Transmissivity

The transmisivity is defined as the rate of flow under a unit hydraulic gradient through a cross
section of unit width and extending over the whole saturated thickness of the aquifer (T).
However, using the serAwng (Cooper and Jacob, 1946) method and the -B@mirheis'
recovery method, transmissivity of the aquifers in the most part of the basin is calculated
(Table 1). As shown in this table, T is in the range of 1820 to 1%/ imthe most upstream

part wherdghe two aquifers form almost one unit. Where the two aquifers are separate, T is 38
to 450 ni/d for the upper aquifer and 216 to 2875%/dnfor the lower aquifer. Hence the
transmissivity values of the upper aquifer are clearly less than those of theolmvérhis is

mainly because in the upper aquifer silt and clay layers are more frequent. Where the lower
aquifer is thin, the transmisivity values decrease relative to the rest of the aquifer (e.g. well
no. 105). Very low values of T (less than 8&ath ale found in other parts of the basin where

fine sediments dominate and the aquifer thickness are thin; these are part of the aquifers near
the clays of the plains and in the Gash delta.

4.2.2 Saturated thickness

The average saturated thickness in the most @ustpart is 16 m, it ranges from 12 t0 19.5 m

in the lower aquifer with an average value of 10.5 m, where in the upper aquifer, the saturated
thickness ranges from 8 to 12 m with an average of 9.5 m. Taking the two aquifers as one
system, by the end of theet season, the average saturated thickness of the Gash alluvial
deposits is 20 m. However, by the end of the dry period where water table falls to the
minimum values, the thickness of the saturated zone decreases. As observed during the field
visit held n June 2015 (dry period) the saturated thickness of the aquifer istraam and
downstream parts falls down. In the Gash delta where the aquifer is artificially replenished by
a system of dug wells scattered within eatirounded basins which filled thi Gash river

water during floods. The saturated thickness of the poor aquifer also drops during the dry
period (Figure 4&5).

4.2.3 Hydraulic conductivity

Hydraulic conductivity (K), the capacity of material to transmit water, depends upon porosity,
size and shipe of pores, degree of sorting, the effectiveness of the interconnection between
pores and the physical properties of the fluid. Small interconnecting tubes restrict the volume
of the passing water and result in low hydraulic conductivity. In contrag Wie grain size

is coarse, the connecting tubes are large relative to the pores and the hydraulic conductivity
will be high. However, the hydraulic conductivity was calculated and the results are given in
Table 1 where K ranges from 67.14 to 104.6 midhe most upstream part; K is 31 to 53.3

m/d for the upper aquifer and K is 26.2 to 122.1 m/d for the lower aquifer. From these figures,
it is clear that the lower aquifer is characterized by higher permeability than the upper one and
the variability of Kvalues reflect the anisotropy and heterogeneity of the system. The low
values of K for the upper aquifer can be explained by the fact that hydraulic conductivity of
the alluvial material tends to decrease with increasing degrees of deformation and
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consoldation and with increasing proportions of figeined material (Anderson et al.,
1988), the case observed in the downstream and Gash delta.
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Tablel: Transmissivity and hydraulic conductivity values for (A) most upstream partip@r aquiferand (Q
lower aquifer ad other part of the Gash basin

Well No. | T (m?d) | T (m?d) T (m?d) T (m?d) T (m?d) Saturated K (m/d)

Jacob Thies Thies (Logan) (average) | Thickness
(Recovery) (m)

A

147 1200 12 100

120 1600 1600 15.3 104.6

Ellfa 1820 1680 19.5 86.2

126 11415 11415 17 67.1

B

887 450 480 9 53.3

822 879 326 8 40.8

510 290 300 8.5 35.3

8 171 249 12 20.8

106 67 67 9 7.4

64 38 34 10.8 3.1

C

10 2875 2075 17.0 122.1

6 2344 1318 19.0 69.4

127 1784.3 | 1858.7 13.0 142.9

42 780 748 15.3 48.9

105 216 583 12.0 48.6

117 469 635 16.5 38.5

157 335 536 19.5 27.5

36 394.5 384.9 14. 26.

2 172 -- 186 -- 179

147 |- - 1105 |- 1105

149 - 489 - -- 489

196 (39 37 - 96 57

462 |- 359 -- 140 250

520 |335 - 536 535 469

596 |- 77 -- 217 147

842 |- 90 -- 421 256

GB 6 2344]|- 1318 923 1528

GB 8 171 216 249 947 369

GB10 |[2857 |- 2075 1471 1801

GB1l1 |229 - 220 351 267

GB18 |879 -- 326 385 530

GB13 | -- - - 19 19

GB26 151 - - 241 196

GB30 [191 - 404 121 239

GB31 |[5273|5095]|/5860 |8861 |[6272

GB33 1469 457 635 1304 |716

GB34 |-- - -- 77 77

GB35 |67 - 6 7 368 167

GB39 [352 383 474 881 523

GB42 780 881 748 332 685

GB44 |16 - 19 351 129

GB45 |26 13 24 199 6 6

GB46 |2 - 1 4 2

GB64 |38 - 34 91 54

GB69 1216 - 583 229 343
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4.2.4 Ground water level fluctuations

The water levels fluctuated primarily in response to variation in recharge and discharge. The
fluctuations are reflected by the watevel changes in wells which provide information on

the change in the groundwater storage.

The water levels in the Gash basin represent the main groundwater levels collected during the
period of (19842015), from available data and during the field bgbdd in June 2015 (Table 2

and Figures$-8). Fluctuations are reflected by the water level change in well, mainly due to
the groundwater discharged from the Gash aquifer for many domestic purposes and irrigation
uses through wells located in the basimafEhe water table fluctuations during the wet and

dry seasons were observed in the hydrographs constructed from these measurements. The
records of the observation wells show that the groundwater table starts to rise as infiltration
become greater duringe flood period from July to September and drops during dry periods
(Figures 9&10). The average difference between the maximum and minimum levels amounts
to approximately 9 m (upstream) and 6 m in (middle stream). The Gash aquifers are recharged
mainly byinfiltratration from the Gash River when the stream flows during the flood season.
This fact has been proved through the isotopic studies carried out by Bireir (2002). The
direction of groundwater flow is towards the NW, and mainly towards the boundaries.
Groundwater flows from area of high fluid potential in the south east to areas of low fluid
potential in the north west. Saeed (1972) estimated a hydraulic gradient of 0.005.

Table2: Location, well depth and ground water leve3ash BasinJune,2015)

Long. Depth WI (m)
Well No. | Lat. deg deg Name (m) fIG
H1 15.6441 | 36.3405 | Jammam 9.8
H2 15.6456 | 36.3405 | Jammam 25 9.95
H3 15.6456 | 36.3405 | Jammam (4 produc wels) 25
H4 15.6683 | 36.3348 | Propj 7.6
H5 15.6724 | 36.3391 | Abdulla Kados
H6 15.6694 | 36.3370 | Jam (Ali Hashim Halngi) 9.2
H7 15.6663 | 36.3338 | Jam (Mukhtar EIHadi) 15.5 11.3
H8 15.6652 | 36.3318 | Dry well (boundary)
H9 15.6873 | 36.3253 | Darif (Rashid) 20 13.2
H10 15.2359 | 36.3286 | Darif 20 16
Dar ELmuk (Abd Munem
H11 15.7133 | 36.3207 | pafalla 14.6
H12 15.7157 | 36.3196 | Dar EIMuk (Fissal El Taeeb) |23 16
H13 15.7173 | 36.3371 | Karakoon 22 14
H14 15.7347 | 36.3372 | Haggar 21 7 SWL
Inter to Wager With PortSu
16.1599 | 36.1090 | Highwav
H15 16.1579 | 36.2067 | Wager (Jedo) 11
Wager (reckbasin, 3 basins 3
dug wells recharge artificiall
H16 16.1579 | 36.2067 | from basin filled by flood) 12 11.5
H17 16.1579 | 36.2067 | 50 m south of above 9.3
H18 16.1577 | 36.2072 | Wager 11
H19 16.1514 | 36.2095 | Wager 154
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H20 16.1453 | 36.1297 | West Wager (Tmeai) 11 10.5
H21 16.1456 | 36.1286 | West Wager (Tmentai) 13.8 13.4
Road, Entrance to Wager(Re
H22 16.1583 | 36.1197 | comp.) 60 34.6
H23 16.1826 | 36.1206 | Hadalya (Abar Salamm Alikum 10
H24 16.1828 | 36.1212 | (Abar Salamm Alikum) 12 8.8
H25 16.1827 | 36.1206 | Mussga 3(Osman Ahmed) 65 44
H26 15.5000 | 36.3773 | Khor Shaigya(Wad Al Bula) 42 25(SWL)
H27 15.4972 | 36.3806 | Khor Shaigya(Ali Moh. Issa) | 38 29.2
Khor Shaigya(Abu Baker Mol
H28 15.4959 | 36.3815 | Issa) 40 29
H29 15.4286 | 36.3996 | Suagi El Haded
H30 15.4285 | 363983 | Suagi El Haded
H 31 15.4241 | 36.4023 | Awitra
H 32 15.4185 | 36.4064
H33 15.4373 | 36.3980 14.3
48 15.4621 | 36.3771 | N.Swagi 20.82
65B 15.4719 | 36.3853 | N.Swagi Dry
163 15.4761 | 36.3718 | N.Swagi Dry
547 15.4233 | 36.3914 | S.Swagi Dry
556 15.4194 | 36.3944 | S.Swagi Dry
442 15.3600 | 36.4157 | S.Swagi Dry
446 15.3636 | 36.4203 | S.Swagi Dry
832 15.3716 | 36.4167 | Wad Sharefee 8
851 15.3733 | 36.4286 | Wad Sharefee Dry
773 15.4217 | 36.4019 | E. Swagi pumped
882 15.4556 | 36.3894 | GW Office 14.02
G2 15.4481 | 36.3903 | Osman Degna 18.75
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Figure6: Location of wells mortored during field trip in Jun2015
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Figure 8. Water table depth from ground in Gash aquiféleft)y and water table elevation in Gash aquifdright) in December 2015
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