aquifers was examined by taking account of the following conditions;

The Lower Ajlun (Al-6) ;° Hydrochemistry of the groundwater basin has

not been studied except for a limited area in the southern part of the

Jafr basin,

The Amman - Wadi Sir (B2/A7) : The aquifer is believed to satisfy the

quality requirements.

The Rijam (B4) ; Part of this aquifer has been contaminated by

irrigation return with high salinity.
5.4.2 Lower Ajlun (Al-6) aquifer

The lower Ajlun (Al-6) has not been regarded as a promising aquifer due

to the lack of information on both hydrogeology and hydrochemistry.

In 1985 NRA carried out a series of chemical analysis on the water
samples from seven project boreholes. The boreholes, which penetrate
the whole of the lower Ajlun (Al-6) in and around the Shidiya area in
the southern part of the Jafr basin, is composed of'aiternating
sandstohes and shales with rather low apparent resistivities of less
than 100 ohm-m. The values of E.C are in the range between 1,000 and
2,750 micromho/cm and of T.D.S between 700 and 2,000 mg/l, which follow
the slightly saline water enviromment and/or the stagnant water
environment. At the southwestern edge of the Al-6 aquifer where the
narrow bands of outcrop receive rainfall, the groundwater is fresh with
T.D.S of 600 to 700 mg/l,:ﬁhile the water salinity increases up to 1,728

to 2,048 mg/l towards the east basin boundary.

The spatial variation of water gsalinity (T.D.S) in the carbonate rocks
is dependent on the aguifer chavacteristics such as formation lithology,
rechéfge_area and distance of groundwater tflow. Noxth of the Salwan

faule, the ‘gfbundwater in the lower Ajlun (Al-6) aquifer is mainly
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derived from the A4 formation which is arenaceous consisting. of medium
te coafse homogeneous sandstones with a Qery high aquifer pressure of 30
'kg/cm2, which explains the wvery low range in water salinity such as
T.D.S of 326 mg/l. The sand layer in the A4 acts as a sand filter to
percolating groundwater flow in the lower Ajlun. The fdllowing is a

summary of the chemical anaiysis of a water sample from JT-3;

Well E.c . T.D.§ pH ca't Mg™ wat*t k' c17 s04™7 0377 Heo3”
No. m.mhe/cm mg/l - mg/1 mg/l Mg/l  mg/1 mg/l mg/l mg/l mg/l

JT-3 0,510 326 7.3 46.5 21.2 20.7 14.9 25.9 33.6 0.0  235.5

The above result is figured on a Piper’'s tri-linear diagram. JT-3 is
plotted in the area of "carbonate hardness" as seen in'Fig.S,ll. The
quality is excellent in meeting drinking water standards, and is

suitable for most uses,

A  water salinity (E.C) wmap  of the lower Ajlun (Al-6) is shown in
Fig.5.21.

5.4.3. Amman - Wadi Sir (B2/A7) aquifer

The Amman - Wadl Sir (BZ/A7):has been identified as 'a promising aquifer
to satisfy the water requiréments of = the Study area. The
hydrocﬁemistry of this aquifer has been examinéd.moré detail than any
other aquifers except for the areas of the.ﬁortheastern part of the Jafr
basin and the eastern ﬁart of thé'upper'Hasa'basin where no drillings
were ‘carried out before this stgdy. - The WAter Sahples of the B2/A7,
which wefe'cdllected ftbm the test wells such as at JT-1, JO-3 and.Jofé.
were analyzed at WAJ's chemical laboratory in Amman.i The'fdllowing is a

summary of the chemical analysis of the water samples;'

No. m.mho/cm"mg/l - mg/l mg/l Mg/l mg/l mg/l mg/l 'mg/l Tﬁg/l_
JT-1- 0.620 397 7.4, 53,1 28.6  27.6- 3.5 52.5 .20.2 'o,o 257.5

well E.C  T.D.S8 pH ca't Mg' Na™t kY . c17. S0477 €037 HCO3”
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JOo-3 1.000 653 7.2 B86.2 46.6 62.1 5.9 105.3 129.7 0.0 340.5
JOo-5 1.830 1,171 8.1 163.1 54.2 190.9 9.4 141.5 532.2 0.0 339.9

The regional E.C values in the B2/A7 aquifer are less than 700
micromho/cm in the Weétern Highlénds, 1000 to 1,400 micromho/cm in the
"central part of the Jafr basin, and 4,000 to 6,000 micromho/cm in the
cast of the "Karak Wadi Al Fiha fault". The E.C value is as low as 400
to 1,100 micromho/cm in the northern part of the Salwan fault, while it
rises . to 1,800 micromho/cm in the east of the "Karak - Wadi Al Fiha"
fault. The values of T.D.S follow the same pattern; showing. T.D.5 of
390 mg/l at JT-1, 635 mg/l at JO-3, and 1,171 mg/l at JO-5. Three
groups of the quality types are plotted on the Piper’s tri-linear
diagram, including i) "carbonate hardness" at Western Highlands and

Westérn part-of upper Hasa basin, ii) "no one cation-anion ﬁair exceeds
50 %" at ceﬁtrdl ﬁart of the Jafr basin and eastern part of upper Hasa
basin, iii) "non carbonate alkali exceeds 50 %" at eastern part of Jafr
Sasin.‘ " Groundwaters are pure and fresh in the Western Highlands,
¢lightly saline in the central part of the Jafr basin, and saline in the
eastern part of the Jafr Basin. The regional water salinity (E.C) of

the B2/A7 is mapped in tﬁe Fig.5.22.
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5.4.4 Rijam (B4) aquifer

Flood flows, which are impounded temporarily in the_loﬁer reaches of
wadis on the B4 formation, are the main source of pgroundwater recharge.
Water salinity in the flood water is as low as less than 400 . micromho/cm
of E.C, while it increases from west to.east in B4 aquifer. The E.C
value is 600 micromho/cm in the recharging_area and 1,800 micremho/em in

and around the eastern aquifer limit.

In the central Rijam groundwater basinj where  interisive groundwater
1rr1gat10n has been carried out by local farms in and around the Al Jafr
town since 1966, the E.C increased from 500 mlcromho/cm to 2 000 -5, 200
max Lmam. The VLF. survey. was, carrled out in and around the.lrrlgated
land, to delineate the areal extent of.the-contamlnatlon by irrigation
return flow: The.éppafent resiétivity in the shallow Rijam (B4) aquifer
is as low as less than 10 ohm-m in and around .J-1' and J-17 wheté
intensive groundwater irrigation has been performed using the wells . in
fhe farms, while it is as high as more than'10Q ohm-m in the surrounding
areas where no intensive irrigation has been carried out. From the
resistivity map. in Fig.4.61, it is interpreted that the polluted area
and/or aquifer has a limited eXtent.which corresponds to the areal limit
of the irrigated land. Fig.5.23 shows the fegional water salinity'(E.C)

of the Rijam (B4).

5.3 Potenfial Wellfields

5.5.1 Ceneral

The potential wellflelds are found in the confined areas in the Lower

Ajlun (Al-6) and Amman - Wadi Slr_(B?/A7) aqulfer ) whlle very llmlted ,

groundﬁater potential is evaluated in the shallow RiJam (B4) aquifer.
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5.5.2 Lower Ajlun (Al-6) aquifer

In the southern part of the Jafr basin below the Palestine grid N=930 to
N=940, the Al-6 is thin as less than 100 m thick and it is unsaturated,
while 1t 1is confined in the central and northern parts of the study

area. (see Fig.5.14)

The Al-6 formation outcrops ‘a few kilometers to the west of the
watershed along the slope on the Western Highland, where rather higher
rajnfalls replenish the adquifer., Flood runoff in the wadis, which
intersects the narrow bands of the Al-6 outcrops on the steep slopes, is
another source of the groundwater recharge. The arenaceous and -
argillaceous sediments of the Al-6 does not include any fracturing
and/or' caving structures -on. the outcrops along the cliffs. The
recharge from.the flood waters in the wadis may not a significant source

of the groundwater recharge.

The lower Ajlun (AL-6) upderlies the Amman - Wadi Sir (B2/A7), which
consists of alternating sandstones, sandy silts, silty marls, maris and
clay/shale units. Méin productive aquifer is ~sandstone layer of A4
which is interbedded by the impervious feormations of A5/6 and A3. The A4

is pervious but very thin being about 20 m thick.

The régional gfodndwater flows in the Al-6 aquifer are confined by the
three majof.fault syétems such as the "Arja - Uweina" flexure, “Salwan"
_fault'and.“Karak - Wadi Al Fiha" fault. The faults act as impervious
barrief;:whére dispiacements exceed the thickness of the A4 formation as
seen in Fig.5.12. 1In the western highland, the grbundwater flows from
southvest to northeast in and along the "Arja - Uweina" flexure. The
groundwater is in a stagnant environment in the area between Salwan
- fault and east Qf the'“Afja - Bweina" flexure, where water salinity is
high and piezometric elevation is as low as about 740 m. In the northern
part of the study area hetween the "Salwan" fault and the "Karak - Wadi

Al Fiha" fault, the grouﬁdwater flows from the west to the east with
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very low water salinity and higher piezometric elevation at about 890 m,

The potential wellfield in the Al-6 is. regionally . confined in the area
between "Salwan" fault . and ."Karak' - Wadi Al Fiha" fault. The
experimental wellfield is selected in and along the wadi Rigl, which is
located to the northwest of the JT-3. Simulation mesh model of the Al-6
whiéh includes the experimental well field of the "East Hasa" Iis showﬁ

on Fig.5.24.
5.5.3 Amman - Wadi Sir (B2/A7) aquifer

In ‘the south and the Qoutheastern part of the Jafr basin below the
~ Palestine grid N=940 .to N-960, the BQ/AY varies from O to 100 m in
thickness . and it'is unsaturated. In the central part of the study area,
the B2/A7 aquifer is in a confined condition, ﬁhile it is unconfined in

the surroﬁnding areas as seen in Fig.S}l?.

The B2/A7 formation outcréps on: the Western Highland along the divide of
the western boundary.of the Jafr basin, where higher rainfall of 200 to
300 mm per annum replenish the aguifer. The flood waters in the wadis
on the oﬁtcropé of the B2/A7 formation which are'highly fractured with
caves, fissures and cracks, are also ‘important source of the
groundwater recharge. Average annual recharge through the wadi beds in
the outcrop area is estimated at 6.7 MCM/y in total.(Refer to chapter 3

of surface hydrology)

‘The Amman\-—'dei 8ir (B2/A7) formation underlies the Muwaggar -(B3)
formation, which consistS'of two aquifer ﬁnits of.BZ-and AT . For:the
purpose of the modeling study, the Amman - Wadi Sir (B2/A7) aquifer is

assumed to be a-single hydréulic System with hydraulic conductivity.
The regional groundwater flows in'the”BQ/A7 aquifer_are confined by two

majer faulting structures such as "Arja - Uweina" flexure and "Salwan"

fault. These faulting structures act: as impérvious barriers, but they
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are not continuous barriers becéuse'of.their complicated structures. In
the western highland, the groundwater flows from the west to the east
intersecting the "Arja - Uweina" flexure which is composed of a group of
discontinuous faults. In the northwestern part of the Jafr basin, the
"Arja - Uwelna" flexure acts as impervious barrier to intersect the flow
to the east, then the groundwater flows turn fo the northwest direction
passing through the watershed boundary between Jafr and upper Hasa. In
the ‘north of the Salwan fault, the groundwater flows to the northeast
and east, and flows out through the "Karak - Wadi Al Fiha" fault which
is not a continuous faulting system and acts as a semi-pervious barrier

with hydraulic continuity in the B2/A7.

The potential wellfields in the B2/A7 are regionally confined in and
along the two majof flow passes such as “Wadj Wuheida - Wadi Ugeiga" and
"Tell Burma - Qa al Jinz". The experimental wellfield of "East Ma'an"
is located in the lower reaches of the wadi Wuheida 10 to 15 Km east of
‘Ma‘'an. In the upper Hasa basin, the experimental wellfield éf "South
Hasa" is located 5 to 10 ¥m northeast of the Tell Burma and/or 2 to 7 Km
northeast of the JT-1. (Fig.5.24)

5.5.4 Rijam (B4) aquifer
The sustained yield of the Rijam (B4) aquifer is evaluated to be as
small as less than 2. MCM/y per annum, due teo the limited groundwater

recharge through ‘the wadi beds during the occasional floods, No

extensive exploitation will be recommended.
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5.6 Model Simulation Study
5.6.1 Model construction

Regional groundwater flows in the aquifers of both B2/A7 ande1;63are
confined by three majof faulting structures, "Karak - Wadi Al Fiha"
fault, "Salwan" fault and "Arjé_-—‘Uweina" flexure. These faults are
complicated in their structures with irregular boundaries. The finite
element method (FEM) is ﬁsed to intérpret_ the compiiéate boundary
conditions in. the .simulation modelé. '-AQuifer hydraulics are also
complicated by inclusion of both unconfined and confined conditions in
the single aquifer unit, The UNISSF.groundwater model takes account of

the following hydrogeological data;

- ;Elevation contour_of ground sufface

- Geological structure; Elevation contour of the bottom of the aquifer
- Geological structure; Elevation contour .of the top of the aquifer .
—-Regional éermeabilitygand storage coefficient / specific yield

- Initial (static)'pieZOmetric_surface

- Groundwater hydrogréph

~ Pumping record dnd program

The simulation model 1is based on partial eqﬁations of the time
depéndent diffusion type which inéludes non-linear time dependent
parameters. Eotential'analysis_has carried out by'qsing the FEM:

simulation models incldding'the following;

~  Steady state calibration of B2/A7 and Al-6 aQUifer medels,

- Non-steady calibrétion and'prediction of B2/A7 aquifer model;
5.6.2 Mathematical models

Groundwater flow .in the aquifer of the Jafr Basin'are'assuméd to be

governed by a two dimensional non-steady equation, which is based on a
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diffusion type of the 'partial differential equation with non-linear

parameters of hydraulic conductivity and specifiec strativity.

The governing equation of the two dimensional groundwater flow is

described below.

oh 2 ah d dh
S(h) - + - { Tx(h) b+ { Ty(h) b= g
. dt ox dx dy dy
where 3 coefficient of storage
Ty Ty . coefficients of transmissivity in x, y directions
q : discharge/recharge per unit time
t time
h : head

The equation above can be applied to a multi-layered aquifer by

considering T and § as functions of the groundwater head.

confined aquifer

1
i=0

unconfined aquifer

n

i=0 o :
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a, |
§ = Syi + ! SSi_l bi"].

1~0
where K; : coefficient of infiltration capacity of i-layer
Ss: :  coefficient of specific storage i-layer

i
Sy; @ specific yield of i-layer

b; : thickness. of i-layer

‘The numerical analysis of the simulation model was performed by finite
element method (FEM), which is now widely used to solve regional aQuifer

problems.

The partial differential equation is formulated by the Galerkin finite
element ptrocedure, which is basically a rule for reducing_the governing
partial differential equations to a matrix statement involving a matrix

of the unknown state varjables.

The numerical solution of the matrix = statement is accomplished by the
band matrix method, which is mainly used for matrix calculations by the

computer to szave the computational time and memory.
5.6.3 Steady state calibration of Al-6

The finite-element grid mesh.of Al-6, which is composed of:tri~éngu1ar
and/or Quadriléteral élemgnts, iﬁcludes 223 elements with 231 nodes.
The mesh map was designed to delinéate the finer geoldgical structures
of “Karak'- Wadi Al Fiha" fault, "Salwan" faﬁlt and "Arja - ﬁweiﬁa"
flgxure. These faulting structures reﬁuire fiﬁer mesh gridé as shown

in Fig.5.25,

The boundary conditions ére_eitﬁer'of the_spécified-flbw‘or Specified--
head type. Nodes along the western bésin.Boundafy, where-average'annﬁal
rainfall exceeds 150 mm in the outcrdp'atea , are of épecified-head type

of  the boundary condition.  The specified-flow of the_outflbw type is

' 5-32



given to the mnode along the eastern boundary of the model, wheve
groundwater flows out to the further east-northeast areas. There is

neither springs nor pumping wells from the Al-6 aquifer.

The steady state model was calibrated by compafing the difference
between the piezometric surface in the monitoring well (JT-3; EL=877 m)
and the computed head on the corresponding node (No.89; E1-870 m).
Fig.5.26 shows the calibrated piezometric surface and the computed

regional flow vector.
5.6.4 Steady state calibration of B2/A7

The finite-element grid mesh of the B?/A?, which is composed of tri-
angular ‘and/or quadrilateral elements, includes 372 elements with 361
nodes. The mesh map is designed to delineate the complicated linearment
with diécontinuous faulting structures inclﬂding "Karak - Wadi Al Fiha"
fault, "Salwan" fault and “Atja - Uweina" flexure. These discontinuous

.faultihg structures require finer mesh grids as indicated in Fig.5.27.

Thé boundary -conditions are either of the specified-flow or specified-
héad type. _Nodes.élong the western basin boundary, where average annual
rainfall exceeds 150 mm in the outcrop area, are of specified-head type
of the boundary condition. The specified-flow of the outflow type is
giﬁen- to the node .along the eastern boundary of the model, where
groundwater flows out to further east to northeast. Water balance of
the simulated model through the boundaries is estimated at approximately
+/- 16 MCM per annum. = Spring waters from B2/A7 aquifer are located in
the Western Highlands of the Jafr basin, which are estimated to yield

approximately 0.75 MCM per annum.  From the surface rvunoff simulation
énélysis using the tank model method, groundwater recharge through the
wadi beds on_thé outcrops of B2/A7 in the Jafr basins estimated at

approximately 6.7 MCM per annum.(see Section 3.2 of this chapter)

The steadyfstate is based on the simple assumption that there are no
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artificial abstractions from the target aquifer. A semi-steady state
condition is assumed to calibrate the simulation mbdel; which is based
on assumptions that artificial abstractions does not exceed the annual
averagé groundwater recharge without any influences on the regional
piezometric surface. It is assumed that. the piezémetric‘surface'in the

stﬁdy area was in a steady state and/or semi-steady state before 1970.

The . steady state- model was calibrated by comparing the difference
between the plezometric surface in the monitoring lels'(Jofﬁ;-EL=724m,
JT-4; EL=785m, S-121;988m,'JT51;.ELFBSOm, JO-3; EL=790$, JT-2; EL=7%m,
§-111; EL=1,179m, S-65; BI~1,193m, $-118; EL-1,27lm) and the computed
head on correspondlng mesh nodes (No 50; EL~728m No,87; EL=741m, NQ.94;
EL=990m, No.ll4; EL=884m, No.128; ELm772m, No 160; EL-804m, Né.185;
EL=1, l77m, No. ]97' EL=1, ZOQm, No.214; EL=1,277m).  Fig.5, 28 -shdﬁs thé

calibrated plezometrlc °urface and the computed regional flow vector.
5.6.5 Non—steady'calibration and predictions of B2/A7

Successive decreases in the piezometric head have been monitored in the
WAJ monitoring well at S- 121 (Palestine grid; E=228.70, N=002. 08) since
1973.  The non- steady state model assumes that the regional- plezometrlc
surface was in a  steady state and/or semi-steady state before’ 1973
Fifteen years of monitoring: records (1@73~1988)_at;3-121 are -used to

célibraté the computed piezometric head. The caliﬁratéd'Storage-
coefficient in and around the $-121 is in the. range between 1.4x10° 4 4 nd
5.2x1907 5, while the coefficient of permeablllty is in the. range between
1 and 0.1 m/day.  The computed dravdown: from 1973 to 1988 is estimated
at 8.4 m, which is 98 % of the measured drawdown of 8.3 m in the
A monitoring well 5-12%. Calibrated noﬁ-steady piezometric surface by the

year 1988 is .shown in Fig.5.29.
The simulation model predicts the influences of the future groundwater

exploitation such as at “South Hasa" and "East Ma’an" on the regional

grbundwater flows. Each experimental wellfield assumes'produétion wells
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of 10 to 20 in number with a unit pumping rate at 0.5 to 1 MCM/y
located at a distance from each other 1 to 2 km, From the model
analysis, which assumes the abstraction of 10 MCM/y from each proposed
wellfield, the piezomeétric surface is estimated to be lowered by 40 to
55 m in the "South Hasa" wellfield and 25 to 30 m in the "East Ma'an"
wellfiéld by the year 2010 and: 2040, The estimated piezometric surface
after 20 and 50 years pumping respectively is shown in Figs.5.30 and
5.31. The estimated drawdown at representative mesh nodes in each

wellfield are shown on Fig.5.32.

The model .prediﬁtion also includes the alternative studies on the
groundwater recharge dam. The éonjunctive development study is also
carried out by wusing the simulation model. The model is based on
groundwater exploitation by coupling with the two grdups of recharge
‘dams such as Al-2-3 and Bl-2-3 ‘which assume the commencement of the
impounding in 1993 with net infiltration capacity of 5.2 MCM and 3.2 MCM
per annum respectively. The piezometric level is estimated to be raised
by 5 to 10 m_aftér'?O-to 50 years.pumping by adding the groundvater
recharge dams as shown on Figs.5.33 and 5.34. The estimated changes in
the piezometric surface which is raised by the infiltration through the

recharge dams are shown in the groundwater profiles on Fig.5.35.

The regional effect of the groundwater recharge dain in the Shoubak area
is evaluated by using the simulation model. From priority ranking study
‘for the propdsed recharge - dams, the A-2 recharge dam is selected to
evaluate the éffécts of infiltration on the unconfined aquifer in the
Shoubak area,_whére the piezometric surface is being lowered by

the intensive groundwater irrigation.

'Thé'pumpiﬂg rate for the irrigation is assumed at 3.27 MCM/y in the
simulation model; In addition, the double pumping rate of 6.54 MCM/y is
also assumed to estimate the upper limit. of pumping in the complicated
Shoubak'wellfield;'The alternative simulation study includes the

following four cases;
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Case 1) 3.27 MCM/y of abstraction without recharge dam
GCase 2) 3.27 MCM/y of abstraction with l.BIIMCM/y of A-2 recharge dam
Case 3) 6.54 MCM/y of abstraction without'recharge dam
Case 4) 6.34 MCM/y of abstraction with 1.81 MCM/y of A-2 recharge dam

The impounding and/or infiltration of the recharge dam is assumed to

start after 5 years which consider the time for the construction of dam.

From the cases 1)-2) and casés 3):4), the area effected by the A-2 dam
is found at the northern part of the Shoubak area as seen in the

drawdown map of Fig. 5.36.

Groundwater profiles in and around the Shoubak wellfield in the cases 1)
through 4) are shown in Fig.5.37 and 5.38. The piezometric levels in a
part of Shoubak wellfield will be réised:SOme 5mto 10 m after 20 to 50

years by adding the A-2 recharge dam.

Figs. 5.39 to 5.41 shoﬁ the grouﬁdwatér hydrographs at selected.
simulation mesh nodes in the Shqﬁbak wellfield.. . From the case 1) and 3)
the drawdowns are -estimated to bé"lb to 50 m; after ZG-ItO 50 years
pumping, which includes a critical water table condition in some part
of the Shoubak wellfield. From the case 2) and 4), minor or negligible
influences are seen in the soqthern'Shoubék wellfield siich as at mesh
node "186“, "181”, n182v, "183", -"193”,:.'“19_.4'.l and ?195", while obvious
influences of rising - the piezometric shrfaceﬁin the northern'Shoubak
wellfield such as at mesh node “1526,'"173“, hl?é“, ®175% and "176" are

estimated as seen in the predicted hydrographs.

All the data and computer output files,_which.have been used in the
model simulation studies, are installed in the 3.5 inch size_miﬁi—floppy
diskette, Those input data: are transferred to WAJ’s'VAX~8200 by means
of :R§-232C data communication SyStém. .The,version f3.0)56f tHe‘UNISSF

simulation manual, which is the final version of the simulatiOnpmodelsi
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with input and output files, is transferred to WAJ at the end of the 3rd

computer simulation seminar.
5.7 Proposed Groundwater Development
5.7.1 Design of proposed wellflelds

From the model simulation study, the potential yields of the two
proposed wellfields such as "South Hasa" and "East Ma'an" are esfimated
at 20 MCM/y in -total. The proposed two wellfields are Jlocated in
parallel the National Water conveyer route (Mudawwara-Ma'an-Amman)

within a distance at 1 to 15 km,

The irS_outh Hasa" wellfield comprises a group of 20 deep wells which are
installed at a distant of 1 to 2 Km as shown in Fig.5.36. Following is

the feature of the water source facilities;

Wells

Nos.'of well : ;20 wells
Diametetr of well ;17-1/2 inches
Well depth - 1350 'm
Diameter of pump chamber pipe (0-200m) ;13-3/8 inches
Diameier of screen pipe ;9-5/8 inches
Pump

Nos. of pump ;20 units

Type of pump - ;Submersible pump
Désign head - ;150 - 175 m
Motor capacity ;45 - 75 KW
.Design discharge | ;70 - 90 m3/hr

The. "East Ma‘an” wellfield is composéd of a group of 20 deep wells which
are drilled at a distant of 1 to 2 km as shown in Fig.5.40, Following

is the feature of the water source facilities;
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Hells

Nos. of well 120 wells
Diameter of well ;17;1/2 inches
Well depth S 3250 m
Diameter of pump chamber pipe (O-l?Sm) ;13-3/8 inches
Diameter of screen piﬁe | :9-5/8 inches
Pump

Nos. of pump § : :20 units

Type of pump _ ;;Subme;sible pump
Design head : : ;125 - 150 m
Motor capacity ;40 - 70 KW
Design dischérge ' ;70 - QO.mB/hr

5.7.2 Preliminary cost estimates

The national water carrier of Disi—Mudawwara—Amman route, which pass

through the Study area within a distant 1 to 15 km from the proposed two
wellfields, is prdposéd by WAJ, and the project cost ié preliminarily
estimated at Us$200 (=J.D,1h0) millions. To compare with the huge
amount of the project cost for the pipeline-constrﬁction, the investﬁeﬁt
cost of the well construction is, however, as small as J.D.1.75 million
for "South Hasa" Wéilfield and J.D.1.25 million _for_,"EaSt..Ma‘an"
wellfield By assuming the unit rate of drilling at'J,D:ZSO.périiinear
meter lump-sum. While the other cost of the électrié facilities such as
transformérs,- contro].'panéls, remote conﬁrolA panels and flow meters,
transmission line and céllecting pipes will be in the range between 100

and 200 % of the cost of the well construction. .
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! . eedlum hard, crystaliine o micros
! E, 1%'3 crystaliine, claptic in pleces, with 201
i I : ey oot SN chert which is phoephatie and ugm
1 l ( 174503, 3200 ° iIiJ-l['] Bz . b:own :o!.our . ST R
i . Al A 320-501 mt  Chert, ught brovn to black, with 20X
1 A limeatone, which ig white to light grey
13 ) . e and pedlum hard, clastle at some depths.
158503] 3800 = Limestons, Fight grey, madium hard and
I E 1‘1 crystaliine, 1ntercnlut=d with thin
ol : = Bands of chert which le Light beowm
200 | 'g 65403 L01.0 R colour,
1 £l ) S L
g o 401-505 m: Sandstone, light grey, with quartz
2 < greins, rounded te sub-rounded, some
k1 'é 3 friable, pedium to cotrse grain.
£ — P - _ RO
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e e asalt e
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g son | ™ ST hard,

— = |—

- 40-130 ms HMsri, Light goey, soft, Intercelating
- thin bands of limestone which is belge
colour and hard.
8834? 1100 e 3 e S
130-164 mr Harly licestone, dark grey. intercalac-
ing black chert ayers. .
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|600.47} 413 0 N . e e
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57347)2500] R B

o . .

2 440497 m: Chert. black, intercalating thin bends
of limestone which e bzlge colour and
bard.

516 271 4970 QU e e e . . . Prpep—
497-530 m: Marl, dark grey, with lisesteae vhich is
ha347,5300 o ey e .
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- sand which is 1ight grey with
argillaceous materials.

e e R . - .
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WELL No. JT -3
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[ 912 26 |45 ~lgfezm  Mlluviws, top sofl with desert graval
' 23528(190 _:.*..':—-_—..3_ 2-19 m Harl, brovn, soft and weathered, with
_“ \ some chects which is brovn colour.
- ! | 860278 540 o~ | AL
o [ =3 : ) :
o | Sioi[=2=]m, [ 19-125 m hicr, black té brown,. intercalating
‘ a3rze 7.0 | 7 |4 [ limestone vhich ls beige colour and
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l : measlusol S|4
! i 713228115 . ?i-‘-_p‘[._.___ . B
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» t . E ' bands of marly limestona.
w 7722811420 7= | ) i ]
ot . [,
u
=Y o .
I7. =
Ky 3 3B2R160) 147-232 m1 Sandstone, yellowish:light brosm,
& - . friable, with traces of pyrite, the sand
H 5 becomes brewn coluosr after 202 wm, with
3 rounded to aubronnded med-grains.
F
] .
h - 6822 | 2320 .
g 7526{23.0 -
5
1 a5 |13 *
FIANCORE Y
. £ .
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- i 18545 15 2 bend .
- EH 29”.7}} B = nds of sand
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N SRR e —
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= 152-444 T Shale, grey to dskk gray, soft, with
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670,78 4460 '
9.2 limeszonz layers which is belge colour
ese.8|usp0| 3 o andtwed.
) £38-4%7 m Shale, dark grey, soft, fossiliferous
f_’. . Interbedded with sose sand layers.
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WELL No. JT -4
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R .
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£ 3 4
B 5 3
- ) = 226-269 a3 Thert, black, ilntercalstlag thin beds of
) = © bitminous marl.
3 13 v
76k 07 — . e s -
- 269-287 s Mari, sticky, bluish grey, intecbedded
s with lipastone layers which are lighe
: 2 lout.
L 7437|2070 L gtey colour _
“
e
Ly
287-333 m:  Chert, black
erfso| | R [—
333-396 m: Ssndatone, llght grey to grey, rounded
to sub-rounded £ine to med. graln,
o rather coapack, and cemented,
5 tnverbadding sendy macl which ls grey to
hd dark grey colour.
396-195 o ¥erl, stlr;h)'",- blulsh grey to dack grey
interbedded with limestone which is
6X6.37| 31340 Light grey colour.
63517 160 Age TR
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WELL Ne. JO-3
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£ £ 5 ‘é P _,E! y & ‘g Lithalegical  Description ¢f DBerehole Samples
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a = = E4 a Y o+ Iy
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W 1010.80] [9ta. 28 |- <M 1-— —f -2 a1 Alluvium, top soil with desert gravels,
~ . "f -~ e
: h ?} U ER LR 1] Hecl, brown, weathered and soft with
= - 3 soma brown chert layers.
2 895.28 | 190 ~ e
H ?f . . y T e
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¥ . e 082 261320 A_A
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1 '.j a7 208 110 == beige colour st some deptha.
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4 739 281760 : 115-232 m: .l.!u:us'_une. beige, medium hard, with thin
X ' - | — = bands of marly limestone.
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- 716 28)158.0
20031 9} i R
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: j% ee2 2d 2310 s

H H 515202190 232.263.64 m: Ssndstone yellowish to Iight brown,

& - friable, with traces of pyrite, the sand
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a bHrownish color after 202 m, rounded to
E . subrounded.
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3 -
B RS
X ¢
g i i }
3 ' .
£ —~
a e
x B
4 o
= pafhos
] =2
3
3
o -
ht €
o 5
» B0R17| 250 i o e e e
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© o | frewcrizso Ml
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Fo. .| g, | 269-267 = Harl, sticky, blulsh grey,interbedded
o [ ) with limestons leyees which are light
14347 'c-' N~ grey <olovr.
o i e . S
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Y
a
287-333 m: Chart, black
701 17| 3236
| 657,17 |3330 . . e -
333.3%% @t Sandstone, 11ght grey to grey, rosnded
to sub-rounded {ine to med. geain,
3 rether compact, and cemented,
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WELL No. JO-5
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a W a £F% o &£
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light gréy colour, hard end crystalline,
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to ooft.
950001 L3 0 e I I T . . b e e e e ———— —
8440055 9 | : :
. 49.74 ;1 Harl, brown to belge, soft to medlium
hatd, intercalating foxe black chert &nd
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3
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- T p .
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] h * p
E 17200870 interbedded with thin bands of hard
L 2 & .
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) e
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E .
1 Limestone, lipht grey to whitish-beige,
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o
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Groundwater Level Map of B2/A7
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IN RIJAM (B4) AQUIFER






VI. SALT ACCUMULATION PROBLEMS IN RIJAM (B4) AQUIFER

6.1 Present Conditions’

At Al Jafr town in the central Jafr basin, irrigation has been practiced
by pumping groundwater from shallow unconfined aquifers in the Rijam
(B4) formation since 1965. Since around 1971, salinity of the Rijam (B4)
aquifer  increased and its yleld has 'already become unsuitable for
irrigation -use on farmland at Al Jafr town (See Fig.6.1 and Fig.6.2).
At the Jafr No.l7 wéll'located_in the farmland, salinity increased from
500 ppm to 2,000 ppm after 6 years of pumpiﬁg and reachea 3,400 ppm iﬁ
1975 (See Fig.6.2). Because of the saline cohtamination-of the aquifer,
two wells in the farmland have been temporarily abandoned and the

pumping amount. of other wells have been decreased,
6.2 Mechanism of Salinity Accumulation

Where saline contamination has become a serious problem, the Rijam (B4)
aquifer is intercalated between the -Alluvium layer and the impervious
Mudawwara Fformation (B3). The part near the ground surface of the
Alluvium layer is a root zone where plants are able to absorb water for

growth (See Fig. 6.3).

With downward movement of irrigation water, salt is transported to the
root zone. Once a year before sowing, initial leaching is conducted to
rembve concentrated.salt from the root zone. Annually,about 10 % of
leaching water is considered to reach the saturated Rijam (B4) aquifer
as deep percolation, This is based on agronomic findings that 10 % in
volume of the pore in the unsaturated soil layer below the voot zomne is
pores of a the size larger than several microns through which free
movement ' of pore water is possible, not being surrounded by capillafy
pores,'and the remaining 90 % is capillary pores with the size less
than several microns in which' free movement of pore water is impossible
dﬁe to capillary'attractions. The remaining 90 % of leaching water is

trapped in the_unsaturated soill layer beneath the root zone.
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The VLF (Very Low Frequency) survey. conducted By JICA study team in
1988 has shown that the salinity-affected aquifer is known to be quite
limited and stagnant in movement in the horizontal direction:
transmissivities of adjacent salinity-less B4 aquifer which are situated
west of the salinityéaccumulated aquifer is 50 m2/day and is considered

to contribute to dilution of the salinity-acecumulated aquifer

Accordingly, it is assumed that accumulation of salinity in the Rijam
(B4} aquifer is caused by the annuwal 10 % of leaching. water which
tfanspofts salt accumulated at _ the root zone by irfigation water -
together with salt contained in the 10 % of leaching water itself, while
the saiinity-accumulated aquifer is continualiy diluted by -adjacent

salinity-less aguifers.

6.3 Simulation of Salinity Accumulation

Based on the conditions described in Section 6.2, a sinulation model of
salinity accumulation of the Rijam (B4) aquifér is constructed as shown

in Fig.6.3. T.D.S. of the salinity-accumulated Rijam (B4} aquifer is

derived. from the equations as follows.

WI2(i-1) + T2(i) + I3(i) + 14

W3L(i) =
W32(i) = W3L(i) - I5(i)
H32(i) = W32(1)/A2/B/SY x 100
and -
12(¢i) = QL{i) x Al x X1(i)
13(1) = Q2 x Y/100 x X1(i) x A1/1000
I4 = TR x 365 x W x X4/10° , o
I5(i) = (Q2 x Y x AL/100 + TR x 365 x W/1000) x H31(i),/1000
where ' : ' ' '

W31{i) (tomn) : Cumulative salt content of the Salinityr30cumﬁlatéd
Rijam (B4) aquifer before dilution at the end of i-
th year t . : . _ o

W32¢(i)y (ton) : Cumulativé_salt:content'of the'éalini;y-aCcumulated

Rijam (B4) aquifer after dilution at the end of i-th
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H32(i) (ppm)
12(i) (ton)
13(i) {ton)
14 (ton)
15(1) {(ton)
QL{i}(m/year)
Al (km?)
A2 (km?)
B (m)
5Y (%)
X1(1) (ppm)
Xb4 (ppm)
Q2 (mm/year)
Y (%)
TR (m?)
W (m)

: Width: of an assumed groundwater

year _
T.D.S. of the salinity-accumulated Rijam (B&)
aquifer at the end of i-ty year

Transport of salt contained in irrigation water to
the salinity-accumulated Rijam (B4) aquifer during
i-th year

Transport of salt contained in leaching water to the
salinity-accumulated Rijam (B4) aquifer during i-th
year

Transport of salt contained in neighboring salinity-
less aquifer to the salinity-accumulated Rijam (B4)
aquifer during i-th year

Salt removed from the salinity~accumu1atéd Rijam
{(B4) aguifer due to dilution

Irrigation water supply during i-th year

irrigation area _

Area. of the salinity-accumulated Rijam (Ba) aquifer

Thickness of the salinity-accumulated Rijam (B4)
aquifer

Specific yield of the
{B4) aquifer

salinity-aceumulated Rijam

T.D.S. of irrigation water during i-th vear

T.D.S. of neighboring salinity-less aquifer

: Amount of leaching water

Rate'of'leaéhing water transformed inte deep
percolation which transports salt to the salinity-
accumulated Rijam (B4) aquifer
Transmissivity of salinity-less aquifer around the
salinity-accumulated Rijam (B4) aquifer
channel through
wvhich salinity-less groundwater flows into salinity-

accumulated aquifer for dilution
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Tn the simulation, the following parameters are assumed,

a) Al : Area of the irrigation area = 1 km
b) A2 : Area of the Rijam (B&) aquifer - 1 km?
¢) B : Thickness of the saturated Rijam (B4) aqulfer = 22 m
d) SY : Specific yield of the saturated Rijam
(B4) aquifer (Ref.6.1) =10 %
e) Q1 : Annual irrigation water requirement :
- Year 1966 to 1975 = 1.00 m/year
-  Year 1976 to 1983 = 0,31 m/year
- Year 1986 to 1987_ = 0.55 m/year
£) Q2 : Annual ﬁater requirement'foriinitial.leaching = 300 mm/year
g) ¥ : Rate of leaching water causing the salinity
aceumulation of the Rijam (B4) aquifer ' = 10 %
h) X1 : T.D.S. of:irrigation water : = 500 ppm
i) Initial wvalue of T.D.S; of the
saturated Rijam (B4) aquifer . : : = 500 ppm
j) X4 : T.D.S of adjacent'sélinity;less Rijam
(B4) aquifer = 500 ppm
k) TR : Transmissivity of adjaéent salinity-less Rijam _ '
(B4) aquifer S =50 m2/day
1) W : Width of an assumed groundwater chammel through
which salinitj—less'gfoundwater flows imto
salinity-accumulatéd aquifer for dilution o= 4 om

It is also assumed that no leaching has been made at the irrigation area

in year 1966, 1967,1968 and 1986,1987.

As a result of simulation, T.D.S.(Total Dissolved Solld) of the

saturated Rijam (Bh) aquifer is estimated as shown on Table 6. 1
The simulated T.D.S. values are plotted with actually récdrdéd T.D.S.
values of the Jafr No.l17 well and ‘average. T.D:S. values over the

irrigation area(See Fig,6.2).

According to the simulation, the Salinity-accumulation of the

64



irrigation area is expected to decline to T.D.§. of about 1,000 ppm in

yvear 2000, which is considered acceptable for irrigation use.
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Table 6,1 Stmulated TDS of I-ki?-Large Irrigation Area

Simulated TDS Simulated TDS
Year at Year End Year at Year End
(ppm) {ppin)
1966 500 1986 1,687
1967 500 1987 1,624
1968 500 1988 1,564
1969 715 1989 1,506
1970 1,017 1990 1,452
1971 1,208 1991 1,400
1972 1,390 1992 1,350
1973 1,564 1993 1,303
1974 1,730 1994 1,758
1975 1,888 1955 1,215
1976 1,889 1996 1,174
1977 1,890 1997 1,135
1978 1,891 1998 1,097
1979 1,892 1959 1,062
1980 1,893 2000 1,028
1681 1,894 2001 995
1982 1,895 2002 965
1983 1,894 2003 935
1984 1,823 2004 907
1985 1,753 2005 880
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