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ABSTRACT

This study was investigated to show the effects of arid conditions on water quantity and
quality and the possibilty of utilizing surface water for groundwatter artificial recharge. Azrag Basin
is considered to be the most important basin at the northeastern part of Jordan. it comprises an
area of about 12710 km” and located between the Palestine Grids 250 to 400 E and 055 to 230 N.
The thunderstorm annual rainfail, which forms the major part of precipitafion decreases from 300
mm at the north to less than 50 mm at the south. The calculated runoff ranges from less than 1
MCM to about 80 MCM spread over 12 subcatchment areas. The water flows from all directions
toward Azraq depression before it evaporates info almosphers,

There are three aquifers in the basin, namely upper, middle and lower. They are
hydrauiically connected with each other by the effect of major faults and show different fiow
directions. The upper aquifer, which is the only utilized aquifer, is composed of basalts, alluvia!
deposites and carbonates (Rijam and Shallala Formation). It is suifeang from overpumping to
cover the agricultural and industrial activities, then saft water intrusion may occur in the near
future. To maintain the groundwater quantity and quality, it is recommended to utilize the
floodwater for artificial groundwater recharge purposes. The natural materials in the field will help
in -censtructing low cost recharge dams. The expected volumes of fliood water in the dams of the
different subcatchments range from 0.24 MCM for Wadi Unqiya to 12.82 MCM for Wadi Rajil.

The infiltration modet shows that the infiltrated water will need between 200 and 585 days
to reach groundwater and the soil needs between 0.98 and 2.8 MCM to be fully saturated. On the
other hand, the geochemical mode! shows that the recharge water will be positively affect the
groundwater and the high groundwater quality will be assured. The evaporation model shows that
the flood water remains of high quality even after 40 percent evaporation.

1. INTRODUCTION

Problems conceming water are considered to be the most important and
significant facing Jordan in the near future. They arise from an arid to semi-and
climate with low annual rainfall ranging from 600 mm in the northwest o jess
than 50 mm in the eastem and southemn deserts which form more than 80
percent of the country, a high population growth as a resulf of refugees coming
to Jordan and as a result of natural mutiplication and rapidly increasing demand
for water to cover the agricultural and industrial needs.

The rainfall in the arid and semi-and areas is mainly due the
thunderstorms. Rainfalls in the Azraq basin occur mainly between October and
May, sometimes ending a little earlier depending entirely on weather conditions
of the particular year (dry, wet or average conditions). Heaviest rain occurs
during the winter season from January to February (Meteorological Department
of Jordan, 1988).
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Groundwater in Jordan is considered to be the main source of water for
industrial and agricultural development. However, due to rapid increase in
population and overpumping of the aquifers, the water quantity became not
sufficient to cover increasing demands. Resources are expected to deplete and
salt water intrusion will inadvertentlty occur. The problems are obstacles in the
way of establishing new agricuttural and industrial projects and may affect the
whole socic-economical development of the country.

The Azraq basin covers an area of about 12710 km?. It is located between
the Palestine grids 250400 East and 55-230 North (Fig. 1). The basin is a major
source for drinking water for three major cities in Jordan (Amman, Zerga and
irbid) and the Azraq area itself. The oases are located in the central part of the
depression, they are locally known as Shishan and Drouz springs, which have
dried up recently. The Azraq QOasis is an ouistanding example of an oasis
wetland in an arid region with few parailels in the world. The wetland supports
rich and varied aquatic fauna and flora characteristics with freshwater habitats.
The Azraq Qasis is aiso famous with its date palm trees and important for the
migration of several birds from all over the world. The wetland supports rich and
varied aquatic fauna and flora characteristics with freshwater habitats. The
Azraq Oasis is also famous with its date palm trees and important for the
migration of several birds from all over the world.

The climate of the Azraq basin is characterized by hot and dries summers,
and fairly wet and mostly cold winter. The mean annual rainfall in the basin
ranges from more than 300 mm in the north, 150 mm in the west and to less
than 50 mm in the south and east. The weighted average annual precipitation is
88 mm (Fig. 2).

2. Water Budget

The water budget is the distribution of rainfall between runoff,
evapotranspiration and infiltration. The cyclones, which cross the Mediterranean
Sea bring coid air masses from Europe that is a major cause of precipitation in
Jordan. These cyclones are responsible for thunderstorm rainfalls, which are
characterized by irregularity in intensity and duration. The connective rainfall is
oriented along the major axis of the eastem Mediterranean and extends
eastward into Iraq. The storms are triggered by temperature contrasts between
the relatively warm sea and the cold land surfaces to the north. This mechanism
produces unstable columns of air that depend upon laps rates and moisture flux
convinces in the lower layer (Brenner, 1990).

The thunderstorm rainfalls are responsible for most of the precipitation in
the Azrag basin especially in October, November, April and May. In spite of the
prevailing thunderstorms, cyclonic rainfall may reach the area particularly in
. December, January, February and March. )

All the wadis in the Azraq basin are ungaged and no flow measurements
are available. The heavy thunderstorm rainfall causes high peak discharges and
consequenfly causes severe inundation in parts of the drainage area. Many
ungaged wadis drain into the Qa’-Azraq area. Water from these wadis remains

Vol. 7 (1), 2002 194



J. Adv, Agric. Res.

several months in Qa’-Azraq area as puddies, before evaporating. Water flows
to Qa-Azraq area where the well field is located. The ground slopes range
between 5-10 percent in the northem part, 3-5pementmtheomerd:rectsons
and exceed 15% in Jebel El-Arab area (Ayed, 1988).

Surface runoff is calculated using the United States Soit Conservation
Service Method {(SCS, 1969, 1972 and 1975) as follows :

R - (P-0.28)*/(P+0.8S)... (1)
where Ris the aoct.lmulated depth of lunoff P |s the accumulated depth of
storm rainfall and S is the maximum retention of the soil refated to an assigned.
The curve number (CN) have been tahulated by the SCS on the basis of soil
type This relation is given as (United States Department of the interior, 1960):
= (1000/CN)-10 .. .- 2)

Initial abst:actlon (Ia) IS the amount of ramfall Ioss before saiurahon of the
soil and before runoff, which can be taken as [2=0.2S, with S in inches.

The potential evapotranspiration was caiculated using the Penman
equation, which is shown below:
E=0/{0+H)Re(1-n-O/(O+) Ro+y /(D )Ea ..ol (3)

where E is the potential evapotranspiration, & is the slope of the
saturation vapour pressure curve at mean air temperature (mb.2}, v is the
psychometric constant, Rc is the incoming solar radiation, ris the reflection
coefficient for the surface (Albedo factor), Rb is the outgsing soiar radiation and
Ea is the aerodynamic evapotranspiration.

Since initial abstraction of a rainfall storm is mostly the evapotranspiration
between two consequent storms, the total loss of both the initial abstraction and
the evapotranspiration during the storm will form the actual evapotranspiration
during rainy seasons with acceptable e. Infiltration was calculated using the
formula:
I= P-E-Rl,............. ..(4)

where | is ihe lnﬁitrat:on P |s the precspltatnon is the actual
evapotranspiration, R is the runoff and |is the initial abstraction. All have the
same units.

The evapotranspiration, runoff and initial abstraction are subtracted from
the evaporation every year to calculate the water budget.

There are eighteen rainfall stations in the basin of which, fifteen stations
are located in the Jordan side of the basin, and three stations are in Syria.
Twelve stations measure the daily rainfall, and the rest are totalizator gages,
giving annuali totals.

3. Subcatchments

According to drainage and topographic characteristic of the main wadis in
the Azraq Basin, the present study divided the basin into twelve subcatchments.
These are: Wadi Rajil, Wadi Hassan. Wadi Aseikhim, Qa’ Khanna, Wadi
Rattam, Wadi Ungiya, Wadi Butum, Wadi Harth, Wadi Uweinid, Wadi
Mudeisisat, Wadi Ghadaf, and Wadi Jesha (Fig. 3).

Vol. 7 (1), 2002 195



J. Adv. Agric. Res.

Wadi Rajil subcatchment is the largest one in the Azraq Basin. This wadi
is entering the basin form the north and is not gaged like other wadis in the
basin. The only available hydrological data are rainfall data. The total drainage
area is about 3910 km. The general shape of the subcatchment is trapezoidal,
with the longer axis oriented NW-SE. The average annual rainfall precipitated
over the area is about 108 mm. -

Wadi Hassan subcatchment covers and area of about 490 km?, and also
enters the basin from the north. The average annual rainfall over this area is
152 mm. The general shape of this catchment is fern leaf, with the longer axis
oriented N-S direction.

The total drainage of Wadi Aseikhim subcatchment is 1180 km® The
average annual rainfall in this catchment is about 90 mm. The general shape of
this subcatchment is trapezoidal, with the longer axis oriented NW-SE direction.
The general slope of the stream channels varies between 1 and 3 percent.
Considerable part of the drainage is nearly flat.

Qa' Khanna subcatchment covers an area of about 650 km?. The general
shape of this catchment area is fern leaf, with the ionger axis oriented NE-SW
direction. The average annual rainfall precipitated over this subcatchment is 140
mm. The general slope of the stream channels is from north to south.

The total drainage of Wadi Rattam subcatchment is 476 km?, and enters
the basin from the north. The average annual rainfali over this area is 90 mm.
The general shape of this catchment is fern leaf with the longer axis oriented N-
S direction.

Wadi Ungiya subcatchment covers an area of about 214 km?. The general
shape of this catchment is fern leaf with the longer axis oriented N-S direction.
The average annual rainfall over this area is about 86 mm. The general slope of
this area is from north to south.

The subcatchment area of Wadi Butum is further subdivided into three
subcatchments, Shiban El-Butum, Wadi Harth and Wadi Uweinid, the areas
covered by each of the subcatchments are 310, 280 and 185 km?, respectively.
These subcatchments are entering the basin from the west. The average annual
rainfall over these areas range from 100 to 110 mm.

The total drainage area of Wadi Mudideisat subcatchment at Qa' Azrag is
about 1350 km? and entering the basin from the west. The general shape of this
catchment is femn leaf with the longer axis oriented W-E direction. The average
annual rainfall in this subcatchment is 123 mm.

Wadi Ghadaf subcatchment covers an area of about 2430 km?, and enters
the basin from south. Considerable part of this area is flat, and the generat slope
from SW to NE. The average annual rainfall precipitated over this subcatchment
is about 58 mm, ,

Z The total drainage of Wadi Jesha subcatchment at the outlet in Qa' Azraq
is about 1350 km>. The general shape of the subcatchment is fem leaf with the
longer axis-oriented SW-NE direction. Great part of this area is fiat and the
annual mean rainfall over this area is 47 mm.
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Daily rainfall data from 11 rainfall stations with adequate records from
(1967/1968-1999/2000) had been analysed in terms of storms and frequency
distributions. Curve Numbers were chosen in the range 65 to 75 for the
individual wadi catchments, which gave long-term runoff equivalent to 2.4% of
rainfall over the 33 years period of analysis. Table 1, represents the distribution
of selected curve numbers for the main subcatchments in the basin.
Calculations were performed for each storm of each wadi catchment from the
water year 1967/1968 to 1999/2000. According to these calculations the
heaviest fioods occur between November and March and no significant fioods
occur in October and May. The estimated mean annual runoff volume is 27 .4
million cubic meter (MCM) over the 33 years period of record (Table 2). The
water budget calculation of the basin is presented in Table 3.

4. Aquifer Characteristics of the Azraq Basin

Three major aquifers were identified in the Azraq basin, the upper aquifer
complex, the middie aquifer complex and the iower aquifer complex.
4.1. Upper Aquifer Complex

The upper aquifer complex consists of aliuvial deposits (JA)}-(Quatemary),
Basalts (BS)-(Miocene-Quaternary), the Shallala Formation (Bs)-{(Eocene) and
the Rijam Formation (B,)-(Paleocene).

Near the Qa-Azraq area, the upper aquifer is very shallow and the water
table can be found only a few meters below the ground surface and hand dug
wells are commonly found. All of the hand dug wells are located in farm areas
northeast of Azrag Drouz and east of the well field area. They excavated within
the first ten meters of the alluvial deposits to obtain water for irrigation. The
afluvial deposits are subdivided into three parts in the Qa’-Azraq area: (a) the
upper part includes permeable sediments layers with thickness ranging between
10 and 30 m, (b) the middle part includes a low permeable clay and marl layer
with thickness between 20 and 40 m, (C) the lower part includes permeable and
semipermeable Quatemary age sediments or lithologies of the Shaliala
formation.

Geoelectrical surveys which were made by Worzyk & Huster, 1987 have
shown iocal salt water bodies at depths of 50 to 80 m. Changes from salt to
fresh water in greater depths can be explained by an existing aquitard layer
between the two aquifers. Quatemary sediments are composed of sandy clay
with plates of gypsum and occasional laminations of halite crusts at the surface.

The Basalt aquifer is intercalated with thin layers of red clay, which may
give rise to perched groundwater bodies. It extends through the northem part of
the Azraq basin into Jebel El-Arab. The basalt flows lie uncomfortably above
the sedimentary rocks of the Shallala and Rijam Formations. Water percolates
from the basait intfo the Rijam aquifer. In the west, the basalt flows are above
the saturated zone for two reasons (Al-Momani, 1991): () gradual thinning of
the basalt from east to west (b) sharp increase in the hydraulic gradient of the

Vol. 7 (1), 2002 197



J. Adv. Agl_ic. Res.

complex in the same direction. The transmissivity of the basalt ranges between
3.1*10° and 0.76 m*/s with an average of 0.12 m*/s (Humphreys, 1982).

Table 1. Distribution of Curve Numbers on the Main Catchment Areas of Azraq

Basin.
Area Curve Number Potentiat initial
Catchment Area (km?) (CN) Abstraction S Abstraction
{mm) ia (mm)

Wadi Rajil 3910 70 108.8 21.8
Wadi Hassan 490 75 847 16.9
Wadi Aseikhim 1180 €65 136.8 274
Wadi Ungiya 214 65 136.8 274
Wadi Rattam 476 68 1195 239
Qa' Khanna 750 65 136.8 274
Wadi Butum 310 70 108.9 21.8
Wadi Harth 280 68 119.5 23.9
Wadi Uweinid 185 _ 70 108.9 21.8
Wadi Mudeisisat 1135 70 108 ' 21.8
Wadi Ghadaf 2430 70 108 21.8
Wadi Jesha 1135 70 108 21.8
Total 12710 698.3 112.5 22.5

Table 2. Average Monthly and Annuai Runoff of the Subcatchments of Azraq
Basin in (MCM) for Period (1967-2000).

Catchment Arma  Oclober  November  December  January Februar  March April May Annual

¥ Mean
Wadi Raji 004 1.1 23 2.1 i i 0.1 007 12.82
Wad Hassan o2 .45 [+1:] 057 0.82 11 0.04 0.06 3.66
Wadi Aseikhim 0.02 .19 017 023 0.3 0.48 001 0.03 1.43
Qa’ Khanna 0.01 0.34 018 024 033 0.42 0.0t 00z 135
Wadi Rattam 0.01 0.04 0.03 007 0.09 00 0. .01 0.32
Wadi Ungiva [+1¢)] 002 004 005 006 004 0.01 .01 024
Wadi Butum 0 Q.1 0.24 0.11 008 0.18 on ] 0.81
Wadi Harth 0 0.11 .16 012 0.03 0.14 015 0 078
Wadl Uweinid 0 0.05 0.05 0.06 0.07 0.05 Q.01 0.01 03
Waxii Mudedsisat ¢ 054 095 045 0.63 0.78 098 Q 4.7
Wad Ghadaf 0 0.0s 0.08 006 025 0.13 0.03 0 058
Wadi Jesha ] 0.18 g0z 0.06 0.12 o.02 0.1 0 0.41
Monthly Totsl o1 336 48 412 ~ 645 636 147 0221 2738

el
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Wakw  Rainfal | Runoff Loss (MCM) Wik Runch WAL Loss Rate (%)
Year _— Rabe Rule
QICM) (MCM) ~ (Ed)  (la) Tol (MCM) (%) (%) _(Ed) () Tol
1967/1968 11198 5.7 2518 8515 11093 42 05 04 25 1685 991
1968/1960 12735 484 5805 61886 11791 4538 38 386 440 515 8928
106870 784.2 125 3411 4142 71853 184 18 24 HB5 53 63
TI9T0M9T1 14718 633 8463 71033 13498 529 a7 3E $9 a8 g
197171972 16574 132 3078 13115 16253 18% 03 FX] 186 5 981
1972/1973 7308 210 042 432 64 24 28 31 215 661 940
19731874 20438 800 4217 14525 18142 @858 40 43 208 711 917
18741975 12443 133 2119 9647 11766 544 14 44 80 765 945
1975/1876 12405 216 3847 8410 1167 232 17 1% B8 Tk 064
1976/1877 7194 138 4198 2867 6865 185 13 18 28 583 374
19771978 7385 33 1170 6138 7308 44 04 08 158 832 0
19781979 5427 31 1105 4216 5321 75 06 1.4 204 776 980
197911980 17362 6538 4334 118563 1588.7 71.7 38 4.1 %50 671 &2.1
19601881 11655 548 3612 7023 10640 467 T 40 310 603 913
1983/1982 11375 69 1644 9534 11178 128 06 11 145 B8 583
19821085 9952 833 3222 5490 8712 108 53 7A 24 552 BIE
1983/1984 6101 155 3327 2409 5738 210 25 34 546 385 641
1584/1985 10753 189 4290 5834 10124 440 18 41 }¥S5 542 941
1985/1986 10422 181 3514 6458 10012 219 18 z1 337 624 961
1886/1987 10082 482 3646 5447 9003 517 4B 51 361 540 901
1687/1988 16294 175 4387 11363 15750 369 13 23 265 607 968
To88I1989 14222 263 3010 10546 13557 402 18 23 212 742 954
1985/1990 11820 108 2273 o287 11560 152 0s 13 93 786 978
1950/1961 12380 472 3098 &xn3 11321 587 38 47 250 685 #15
189111992 10740 389 3125 6704 9833 518 36 48 20 &5 910
196211983 To5.7 221 065 oM9d 15589 7.7 28 2.2 152 4% %0
198211994 8668 22 319 8274 8593 53 03 08 37 854 991
190471995 11503 134 2559 8554 11113 258 12 22 23T 144 %68
1995/1986 610 52 3544 2360 5024 124 0.85 20 5881 00 671
199611997 1037 187 330 s25 9945 239 120 230 339 620 950
15971998 1033 134 W5 982 9927 268 1.30 280 ®»7  s74 981
19501999 254 05 565 835 2500 33 6390 130 22 763 985
1999/2000 258 11 759 1764 2523 41 043 760 294 688 98D
T Average 11320 274 3211 7495 10706 340 24 2g 84 562 4B

Teaal loss =1150_3 ED (Evaporation of the storm) and la is Initial Abstraction
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Fig. 1. Location Map of the Azraq Basin,
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The Shallala Formation is composed of marly clayey layers and acts as
aquitard to the groundwater between the Basalts and Rijam aquifers inthe
northemn part of the basin. In south Azraq, the Shallala Formation consists of
sandy layers and can be locally classified as an aquifer (Water Authority, 1989).

The Rijam aquifer covers most of the central and southwestern parts of
the basin. It is classified as a good aquifer and is composed of white colored
chalky limestone and brown chert, underain by the green marls of the
Muwaqqar Formation, containing occasional gypsum (NRA. 1987). The Rijam
aquifer is unconfined in the westem and southemn parts of the basin. ltis
overlain in some places by alluvial clays which give rise to localized artesian
conditions. This aquifer dips in the south-east below the chalks and marls of the
Shallala Formation, acting as confining beds to the Rijam aquifer. Permeability
of the Rijam Formation varies with the degree of karstification. it ranges from 1.2
10~ to 3.310" m/s and transmissivity ranges from 4.63*10™ to 1.23*10™ m%s
(Water Authority, 1989). The gross hydrauiic connection between the Basalts
and the Rijam Formation classifies them as one aquifer (ACSAD. 1982).

The upper aquifer complex is an unconfined aquifer and forms the maijor
aquifer to the Azraq basin. This aquifer consists of four different members which
makes large differences in the chemical and physical charactenstics of the
groundwater. The water of this aquifer differs in depth, quantity and guality from
one piace to another. Depth to water ranges betw-2en few meters to more than
200 m. Regional drawdown in the groundwater ranges between 8 and 12 m
(German Water Engineering GMBH, 1991).

The average transitivity is approximately 11000 m%d with values ranging
between 16 and 26352 m%d. The permeability shows vaiues of less than 0.5
m/d to more than 115 m/d and decreases towards the north and east from the
well field area. Saturated thickness varies between 130 and 180 m in the north
and decreases to 50 m in the south.

The groundwater contour map of the upper aquifer complex shows that
the major recharge from the north, northeast, and northwest, with minor
recharge from the west Groundwater flows from Jebel E:-Arab to reach the
graben structure, where the well field is iocated. This relates to the high
permeability of the rocks. The Fuluk fault acts as a barrier to the groundwater,
because of different hydraulic characteristics of the groundwater flows ~orth and
south of the barrier. The hydraulic velocity of water from Jebel E- A:ab to the
well field area is very slow (Al-Kharabsheh, 1995). The age of the groundwater
was determined to be about 500 to 20000 years. Measuraments (Frahlich et al.,
1987) showed that, because of withdrawal from the well fieid area, the
groundwater is becoming younger in age as a result of the increase of the
hydraulic gradient towards the cone of depression.

4.2. Middie Aquifer Complex

The middle aquifer complex is separated from the upper aquifer complex
by low permeability maris of the Muwaqgqar Formation (B,) and is composed of

Vol. 7 (1), 2002 203



J. Adv. Agric. Res.

the Amman Fomedon (B;){Campanian), the Ruseifa Formation (B,)-
(Santonian) and the Wadi Es-Sir Formation (Ay)-{Turonian). This aquifer
outcrops in the wes! and southwest of the basin and underlies most of the area.

The Amman Formation is classified as a good aquifer and is composed of
chert, chalk and limestone. Depth to the aquifer ranges between 420 and 590
m. The hydraulic conductivity ranges between 3.06*10° and 4.73*10° m/s with
an average value of 7.16*10™ m/s (Water Authority, 1989).

The Ruseifa Fommation is a thin layer of mard and shale ranging in
thickness between 0 and 20 m. Hydrogeologically, this formation is considered
to be an aquitard.

The Wadi Es-Sir Formation forms a good aquifer with a thickness of more
than 300 m. It is composed of marl, marly iimestone and occasionally of
sandstone. Bands of marl and marly limestone form local aquiclude layers within
the middie aquifer complex in the Azraq basin. Permeability of the Wadi Es-Sir
Formation ranges from 1*107 to 1*10™ mvs.

4.3. Lower Aquifer Complex

The lower aquifer complex is separated from the middie aquifer by low
permeability mars and limestone of Ajlun group (A:-Ag). The vertical
permeability of these aquiciudes has a large infiuence on the leakage
characteristics between the aquifers (Lioyd, 1992). This aquifer complex
consists of poorly consclidated mutticolored sandstones of Lower Cretaceous
age intercalated with thin beds of shales and clays. It underiies most of the
Azraq area and classifies Hydrogeologically as a good aquifer with highly saline
waters. Thickness exceeds 200 m.

The lower aquifer complex is a confined aquifer of varying depths which
underlies most of Azraq basin. The depth to the aquifer is more than 1000 m.
Recharge to the aquifer comes partly though the B./A; aquifer complex. The
lower aquifer complex has many lateral and verticai variations in permeability,
due to the presence of clay strata in different horizons. Permeability coefficients
range from 6*10° to 5*10* m/s with an average 4.4*10° m/s. The average
porosity is 4.6 to 13.1 percent. Well AZ-1, the only flowing well in the area,
produces carbon dioxide, hydrogen sulfide and radon gases indicating the
confined nature of the aquifer. Upward and downward ieakage within the B,/A;,
Basalt-Rijam and the deep aquifers may occur because of tectonic situation of
the basin.

5. Infiltration and Geochemical Modeling
5.1. Infiltration Model _
The infiltration model was made using the MODRET computer program
(ANDREYEV, 1992). The program estimates the infiltration capacity of storm
~ water during and following the storm event using the formula:
t= (f/k) (L-(H-h)In{(H+L-h)/(H-h)}).... ..(10)
where t is the time since mﬁttra’aon start, X is unsamrated hydraulic
conductivity, H is the depth of ponded water, h is the capillary suction potentiai
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at the wetting front, L is the depth of penetration of the wetting front and f is the
effective storage coefficient.

The effective storage coefficient is the difference between the initial
moisture content and the moisture content in the transmissive zone) can be
approximated as foliows:
£ = 0.9n-(WydrYw)... -(11)

where f is the effechve storage coefﬁcnent, n |s the pomsrty W is the
moisture content (fraction on a dry weight basis), Yd is the dry unit weight of soil
and Yw is the unit weight of water.

Table 4 shows results of the unsaturated infiltration analyses. The relation
between the storage coefficient, volume of water to saturate the soil below the
dam and the time needed to reach the groundwater are shown in Fig.'s 4 and 5.

5.2. Geochemical Modeling

The chemical analyses of the floods and groundwater were used as inputs
for the PHREEQE Computer Program (Koelling, 1991). The goal of the
geochemical models of this study is to explain the chemical characteristics of
groundwater when mixed with flood water. The program based on
themodynamically approached chemical species distribution by equilibrium
constants and GIBBS free energies. The program calculates p, and pE values,
speciations and the concentration of the cations and anions in the groundwater
that must dissolve or precipitate during the mass balance and saturation indices
of the different, minerals during the simulation.

Two types of models were used: The first one depends on the different
rations of mixing of flood and the groundwater to show the effects of flood
quality on the groundwater quality. The second shows the effect of evaporation
rate on water quality stored in the reservoir and lastly its influence on the
groundwater quality by its mixing with it.

5.2.1. Mixing Model

The Basalt-Rijam aquifer complex forms the major aquifer in the Azraq
Basin. Recharge occurs from Jebel El-Arab through the Basalt flows covering
and the Rijam Formation. Mixing between average chemical compositions of
floods and groundwater of this aquifer was set at 10%, 30% and 50%. Results
of the runs show that the concentration of cations and anions sharply decrease
with increasing the mixing ratio (Table 5). The groundwater under all mixing
ratios is alkaline with high chloride conient.

5.2.2. Evaporation Model

An evaporation model with 10%, 20%, 30% and 40% evaporation rate was
simulated to show the effects of evaporation on water quality through the
recharge dams. Results of these runs show that all evaporation rates do not
affect found water quality (Table 6). The flood waters were alkaline with
prevailing bicarbonate under all evaporation rates.. Generally, mixing of such
water will have no negative effect on the original groundwater quality, but it will
improve it
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Table 4. Unsaturated Infiltration Analyses of the Wadi Butum Catchment Area.

Parameters Average Effective Storage
Coefficient

0.1 0.2 03
Average Dam Reservoir Length (m) 152 152 162
Average Dam Reservoir Width (m) 105 105 105
Average Dam Elevation (m) above mean sealevel 650 650 650
Permeability (mv/d) 0.06 0.06 0.06
Safety Factor 2.00 2.00 2.00
Dam Height {m) 30 30 30
Dam Side Siope (Horizontal/Vertical) 4.00 4.00 4.00
Catchment Area (kmz) 140.00 140.00 140.00
Curve Number 78.00 78.00 78.00
Time of Concentration (Hour) 3.9 39 38
Maximum Daily Rainfall for 100 Years Retumn 62.5 62.5 62.5
Pericd (mm)
Average Separation between Dam Botiom and 65 65 65
Groundwater Level {m)
Unsaturated Infiltration Volume (MCM) 0.98 19 28
Effective Time 1o reach the Groundwater (Days) 200 393.00 585
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Table 5. Average Chemical Composition of Groundwater in the Basalt-Rijam
Aquifer Complex before Mixing with the Floods and after 10 %, 30 % and

50 % Mixing Ratios.
Element Groundwater 10% Mixing 30%Mixing S0 % Mixing Flood
(Mg  (GW) before Wiater
Mbing  90% native 90%native 50 % native GW
GW GW
Ca 30.91 30.02 2828 26.54 222
Mg 12.08 12.07 10.25 B.44 3.9
Na 109.41 102.31 88.22 74.12 389
K 497 497 4.98 498 5
cl 137.81 124,77 99.22 73.67 0.8
HCOs 114.31 119.34 133.73 148.11 172
SO, 66.700 62.74 50.88 38.99 9.3
NO; 8.51 8.1 7.3 6.50 45
Fe 0.134 0.15 0.2 0.24 0.35
Mn 0.0167 0.015 0.012 0.008 -
Zn 0.0267 0.024 0.019 0.013 -
cd 0.001 0.001 0.001 o -
Cr 0.0269 0.024 0.019 0.013 -
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Table 6. Average Chemical Composition of the Floods Before Evaporation and
After 10 %, 20 %, 30 % and 40 % Evaporation Ratios.

Element  flood 10% 20% 30 % 40%
(ma/ v;:tnesr Evaporation Evaporation Evaporation  Evaporation
Ca 222 24,66 27.74 31.7 36.99
Mg 39 433 487 557 6.50
Na 38.9 43.21 48.61 55.55 64.82
K 5 5.55 625 7.14 833
al 9.8 10.88 12.25 14.00 16.32
HCOs 172 204.52 230.1 262.96 306.78
Fe 0.35 0.39 0.44 0.50 0.58
Al 027 03 0.34 0.38 0.45
SO, 9.3 10.33 11.62 13.28 15.50
NG, 45 5 £.62 6.43 7.50

E 0.07 0.078 0.087 0.10 0.12
Li 0.1 0.11 0.12 0.14 0.17
Br 024 027 0.30 0.34 0.40
NH; 0.34 0.38 0.42 0.49 0.57
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Storage Coefficient and the Volume of Water Needed to Salurate the Soil
below Wadi Butum Dam.
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Fig. 5. Unsaturated infilration Analyses showing the Relation between Average
Storage Coefficient and the Time Needed for Surface Water to Reach
Groundwater for Wadi Butum.
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6. RESULTS AND DISCUSSION

The water problems are considered the most important challenge facing
Jordan, which shows an arid to semi-arid climate. The annual rainfall decreases
from 600 mm at the northwest to less than 50 mm at the southeast The
problems are accelerating, due to high population growth and the increasing
demand to cover the agricultural and industrial activities.

The scarcity of water in the Azraq Basin which is 2 major source for drinking
water for three major cities in Jordan {(Amman, Zerga and Irbid) has led to suggest
constructing recharge dams to provide the Upper Aquifer Complex with good
water. The construction of a dam at the outlet of the catchments will help in
ufilization of the surface water, which evaporates completely in the Qa’ area at the
central part of the Azraq Basin. Furthemmore, the dam will prevent the problems
associated with the heavy floods and puddles as which result of the heavy
thunderstorms. -

The water quantity and quality have deteriorated in prasent times in the
Azraq basin, because of overpumpage of the upper aquifer complex to cover
increasing demand to water and limited renewable sources. The springs, which
form the oasis, have totally dried. This means that, searching about new water
resources is very necessary for deveicpment of the country and to protect
groundwater from the probable salt water intrusion.

The Azraq basin forms the northeastern part of Jordan's territory. The
basin shows a gentle relief from Jebel EFArab area, the highest point is located
at 15670 m above mean sea level in Syria, while the lowest is located at 500 m
above mean sea level in the Azraq depression itself. it forms a very important
source for drinking water for three ajor cities in Jordan (Amman, Zerga and
irbid) and the Azraq area itself. Shallow depth and high quality of groundwater
increase the ability for the deveiopment of water supplies and planning.

The exposed rock units in the Azraq basin are Upper Cretaceous, Tertiary
and Quaternary recent deposits. They are composed of sanstones, carbonates,
shales, wolcanics and alluvial deposits. The lithostratigraphy shows
unconformities between some formations. Tectonically, the Azraq basinisa
northwest-southeast trending graben, formed as a resuit of three tectonic
phases during the Paleozoic to recent.A gradual thinning of the sediment can be
observed in the southeastemn part of the basin.

The amount of precipitation ranges between 300 mm in the north at Jebe!
El-Arab to less than 50 mm in Umary to the south. The thunderstorm rainfalis,
characterized by their iregularity in intensity and duration, form the major
precipitation of the Azraq basin. Flood water flows toward the depression area
where puddles accumulate, remaining for few months untit evaporation.

The caiculated runoff volumes range from less than 1 MCM during
droughts to about 80 MCM during wet years divided over 12 subcatchments.
The water flows from the edges of the basin to the central part of the
depression. The annual infiltration volume in the basin is 34 MCM. Around 1
MCM flows from the basin towards Sirhan. Another 14 MCM can be divided into
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direct evapotranspiration of the shallowest water {able near Qa’-Azraq area, and
long-term awverage discharge of the springs. The total recharge to the upper
aquifer complex is considered to be 20 MCM per year.

There are three different aquifers in the Azraqg basin. The upper aqguifer
complex is divided intc two subunits, the first is composed of Basalts, alluvial
_ deposits, Shallala and Rijam Fomations in the northem part of the Azraq basin.
It is the most important one in the area, because of good groundwater quality
and low drilling costs. The second is composed of Shaliala and Rijam
Formations in the south. The hydraulic connection between these two subunits
classifies them as one aquifer. The Shallala Formation is composed of clayey
tayers and acts as an aquitard, but in south Azraq it is more sandy and acts as
an aquifer in some places. Depth to aquifer ranges between few meters to more
than 200 m. Average transmissivity of the upper aquifer complex is 11000 m%/d.
Permeability of the upper aquifer ranges between less than 0.5to 115 m/d.
Saturated thickness ranges from 50 to 190 m.

The middle aquifer complex is composed of the Amman, Ruseifa and
Wadi Es-Sir Formations. Depth to aquifer is more than 600 m. Average
permeability is 9.75*10™ m/s. Depth to piezometric heads ranges from 1 to 278
m. Transmissivity ranges between 3800 and 4800 m%/d.

The lower aqguifer compiex consists of kumub sandstone with depth more
than 1000 m and average permeability is 4.4*10”° m/s. Porosity ranges from 4.6
to 13.1 percent.

The aquifers are hydraulically interconnected by the effect of the major
faults and show different flow directions: water of the upper aquifer complex
flows from north at Jebel El-Arab area toward south fo reach the Qa’-Azraq,
water of the middle aquifer complex flows from west and southwest (Zerqa and
Mujib basins) and from the east (Hammad Basin) to reach the Azraq
depression, water of the lower aquifer complex flows from east to westto
discharge in its lowest point at the Dead Sea Basin.

To keep the surface water from evaporating and poltution, puddling of the
water within populated Azraq areas must be prohibited and soil erosion must be
minimized. Twelve major subcatchment areas must increase groundwater
resources in the Azraq basins were chosen to construct earth dams on them.
The goal in constructing these dams is to overcome water problems by making
an equilibration between the aquifers and to avoid probable salt water intrusion.
The catchment areas dip in the direction of the well field area and are receiving
the major rainfall and floods in the basin.

The watershed land cover and hydrologtc soil groups define the Curve
Numbers used to calculate the runoff quantities. Curve Numbers depend on
catchment characteristics, antecedent moisture conditions, type of the soils,
~ initial abstraction of the rainfall, slope and length of the channel system,
watershed boundary, urbanization and cover categories. The amounts of
surface water that could be collect in the catchments range from 0.24 MCM for
Wadi Unqgiya to 12.82 MCM for Wadi Raijil.
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To decrease the effect of the silt accumulation in the recharge dams, it is
recommended to construct the dams in several parts to avoid the erosion
problems in the dam body. The first parts act as sedimentation dams and the
others as recharge sources for groundwater.

The natural materials in the field will belp in constructing a low cost recharge
dam. An infiliration model for Wadi Butum as case study explains the infiltration
capacity during and following the storms was developed. The results of this model
indicate that the infitrated water needs from 200 to 585 days to infiltrate reach the
groundwater depending on the storage coefficient of the unsaturated zone. The
volumes of the surface water needed to saturate the soil below the dams range
between 0.98 and 2.8 MCM, which means that the recharge will begin in the
second or third year.

Mixing geochemical model between the flood water of Wadi Butum and the
native groundwater in the Basalt-Rijam aquifer complex shows that the
groundwater quality will improve with increasing the mixing ratio. The evaporation
ratios of the flood water show a high quality water after 40 % flood ratio. The
recharge processes with flood water will positively affect the groundwater. '
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