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Abstract M. Ghanem

ABSTRACT

Hydrogeological and hydrochemical studies were conducted in the Faria drainage basin in the
north castern part of the West Bank. Stratigraphical and structural maps were compiled using
the GIS software package TNT-mips in order to define the recharge zones of the aquifer
system in the area. A hydrological study was conducted to determine the recharge to the
groundwater. Thirty years records of precipitation, wind, humidity and surface runoff were
used to determine the recharge rate in the semi-arid to arid regions. Using global and
hydrometeorological groundwater-balance equations as well as the salt-balance method and a
numerical model, the recharge was estimated to be about 60 million cubic meters (Mill. m?)
per yCE\l‘,

The aquifer system consists of a upper phreatic and a lower confined aquifers. The phreatic
aquifer consists of Pleistocene, Neogene and Eocene sub-aquifers with a saturated thickness
of 3 to 82.9 m; while the thickness of the lower aquifer ranges from (31 to 440 m and consists
of lower and upper Cenomanian sub-aquifers. A total of three step-drawdown tests, five
constant rate-pumping tests and two recovery tests were carried out to determine the hydraulic
characteristics of the sub-aquifers and to evaluate their potentials. Using the methods of Jacob,
Theis and recovery, transmissivities were obtained.

A hydrochemical study was conducted to define water types in the study area and to determine
hydrochemical parameters of the aquifer system. More than 150 water samples were analysed
within two water sampling campaigns (before and after recharge), which covered all springs
and groundwater wells as well as surface waters (wadies) in the area. The physical, chemical
and microbiological properties were determined. Statistical analyses of all hydrochemical
elements were used to compute statistics at the 0.01 significance level using the software
SPSS. Indicators for water quality were determined using salinity and soluble sodium
percentage. Graphs and compositional diagrams of hydrochemical analyses were plotted to
show ion distribution and water type. Hydrogeochemical modelling was used to determine
distribution of species and saturation indices.

Environmental isotope analyses of 2H, 80 and 3H were carried out in the phreatic and
confined aquifers in order to determine the origin of groundwater bodies. The values of 2H
and 80 are used to identify the local meteoric water line in the area.

A digital elevation model and an rainfall distribution model were constructed for the Faria
basin. A 3-dimensional numerical groundwater flow model was built using the visual
Modflow modelling software. The aquifer system was represented by two layers of phreatic
and confined aquifers and one aquiclude. 400 runs were performed within the steady state
calibration procedure. A fairly good agreement between measured and calculated heads were
found.

'* Digitized by Birzeit University Library



M. Ghanem

Table of contents

Page
TABLE OF CONTENTS ‘e
5
Acknowledg: e S O S T T B
Abstract. 8
Table of ¢ o
List of figures. e
List of tables «
List of appendixes................cco..oooomvveercrenroonn, o
List of symbols.
2
1 INTRODUCTION............. 25
1.1 Geography ;g
1.2 Geomorphology....
1.3 Climate. 28
1.4 Soil and agriculture. 28
1.5 Statement of the problem and objectives 28
2 GEOLOGICAL SETTINGS 31
2.1 Introduction....................... 31
2.1.1 Stratigraphy of the West Bank.. 31
213 Geological structure of the West Bank. 33
2.2 Geology of the Faria drainage basin. 33

N et T 33

222 Stratigraphy... 35
2.2.2.1 Cretaceous rocks. 35
2.2.2.2 Cretaceous - Tertiary transition cha]k w:th cherl 37
2223 Tertiary rocks... 37
2.2.2.4 Tertiary - Quaternary (Neogene) rocks 38
2.2.2.5 The area of formations.. 38
223 Karstification... 5 38
2.2.4  Structure and tectomcs 39
2.2.4.1 Jordan Rift valley. 39
2.2.4.2 Faria anticline.. 40
2diIoints. = 40

3 HYDROLOGY........ .. 41
3.1 Introduction.... . 41
3.2 Rainfall in the West Bank 41
3.2.1 Rainfall of the Faria basin... 41
3.2.2 Rainy days and mtenslty of lhe ramfall.. 45
3.3 Evapotranspiration.._ 45
3.3.1 Temperature.... 46
332 Humidity...... 48

‘* Digitized by Birzeit University Library



Table of contents M. Ghanem

333 49
3.34 50
34  Infiltration and gruundwater recharge 50
341 SoIMOISEINe:: uoiisisssasiiusinasiibismsisicissisiinsrsienchersest 51
3.5 Runoff and surface Water..................ooovevessessssesersesisnes 51
351 Jordan REVEE: ... ...ovmoissienmsi oot s s S 51
3.5:2 Groundwater discharge. ... b sl s p s er e rets 52
3.6 Water balance... WO e L e 52
3.6.1 Water balance in the I‘arla h'wm 53
3.6.2 Global formulas... iy 53
3.6.3 Hydrometeorologlcal method 54
3.6.4 The salt balance hod. ... ’ 56
3.6.5 Goldschmidt equation............ - 56
3.7  Groundwater balance. ki SR e TR e e o e e 57
3.8  Aridity of the/area.., i ssniisiusbnis it 58
4 HYDROGEOLOGY .. ... ciivs e i o Sy 59
4.1 IntroduCtion. ........ccocovveiiiiiiiiiniiaeaeeeieeeiees 59
4.2 Groundwater basins. 59
4.3  Aquifer system... 59

4.4  Groundwater ﬂow and dlscharge N .o 62

4.4.1 Connection between the confined and phreahc aquifers 62
4.4.2 Connection between the upper and lower Cenomanian

aquifers. e s R 62
4.4.3 Groundwater dlscharge 63
4.5 Groundwater recharge... 63
4.6 Natural spring : o 64
4.7 Groundwater wells............... 64
4.8 Hydraulic characteristics of the aquifers through pumping tests............ 66
4.8.1 Pumping tests.............oocoiiniiiiiin % 66
4.8.2 Analyses of the p ing test data........cocvv oo 67
4.8.3 Aquifer type and tr issivity (T) 67
4.8.4 Hydraulic conductivity (K) 68
4.8.5 Storativity (S) and productivity...........cccoeiericins 68
4.8.6 Permeability of the lower and upper C i At
4.9 Saturated thickness of the utilized aquifers. 74
4.10 Groundwater heads.............. 74
4.11 Groundwater flow direction 76
5 HYDROCHEMISTRY ..........cc.ccociiian 78
5.1 Introduction... 78
5.2 Previous work. 78
5.3 Water sampling, analyses and field . 78
5.4 Methods of laboratory analyse: 79
5.4.1 Laboratory measur ts of major ions. 79

9

‘*E Digitized by Birzeit University Library



M. Ghanem

Table of contents

5.4.2 Laboratory measurements of minor and trace inorganic

constituents e gg
5.4.3 Laboratory of microbiological analyses.. I
5.4.4 Validation and quality control..... &
5.5  Statistics of hydrochemical parameters.. 5
5.6 Interpretation of the analysed parameters. =
5.6.1 Electrical conductivity (EC)........ccoomurmreririisiniesimmisssssssssss 5
5.6.2 pH -value
5.6.3 Temperature (T) 85
5.6.4 Dissolved Oxygen (DO) 86
5.6.5 Redox potential (Eh).... 87
5.6.6 Total dissolved solids (TDS).......ccoocucvvvrviuereeeeesemssonns 88
5.6.7 Majorions.......... 89

5.6.8 Minor ions and trace el 92

5.6.9 Changes in trace element contents along the flow path... 94
ol Microbiological analyses 95
58 Indicators for water quality................................ 95
5.8.1 Salinity / TDS.....cocoummureirrioirionreresenn 96
5.8.2 Soluble Sodium percentage (SSP) or % Na. 97
5.9  Graphical presentation of results b L 97
5.9.1 lon distribution and the chemical composition of the
groundwater. 97
592 Composition diagrams.. 102
5.9.3 Water types. 104
5.10  Hydrogeochemical model. 107
5.10.1 Distribution of species...... 109
5.10.2 Saturation indices (000} i R S 110
5.10.3 Ionic strength and electrical balante = ot 110
6 ENVIRONMENTAL ISOTOPES ANALYSES............ .. 113
6.1 lntroduclion..........,4,.‘.‘.,,‘......,........
6.2 Sampling methods and isotope analyses......... . e Ao
6.3 Deuterium and '*0 o
6.3.1 Deuterium... o
6.3.2 Oxygen-18 1
6.3.3 Comparisonlg)elween Deuterium and } ;3
6.3.4 The 2H and '*0 isot, iti i
6.4  Tritium (T)*H.... i ool T vt 116
6.4.1 Discussion........ 116
117
7_GROUNDWATER FLOW MODELING,
7.1 Introduction....
7.2 Previous studies......... . . 1o
7.3 Hydrogeological cross sections. L
7.4 Conceptual model......... . 119
122

‘* Digitized by Birzeit University Library



Table of contents M. Ghanem

7.5 Digital elevation model. i 122
751 Rainfallmodel..cc.cvinminimmars e 122
7.6 Boundary conditions 122

7.7  Aquifer properties. . 123

7.8 Groundwater recharge. 124
7.9  The flow model............. 126
7.9.1 Theoretical backgrounds of the 3-di ional flow model 126
7.9.2 Discretization....................... i . 127
7.9.3 Additional Input parameters. 128
7.9.4 Calibration 129
7.10 Water flow budget................ 130
7.11 Sensitivity analyses. 132
7.12 Model results and di i 134
8 DISCUSSION AND CONCLUSIONS..........ccccosuuemmususensiisesisssnsensessusssssssssnss 136
9 REFERENCES. ........ccovnimimiiiiniinn 139

10 APPENDIXES

‘* Digitized by Birzeit University Library



List of figures

LIST OF FIGURES

Figure No.

M. Ghanem

Page

.26

Fig. 1.1 : The regional map of the West Bank

Fig. 1.2 : The major groundwater basins of the West Bank and

the location map of the study area

Fig. 1.3 : The major drainage basins in the West Bank and the Faria basin...........cc.oocovucuce

Fig. 2.1 : Tectonic map of the West Bank modified after Rofe and Raffety (1965)..
Fig. 2.2 : Composite columnar section modified after Shaliv (1972).........ccco0vevvonees
Fig. 3.1 : The rainfall isoheyt map in the West Bank modefied

after Rabi et al. (1996)

Fig. 3.2 : The average annual of rainfall (mm/year) for all stations in the
Faria basin from West to East -

Fig. 3.3 : The isohyet map of the average rainfall (mrnfyear)
in the Faria basin (1961 - 90)....

Fig. 3.4 : The yearly rainfall in mm in the Bapaibasin e
Fig. 3.5 : Average rainfall heights in mm for individual months
Fig. 3.6 : The monthly potential evaporation in Nablus station in mm.

Fig. 3.7 : Potential €vapolranspiration map in the West Bank modified
after Rofe and Rafferty (| 965)

Fig. 3.8 : The average rainfall and actual ev.

apotranspiration in all rainfal] stations
in the Faria basin in mm/year,,

Fig. 3.9 : Average daily maximum and

minimum temperatures °C
at Nablus and Faria stations . ey

Fig. 3.10; The average daily and minim

um and maximum dale relative humidj
% at Nablus and Faria stations................._ S ih i

Fig. 3.11: The yearly average discharge of al] sub-aquifers in Mil| m? (mem)

Fig. 3.12: The Faria basin with its rainfal] Categories after applying Thlessen
Polygons method of the corresponding rainfall stations, .

-‘* Digitized by Birzeit University Library




List of figures

M. Ghanem

Ei

Fig, 4.1

Fig. 4.2
Fig. 4.3

Fig. 4.4

Fig. 4.5

Fig. 4.6
Fig. 4.7 :
Fig. 4.8

Fig. 4.9

4.

0

Fig. 4.11

Fig. 5.

Fig. 5:2

Fig. 5.3

Figdsds:

Fig. 5.5

g.3.13:

: The location map of the wells in the Faria basin.

The recharge contour map of the Faria basin according to global
formula in mm/year..

57

. A: The geographic locations of the phreatic (upper) sub-aquifers in the

Faria basin modefied after Hydrological Service (1997).
B: The geographic locations of the confined (lower) sub-aquifers in the

Faria basin modefied after Hydrological Service (1997).......c.cccurvuisinimmnasaanensennd

(Notice: The numbers represent the sub-aquifers according
to the Hydrological Service (1997)).

wThe location;of Bara) grol DS P ZS e e e SR

61

: The display of the draw down - time pumping test data of the
well 18-18/23 (Neogene sub-aquifer) and its tranSMISSIVILY «...eueseeeemsuecsessnsessinnenas

(Notice: The unfitted points are due to the well capacity effect)

: The display pumping test data of the well 18-18/17 (Eocene western sub-

aquifer) showing three different transmissivities. . .....ooueecieceeeieennn

: The transmissivity map (m?day) of the upper aquifer of an interval of 500m.. .....
The transmissivity map (m*day) of the lower aquifer of an interval of 500m.........
: T versus productivity for both lower and upper aqUifer........co..ocvmscasinnas

: The water table flactuations in the phreatic aquifer and the groundwater

level fluctuations in the confined aquifer for the period
1968 to 1993..

: The water table (m in reference to see level) contour map

of the phreatic aquifer. ............

: The groundwater level (m in reference to see level) contour

76

7

map of the confined aquifer. ...

: The normal frequency histograms of Br, SiOz, HEO: and Zns S et

: The EC puS/em variations of Faria group springs

for the period 1967 - 1977....

83

: The contour map of the pH in the Faria basin

The contour map of temperature (°C) of the groundwater in the Faria basin......

- The trends of chloride content in mg/L of the Faria group

springs for the period 1967- 1992

‘* Digitized by Birzeit University Library



M. Ghanem

List of figures
W-SE
Fig. 5.6 : The average mean ofmajor jons in the W-E and N ... o5
profile directions... :
Fig. 5.7 : The clustering and correlation as a result of plotting o
different hydrochemical parameters (MEg/L).....ovceeeviseemssisssassnees
i R e O L e 99
Fig. 5.8 : The contour map of the EC (uS/cm) in the Faria basin. ...........
i s e T 10
Fig. 5.9 : The contour map of the NO; (mg/L) in the Faria basin. ............... 0
Fig. 5.10: The contour map of the CI (mg/L) in the J £ L 0F: 1 08 0 ety et A e R (0
Fig. 5.11: Durov diagram of water analyses of the phreatic and
confined sub-aquifers in the Faria basin ..102
Fig. 5.12: Piper diagram illustrates chemical analyses of water samples '
of the phreatic eastern and western as well as confined sub-aquifers
of the Faria basin L T O e R T D 103
Fig. 5.13: Piper diagram illustrates chemical ana[yscs of water samples
of the Faria basin (before recharge) ... S, ...104

Fig. 5.14: Piper diagram illustrates chemical anaiyses of water samples
of the Faria basin (after recharge)...,

Fig. 5.15: Wilcox diagram illustrates chemical analyses of water samples of

the Faria basin (before Y 17 S 106
Fig. 5.16: Wilcox diagram illustrates chemical analyses of water samples

of the Faria basin (after recharge) ... e cr e, 107
Fig. 5.17: Composition diagrams of Ca, Mg, Na, K, HCOs, S0,

Temperature, Cl, NO, against TDL........ . .~ 108
Fig. 6.1 : The variation profile of 2H and ') fractionation (NW - SE).... 114

Fig. 6.2 : The relauonshlp between IS‘O and altitude of i
t
point (NW-SE).... o LD

Fig. 6.3 : The relationship between 2H ang

18,
O and the corres
meteoric water level... A

Fig, 6.4 : The variability of *H, 2H and 'BO in

0 o
’ J
period 1968 to 1987.... i ranfill rorg

Fig. 6.5 : The variation of 34 content as a profile NW-SE

Fig. 6.6 : The relationship between *H | in

TUand the wat,
in meters (sea level), sty

‘* Digitized by Birzeit University Library



List of figures M. Ghanem
Fig. 7.1 : The hydrogeological cross sections in the Faria basin

modified after Shaliv (1972) 120
Fig. 7.2 : The hydrogeological cross sections in the Faria basin

modified after Guttman (1985) 121
Fig. 7.3 : The elevation of the rainfall stations in the Faria basin

versus their average yearly rainfall in mm 123
Fig. 7.4 : The base map of the Faria basin showing its boundary conditions........eeceseaceseses 125

Fig. 7.5 : The simulated equipotential lines of the phreatic aquifer...

Fig.7.6 : The simulated equipotential lines of the confined aquifer...............................
Fig. 7.7 : The direction of the simulated water level of the confined aquifer.........

Fig. 7.8 : The direction of the simulated water level of the phreatic aquifer........................

Fig. 7.9 : Calibrated recharge zones for the phreatic aquifer (first layer)
and the calibrated wells St

... 130

131

134

Fig. 7.10: The observed head against the calculated heads in' m and the RMS......................

‘* Digitized by Birzeit University Library

135



M. Ghan

List of tables

LIST OF TABLES
Page
Table No.
Table 2.1: The classifications of geo]ogical. formations .of lhg
West Bank and the hydrogeological connections in
formation terms of Rofe and Raffety (1965) and the .
corresponding Israclian classifications (G.S.1, R e £ s

Table 2.2: The area of each geological formation and its percent..

Table 3.1: Details about rain gauges: location (grid referenge),
elevation above sea level (s.1), type of record (daily, monthly -
or annually) and the period of 1ECOTAS........cuuieimemruernriioeinisiee et eeessns s

Table 3.2: Calculated average annual of rainfall (mm/year) of the
data available for the Study area. ..o

Table 3.3: The groundwater recharge in Mill. m? from Jenin to Ajlun
groups in the western parts of the Faria basin for the year

62/63 (Rofe and Raffety, 1965).............. =93
Table 3.4: The yearly average rainfall (mm) of Faria basin in categories A-F.....................55
Table 3.5: The water crop after global and Goldschmidt formulas (local)...................._ 55
Table 3.6: The recharge of the salt balance method in Mill. m? for

sub aquifers of the phreatic and confined

aquifers during 1996/ 1997, e e S8

Table 4.1: Total Pumpage of the eastern aquifers in Mill. m3
utilization and their average CI' content jn mg/|

, thickness in meters,

Table 4.2: The wells in (he study area , where Pumping tests were conducted....... . 67
Table 4.3: The transmissivities of

all the sub-aquifers in th
study and their classifj ¢ S

cation after Krasny (1993),

Table 4.4: The transmissivities of
afiter Shaliv (1972)

Some wells in the areg o study

Table 4.5: The productivity of wells in the area of study.

Table 4.6: The storativity and hydraylic conductivity f i
in the study area... y e St

Table 5.1: The detection Jimit of the measured parameters (WSERU 1996)

16

‘* Digitized by Birzeit University Library



List of tables M. Ghanem

Table 5.2: The results of the T - Test analyses (Notice: (0) is the phreatic
aquifer and (1) is the confined aquifer. e 2

Table 5.3: The results of the analyses of variance (ANOVA)..........couvummmmunmrmemusessmsnissanacecees 82

Table 5.4: General classification of groundwater according

to its TDS (Carroll, 1962) .88
Table 5.5: The classification of water according to Wilcox (1955).........cccrrrevrrsriisrsssissesissnssnss T
Table 5.6: The average of saturation indices (ST) of all sub-aquifers in Faria DASTIY s, o setens 111
Table 5.7: The ionic strength, electrical balance and error of selected

water samples from Faria basin after using PhreeqC programme.............c.cueeeee 112
Table 6.1: The isotopic composition of the water samples for the phre.auc and

confined sub-aquifers and the sampling sites........ 114
Table 7.1: The hydraulic properties of the formations in the Faria basin and

corresponding model assumptions..............ccoceiiwicisens 124
Table 7.2 : The proposed vertical discretization and the stratigraphy

of the model 128
Table 7.3: The calibrated conductivity (K)values of the phreatic sub-aquifers

inim/day.s et S5 131
Table 7.4: Water budget of the whole model domain (Ml MYYERD).......owirmmmmsmnmnsssmsenness 132

'* Digitized by Birzeit University Library



List of appendixes

M. Ghanem

LIST OF APPENDIXES

Appendix .1.1 :

Appendix 2.1 :

Appendix 2.2 :
Appendix 2.3 :

Appendix 3.1 :

Appendix 3.2

Appendix 3.3

Appendix 4.1

Appendix 4.2:

Appendix 4.2:

Appendix 4.3

Appendix 5.]a:

Appendix 5.1b:

Appendix 5.lc:

Appendix 5.1d:

The drainage map of the Faria basin.

The geological map of the West Bank modified after Rofe
and Raffety (1965).

The geological map of the Faria basin (stratigraphical map).
The structural map of the Faria basin (fault pattern map).

The monthly records of rainfall in mm for the period 1962-1991 for the 4
stations in the Faria basin.

: The yearly discharge of the Miska, Faria, Nablus and Badan group springs.

: The relationship between the yearly discharge of the Faria group springs and
the rainfall in the nearest rainfall station.

: Groundwater wells of the Faria basin (the owner, number, coordinates x,y,z,
pumpage, sub-aquifer and No., well depth and the drilling year.
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unfitted points are due to the we]l capacity effect.

(Plate 2) The display of the draw down - time pumping test data of the
groundwater wells of the lower and upper Cenomanian sub-aquifer and the
corresponding transmissivity of the wel] 18- 8/37 (the first part is only
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capacity effect,

: The saturated thickness of the Phreatic aquifer as well as the thickness of the

utilized aquifer of the confined aquifer and static w:
ter
sub-aquifers in the Faria basin, .

The_univarianate parameters of the
aquifers, Eocene (642,671, 673), N
upper Cenomanian (654, 655) and

hydrochemical data (mg/l) of all sub -

eogene (653)Pleistocene (670) , lower and
surface water (333),

The statistical parameters of the field measurements of a]] sub - aquifers

The statistical parameters of field
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aquifers. asurements of the phreatic and confined
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confined aquifers. ydrochemical daty of the phreatic and
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Al Holocene

ANOVA The analysis of variance

Ar Argon

B saturated thickness

Br Bromide

Cl1, Lel lower Cenomanian
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C3t upper Cenomanian

ca Calcium

Cd cadmium

Cg average chloride content of groundwater (mg/liter)
Gl Chloride

cm centimeter
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Cu cupper

Ye carbon-14
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DO dissolved oxygen

DTM digital terrain model

AS drawdown

& delta

Av volume of the cell

Ah change in head over a time interval of length At.
S, g

= hydraulic gradient

4

E Eocene

E east

Ea evaporation
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1 INTRODUCTION

Water resources in the West Bank (Fig.1.1) are scarce. This is due to the fact that the West
bank as well as the Jordan river basin are lying within an arid region. Groundwater is
considered to be the main fresh water resource in the West Bank. There are three main
aquifers in the West Bank, i.e. the northeastern, the western and eastern (Fig.1.2).

1.1 Geography

The area of the study is the Faria drainage basin which is situated in the northeastern part of
the West Bank (Fig. 1.2). It lies within the eastern aquifers and it has an area of 320 km? . It
lies within the following coordinates:

Latitude (YO0, Y1) national 160000 - 195000 m N (international 32° 2" - 32° 12°'N)
Longitude (X0, X1) national 175000 - 200000 m E (international 35° 12°-35° 35" E)

The Faria drainage basin borders to the: North Jordan and Fassayel - Auja drainage basins
from the north and south respectively, Alexander, Yarkon and Hadera drainage basins from
the west and the Jordan river from the east (Fig 1.3). The western boundary of the study area
lies at the main watershed between the Mediterranean and the Jordan river. It lies on the
eastern flank of Judean anticline, between the Nablus city and the Jordan valley. The eastern
part of the basin lies within the Jordan Rift, which is the major structure in the area. The study
area rises to 704 m (above sea level) in the western parts and drops gradually to :QgiQ m
(below sea level) in the Jordan Rift valley. Geographically, it lies in the Nablus District, where
twenty Arabian villages are located within this region with about 90000 inhabitants. The
major town is Tubas with 20000 inhabitants. The inhabitants in the area represent 10% of the
total population of the West Bank. Five Israeli settlements Elon More, Baracha, Ireet, Hamra
and Ttmar were built in the area after 1967. Faria basin could be subdivided according to the
north national coordinates (Y) into Lower (from 160000 to 176000m N), Middle (176000m
to 184000 m N) and Upper (from 184000 to 190000 m N) Faria.

1.2 Geomorphology

In general, the West Bank is divided into two main topographic units: a hilly region in the
western and the Jordan Rift valley in the eastern parts. The study area is subdivided into three
physiographic regions: the mountain regions in the west and the hills of the Judean desert in
the middle and Jordan Rift in the east. The basin of Faria is like a fan with a length of 36 km
and an area of 320 square km. This basin is named after Wadi El Faria, which is located
within the area and crosses the area from the NW to SE. This Wadi Faria starts from the
castern sides of Dier Al Hateb village towards western and turned to the north and then
northeastern forming a funnel shape named Wadi Al Bathan. It reaches after three kilometers
Wadi El Malaki which is carrying the wastewater of the Nablus city as well as the settlements
and mixes with the water of Faria springs, keeping the name Wadi El Faria till Jiftlik village.
After that, it has the name of Wadi El Jawzeli in Faria graben and then Wadi Karantine and
passes a path parallel to Jordan river for a long of 7 km before reaching the Jordan river at an
altitude of - 320 m below sea level (ABU SAFAT 1990). Along this Wadi, many river terraces
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Fig. 1.1: The regional map of the Wes( Bank .
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are formed; they are narrow in the middle part and wide in the lower part. In the lower part it
is difficult to differentiate between the terraces because of the large scale interaction between
them (ABU SAFAT 1990). The overall slope of the eastern parts are of three times steeper
than that of as in the western parts (SHWARTZ 1980). Eastwards, the runoff has cut steeply
the sides of the Wadies from the mountain region to the Jordan valley. All Wadies and
streams drain eastwards and are seasonal; they are considered as a part of the greater Jordan
river drainage basins. Appendix 1.1 shows the drainage pattern of the Faria basin computed
using GIS software package TNT — mips.

[ .
‘-t"(\ .
S

Faria basin

AmmanO

— — Water Divide

Fig. 1.2: The major groundwater basins of the West Bank and the location map
of the study area.
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1.3 Climate

{ of the subtropical zone, which has two climate
he warm and dry season (summer) _and lhe_mol and
West Bank constitutes a (ransition region ‘fmm
orth). The western slopes have an apnua] rainfall
pes 100 - 500 mm per year. The rainy season is
winter, occurring from November to May with a maximum rainfall in Jafmary Ther? is a.n
abundance of sunshine with an average radiation of SOQO to ?590 kJ per square mel'm every
day on a horizontal area in summer. The climate of Faria basin is c_lasmﬁcd as anva}'u.i in th,e
castern parts; while it is a moderate in the western parts. The _weslem part of lhe‘zfn eais moge
clevated and belongs to the Mediterranean mountain belt, wlnle‘(he eastern part 1s szlpated in
the rift valley climate belt. The differences between the two Fldjzlgenl zones are conmdemp!e
and their transitions are very sharp as a reason of the increasing distance from the coast line

Climatologically, the West Bank is part
seasons with a short period of transition: {
wet season (winter). The climate of the
subtropical arid (south) to subtropical wet (n
of 500 - 700 mm per year and the eastern sloy

within an orographic control.

1.4 Soil and agriculture

Fertile soil, plenty of water and high temperatures make the Faria basin an important farming
area. The Judean mountain region is almost barren of vegetation from June to November, but
is covered by a thin grass vegetation during the winter months.

1.5 Statement of the problem and objectives

The objectives of this study were to investigate the hydrogeological and hydraulic
characteristics of the Faria aquifer system and to evaluate their potentials. A hydrological
sluqy was conducted to determine the volume of recharge and groundwater balance in the
!}asm. From the agricultural point of view, this basin is considered to be one of the most
important basins in the West Bank. The wells and springs are used for domestic water
supp_hes and irrigation. From the geological and siructural point of view Faria area is
considered 1o 'be complex (ROFE and RAFFETY 1963). The major structural features are faults
and fold§, Th.’s study describes the hydraulic relations between the lower and upper aquifer
systems in this basin. Geological investigations were carried out to produce a ge: !i[l i (? ma

in order to define recharge zones of the aquifer system in this basin T

A hydrochemical study was conducted to define water ty,
hydrochemical parameters of (he aquifer system. The
EC)‘ c.hcmica] Pproperties (pH, dissolved oxygen

mncrpbmlogncal properties (total and feca] coliforms) ,w
quality were determined using salinity and soluble sodi
part of ‘lhe study evaluates the groundwater pollution that
which is pumped over the watershed in the Faria basin

Pes in the study area and to determine
physical properties (temperature and
major jons, trace elements) and
ere determined. Indicators for water

settlements mixes with the water of Fari
a and B ings i i
than 27 wells of Eocene formations are affecl:ed ha;'dtal:; P Mo
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Fig. 1.3: The major drainage basins in the West Bank (A) and the Faria basin (B).
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" ritium 3H were don

Environmental isotope analyses of Deuterium 4 Oxlygen i 18‘ zfnd R;:;Ll:rOllnd\vﬂlcr Eo?liro‘r
the phreatic and confined aquifers in order to determine the origin 3 [ bT;iId . (mundw QS:
Hydrogeological. hydrological and geological data were collected to s gdmcre Ialg
model for the arca which will serve in the future as a tool for exﬂm}: g %rb ]D 0 Oglc
operation and their influence on the flow regime. In order also (o get { edvialm. ba e_llnce .rol
steady state (before production in this basin began) a groundwater flow model was built using
Visnal Modflow modeling software.

Pumping tests of about 20 representative wells to all sub aquifers help to _deﬁ“e the storativity
of these aquifers. Water samples from wells, springs and surface water were collected and
analysed chemically (major cations and major anx?Sns gnd 1rac$ e]exnents?. Twemy water
samples were collected for the isotopic analyses of “0, "H anq “H to determine the age of
this water and the flow direction of the groundwater. The directions and rates of groundwater
flow were measured through *H, "0 and *H. These isotopes, especially *H serve as tracers
and could be used for defining regional water flow (TopD 1980). The sub-aquifers, which
their range from Eocene to lower Cenomanian, were identified hydraulically. Thirteen springs
were recorded discharging in the area from recent to Cenomanian formations. Some of these
springs are discharging from one formation and disappears through infiltration to be
discharged after few kilometers from another formation. The occurrence, distribution and

movement of the groundwater in all aquifers were studied. This study defines as well, whether
leakage from other basins takes place.
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2 GEOLOGICAL SETTING

2.1 Introduction

The West Bank is situated on the north-western side of the Arabian shield. Depending upon
the sea floor spreading of the Red sea, geologists believe, that the Afro Arabian Shield has.
been drifted northwards and narrowed the ancient Tethys sea. At the same time the Arabian
Shield became detached from the great African Shield along the line Red Sea - Gulf of Suez.
A strike - slip fault occurred at a line Agaba - Dead Sea- Jordan Rift and continued
northwards in Syria, Lebanon and Turkey. Geological studies in the area date back to 1880
(TRISTRAM 1865; LARTET 1869; HULL 1889; BLANCKENHORN 1896). A geological
map was published of the region on a large scale by PICARD (1928). Geological mapping on
a 1: 20 000 scale was carried out by ROFE and RAFFETY (1963). Appendix 2.1 shows the
geological map of the West Bank after ROFE and RAFFETY (1965).

2.1.1 Stratigraphy of the West Bank

The majority of the formations in the West Bank are composed of carbonate sediments of
Cretaceous age. Jurassic and Lower Cretaceous formations are located at the core of the
Judean Anticline. Middle and Upper Cretaceous as well as Lower Tertiary forming Ajlun and
Belqa series. Eocene formations are Jenin sub series of nummulitic reef limestone and chalk.
The stratigraphy of the West Bank (after ROFE and RAFFETY 1963) are described below
and are illustrated in Table 2.1. Rocks older than Jurassic occur in an small area, only in the
east of the Dead Sea and are of Triassic age (Nubian Sandstone) (ROFE and RAFFETY
1965). Jurassic rocks are limestone of 242m thickness and divided into two formations: Lower
and Upper Malih formations. The following formations are located in the Cretaceous rocks:
Ramali formation of Albian age acts as an excellent aquifer, Lower Beit Kahil formation
which acts as an aquifer, Upper Beit Kahil formation is considered to be a good aquifer, Yatta
which acts as an aquiclude and the formations of Hebron, Bethlehem and Jerusalem, which
act as a united system of aquifers.

Cretaceous - Tertiary transition chalk with chert are located on the western limb of the
Nablus-Beit Qad syncline, while narrow outcrops are located on the flank of the Faria
anticline. Jenin sub-series covers Senonian chalks and cherts of Tertiary rocks, Paleocene soft
chalks and Eocene chalks and limestones. Five different limestone and chalk are recorded
(ROFE and RAFFETY, 1965): Chalk with minor Chert, Chalk with minor interbedded
Nummulitic limestone, limestone with minor interbedded chalk, bedded massive nummulitic
limestone and reef limestone. Quaternary rocks consist of Lisan, Alluyium, Outwash Fans and
Piedmont Cones and Nari (Surface crust) formations. There was a period of relatively minor
volcanic activity documented by agglomerates, tuffs and basaltic lava. Some small exposures
are found in both Wadi Faria and Malih. Four minor occurrences of basic lava flows have
been found in the upper Hebron, Bethlehem and Lower Jerusalem.
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i and the
Table 2.1: The classifications of geological formations of thef \l:’(e)giz:é( ; N o
hydrogeological connections in formation terms Ol

and the corresponding Israelian classifications (G.S.I. 1996).

- § thickness
—— <on terminolo; lithology
Geological time scale | group formation te L range (m)
G.S.I
FSvalom Epoch | Rof& [GSI |Ro& r’-
T s P Raffety Raffety
a = = vi variable ood i
Kurk i Alluvium.soil & marl, alluvium good aquifer
S Quatenary | Holocene Recent | Kurkar | Alluvium i gravel
? Gravels River gravels 4
5 i Li Dead Sea fi:n:’: Lisan. laminated marl {200+ good with
[3 Pleistocene 1san - and gypsum soluble mineral
: content
B
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iary | ne Miocene Bit Mir. Zig lag rocks
Paleog | Middle Be|Je | Avedal | Reef Reef Limestone Reef limestone, 0‘- 100 aquifer in
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e

2.1.3 Geological structure of the West Bank
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2.1.3 Geological structure of the West Bank

The West Bank is tectonically variable with the dominant fold, the Faria anticline. The flanks
of this structure are complicated by minor folds in parallel and at right angles. The Nablus
Beit Qad syncline and the Faria anticline together with the Jordan Rift are the dominating
structures in the West Bank. Nearly all folds have a general strike of 5 - 30 degree E and are
usually asymmetrical. The steeper southeast flank may become vertical or change into a fault.
Figure 2.1 shows the tectonic map (fault pattern) of the West Bank after ROFE and
RAFFETY (1965). Two major folds in the West Bank are Ein Qinya (southwest) and Faria
(northeast) which are termed Judean Anticline. The major folds in the northern West Bank are
Anabta Anticline, Faria Anticline, Nablus - Beit Qad Syncline, Ein Quiniya anticline and Ein
Samia Syncline. In the western sides of the West Bank the Rujeib monocline, which lies along
Jerusalem - Nablus road becomes more steeper in the north while in the eastern sides Ein
Fara- Fassyil monocline (in the northern of Wadi Faria named Khalit Es Samra monocline) it
becomes less steeper.

The northern end of Judean anticline is broken by a large number of faults trending NW-SE.
The main depressed areas, boarded by complex fault system, are the Faria, Tubas and Tayasir
Grabens. Many faults trending N-S, swinging 90 degree and becoming WSW-ENE. The NW-
SE block faults occur in the east through Eocene formations and forming the strongest set of
faults, the Bardala group, which swings northwest from the Rift compared to Faria graben.
The majority of them are normal faults and most of them are dipping close to the vertical.

Joints are often up to one meter wide at the surface and filled with soil in some cases (ROFE
and RAFFETY 1965). Some joints are due to competency of individual beds within a
formation. Dolomitization has associated with well developed joints in the dolomite and
limestone rocks (PETTIJOHN 1956). Certain formations are highly jointed like Jerusalem,
Hebron, Yatta and Bethlehem. The limestone are of low primary porosity and all the joints are
important to provide for water movement to the development of solution channels
(karstification).

2.2 Geology of the Faria drainage basin

2.2.1 Introduction

A sequence of sedimentary and volcanic rocks of Jurassic to recent age outcrops at the core
and along the flanks of the Faria anticline in eastern West Bank. This area is of a special
interest because a series of unconformable contacts occur over an extremely short distance
within the Upper Cretaceous - Upper Tertiary sequence associated with sharp facies and
thickness changes. Geological studies in the study area date back to ROFE and RAFFETY
(1963). SHALIV (1972) mapped geologically part of the area, along the Wadi El Faria of a
scale 1: 20000. A geological map of the region, including the southern part of the Faria basin
was published by the geological Survey of Israel (1996) at a scale of 1: 100000 (southern
Shomeron).
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Fig. 2.1: Tectonic map of the West Bank modifi

ed after ROFE and RAFFETY (1965).

A geologic map of the arca was drawn in terms of
RAFFETY (Appendix 2.2). This geological map
a scale at 1: 50 000. Geological fieldwork durin,
out to check and correct some formations, It vy,
software.

formations named after ROFE and
Was drawn as a mosaje map from 4 maps of
2 the water sampling campaign was carried
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2.2.2 Stratigraphy

Thc‘ 111114'0ri‘y of the rocks arc composed of limestone and dolomite. A composite columnar
section in the area of study modified after SHALIV (1972) is illustrated in Fig. 2.2.

2.2.2.1 Cretaceous rocks

The formations outcropping along the Faria anticline are of Cretaceous age. Strata of
Cenomanian and Turonian age mainly dolomite and limestone predominate in the Judean
mountains. Senonian chalks and flints form most of the eastern part of the area. The western
parts are confined to a narrow strip near to the flexure zone. The rock sequence, that is
exposed in the Faria anticline was deposited throughout a shallow shelf of a warm sea, and
consist essentially of carbonates.

2.2.2.1.1 Kurnub (Kurnov) group

The Ramali formation (kr), the only one in the Kurnub group, is composed of ferrugineous,
mainly unconsolidated, brown to white and bedded sandstone. It's thickness is 220m and it is
an excellent aquifer. It is equivalent to Aptian age and from the Isracli nomenclature (IN) it is
equivalent to Qatana (70-80m), Ein Kenvah and Tammun formations.

2.2.2.1.2 Ajlun (Judea) group

The Lower Beit Kahil formation (kclbk) is defined in an lower and upper part. The upper part
consists of thick bedded limestone and marly limestone with shales. In some places
limestones are dolomitic and karstic; while in the lower part it is interbedded with chalky
limestones and yellow shale. It’s main outcrops is in the north of Faria anticlinal axes, It
represents the lower Cenomanian of the world stratigraphy. According to Israeli
classifications, this formation consist of four formations Ein Qinya (50m), Kefira (100-120m)
and Giv'at Ye'arim - dolomite (65-90m).

The Upper Beit Kahil formation (kcubk) represents the lower part of Cenomanian, the
northern outcrops are on the deeply eroded flanks of the Faria anticline. It's thickness ranges
from 65 to 145m and it is composed of well bedded chalky limestone and dolomite with
clastic massive limestone. Dolomite is massive, blocky and weathered with fine chert. Chalky
limestones are thin bedded with thin laminated marl. This formation represents Soreq and
Kesalon formations (IN). It is a well fractured aquifer. The Yatta formation (key) is related to
the lower part of the middle Cenomanian and is composed of thin interbedded limestone, marl
and chalky limestone and thin bedded, laminated dolomite. It represents Bet Meir (40 - 80m)
and Moza marl (0-9m) (IN). This formation acts as an aquiclude.

The Hebron formation (kch) represents the upper part of the middle Cenomanian and
equivalent to Amminadav formation (IN). The thickness ranges from 110 to 130m and is
composed of dolomite and limestone.
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Fig. 2.2: Composite columnar section modified after SHALIV (1972)
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of Faria anticline and in the northeastern of Tubas, the outcrops of high altitude in a relatively
high rain fall area, exhibit weathering characteristics. The majority of the rocks have
undergone karstification, thus being a good aquifer.

The Bethlehem formation (keb) is equivalent to the upper Cenomanian with a thickness of 30~
100m. It is composed of recrystalised, dolomitised limestone and dolomite with calcitic bands.
Dolomites are brown, weathered with cream marl. It is well jointed and equivalent to Kefar
Sha'ul or Avnon (lower) from the Israeli classifications, which consists of well bedded and
finely crystalline dolomite. The upper part is Veradim (IN) and consists of well bedded hard
dolomite and limestone. It is considered to be an aquifer .

The Jerusalem formation (ktj) is composed of bedded - massive limestone and marl and is
considered to be a good aquifer. The upper part is composed of limestone, which is rich of
macrofossils and of 30-60m thickness, while the lower part is composed of marly limestone of
20 - 30m thickness. It represents Turonian and it consists of three formations (IN): Derorim,
Shivta and Nezar (Bin’a formation). The Derorim formation consists of yellow, red or grey
thin bedded limestone and chalk with some Chert concretions. The Shiva Formation consists
of limestone and dolomite and forms a typical cliff morphology. Nezar formation consists of
limestone. dolomite, marl and some chert. The three formations Hebron, Bethlehem and
Jerusalem are connected hydraulically.

2.2.2.2 Cretaceous - Tertiary transition chalk with chert
2.2.2.2.1 Belga series (Mount Scoups)

Chert formation (k/t-c) has a Santonian age and represents Menuha (IN). It has a thickness of
25-82m. The chert is brown to orange, weathered , tabular - nodular with interbedded chalk.
Chalk formation (ct) represents Santonian- Campanian (Senonian) from world stratigraphy
and Mishash (IN). Chalk is the predominant rock with a maximum thickness of 30m and it is
massive, bedded in the lower pat, soft and unbedded in the upper part. A 30 meter thick
phosphatic layer along |5km in the direction N-S of this formation is subdivided into lower
calcitic dolomitic phosphatic rock, an intermediate dolomite limestone and upper nodular
phosphorite (MIMRAN 1984).

2.2.2.3 Tertiary Rocks

The series of this age named Jenin subseries (Avedat formation IN) and cover Senonian

chalks and cherts, Palaeocene soft chalks and Eocene chalks and limestones of 100 -180m

thickness. Four different limestones and chalks formations are found in the arca:

|- Chalk with nummulitic limestone (Te-c/l): Chalk is cream, white, soft and weathered with
iron staining. The nummulitic limestone is bituminous.

2- Nummulitic limestone with chalk (Te-l/c): Limestones are thin bedded, pink with chalk
and marl intercalation.

3. Nummulitic bedded limestone (Te-L): The nummulitic limestone is thick and thin bedded,
weathered and karstified.

4- Reef limestone (Te-Ir): The limestone is unbedded and weathered.

They represent Gareb for the fourth, Tagiya for the third and Zora formations for the first and
the second subformations (IN). Jenin subseries form good aquifers, but in some areas, where a
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large thickness of marl act as an aquiclude.

2.2.2 4 Tertiary - Quaternary (Neogene) rocks

The Beida (Sagiye) group consists of Beida formation (Tpb). 1;\/[ ‘C::::—:?osg??:z:
conglomerate is the major constituent of this formation. It .represemsL' iof T il
the world stratigraphy and equivalent to Samra formation (IN'), isan . e
consists of Lisan formation (QplIl). Evaporate, weathered marl Yvnh grs)_/ colour, gyps !

thin limestones are the constituents of this formation. It’s thickness is about SQm an-d is
composed of laminated chalk, gypsum, and clay with some sandstones. Recent (Kgl ker) group
consists of Gravel and fans (Qhg) and Alluvium formations. The gravel and fans is composed
of unconsolidated gravel and conglomerate of variable thickness. The Alluvium (Qha)
consists of unconsolidated sand, marl and gravel.

In the northern neighbouring catchment Bet Shean area, K-Ar dating indicate an establ i‘shmg?nt
of a six stage model of the geological history of the area (MIMRAN 1969). In WZ!F!I Far:av
thin basaltic layers are interbedded with ferrous sandstone in the lower part of Ramgh
formation. There are two separated masses of igneous materials phonolites and basalts with
agglomerates and wffs (BLAKE 1939).

According to the geological map of the study area, the area of each formation and the
corresponding area (relative to the total area of Faria basin) were estimated using TNT-mips.
Results are shown Table 2.2. The Eocene outcrops covers 78 km” and represent 23% of the
Faria basin, while the Pleistocene and Quaternary outcrops equal 75 km” and represent 22% of
the basin. The Senonian outcrops represent 10% of the area. The upper and lower
Cenomanian cover an area of 154 Km? and represent 36% of the Faria basin.

2.2.3 Karstification

The dominance of carbonate rocks in the West Bank suggests the possible existence of karst
caves. Fractures and Karsts are common in Eocene and Cretaceous limestone and dolomites in
the Vflesl Bank (ARKIN 1980). The development of karstification begins after the percolation
of rainfall Fiown along the fractures and dissociation and displacement of carbonate materials
due Eo‘enrlched CO»- contents. The system of interconnecting cavities are enlarged through
repetition of this process. The upper erosion surface in the area is heavily karstified in t;e

vadose zone and on the surface. Higher solution rates ; i
b in the elevated areas keep the erosion
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observed in the Hebron formation with a few sink holes after a heavily period of rainfall. The
present development of karst is immature in some places (ROFE and RAFFETY 1965).
Shallow and deeper karst were recognised at depths of 3 - 5 m from the surface (ARKIN
1980). Karst development is recognized along the fracture plane surface forming solution rills
that become cavities at depth.

Table 2.2: The area of each geological formation and its percentage.

Formation name symbol |area (km?) percentage
Alluvium Qha 54.0 0.16
Gravels and fans Qhg 25 0.01
Lisan Qpl 3.6 0.01
Beida Tpb 14.3 0.04
Bedded Limestone Te-L 8.0 0.02
Limestone with chalk Te-Lc 26.0 0.08
Undifferentiated Limestone with chalk Te-Lu 44.5 0.13
Chalk with limestone and chert Te-Cl 7.2 0.02
Chalk undifferentiated K/T-C_ [26.0 0.08
Jerusalem Ktj 19.1 0.06
Bethlehem Keb 12l 0.04
Hebron Kch 65.2 0.19
Yatta Key 21.3 0.06
Lower Beit Kahel Kelbk 18.2 0.05
Upper Beit Kahel Kceubk 11.4 0.03
Ramali Kr 6.7 0.02
Total area 339.9 1.00

2.2 .4 Structure and tectonics

The area is characterised by intensive fault systems in a general E-W direction. This fault
system creates grabens, horsts and step structures. These faults varies from a few meters to
100 -150 m (GUTTMAN 1995). The main elements which control the geological structure
and the flow regime are the anticlinic and synclinic structures which transverse the entire
study. The main structural elements are the Jordan Rift valley and Faria anticline. Appendix
2.3 shows the structural map of the area of a scale at 1: 50 000 modified after ROFE and
RAFFETY (1965). This map is drawn from 4 structural map sheets of the area and treated
with TNT-mips programme.

2.2.4.1 Jordan Rift Valley

The Jordan Rift valley extends for 420 km in a general north south direction, from the
southern shores of lake Tiberias (-212m below sea level) to the top of the Gulf of Agaba
(BURDON 1959). It is largely covered by chalky, fine laminated sediments of the Upper
Pleistocene brackish Lisan lake (Lisan formation). The base of the valley is composed of mal
layers and silt. It has two terraces: Zhor and Ghor. The Jordan valley is part of the Syrio -
African Rift valley. Tn the Neogene and early Pleistocene it was a plateau connecting lake
Tiberias with the Dead sea. The base of the valley is composed of saline marls of lacustrine
deposits with sand and gravel. The Dead sea rift is the transform plate boundary between the
Arabian plate and Sinai block of the African plate. Motion along this transform is thought to

)
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: : se of the Gulf of
have started in the Middle Miocene, with the end of the main e pl}abmeoct,ion along the
Suiz (STECKLER et al. 1988: SHALIV, 1989). The instantaneous rat¢ © =

ad Sea transform is
transform is about 0.6 cm/ year (JOFFE and~GARFI;TKE}::?/Z;I;?;P;\%\:qDCﬂd Sa
a left lateral system of faults. A mathematical n'li::3 Zr ;paga(ion of o fraoture: Zones at it

suggests that the rift was created as a result of A
northern and southern ends toward each other (LYAKHOVSKY ET AL. 1994).

Seismic reflection data show few of the main tectonic characteristics of the Degd sealuﬂ in
the Jericho area, in the south of the study area. This study indicated. that the main fau} zone.
dips to the west called strike slip nature (ROTSTEIN et al. 199]).. A saicllme lmarléclywvtt;;
used for detecting the active faults and for a digital seismutleclom.c.mnp in Carmel - ) adi
Faria by ABOU KARAKI (1985). There is a recent seismic activity along the transform
boundary itself (ABOU KARAKI 1985).

2.2.4.2 Faria anticline

The Faria anticline begins as a minor flexture in the south, then trends to NNW along 10 km
(grid N160) and swings to the east to become NNE. The amplitude increases northerly to be
symmetrical. 1U's eastern and western limbs are very steep. It descends and is buried in the
Jordan valley. It is cutted by fracture systems perpendicular to the anticline axis, which form
horsts and grabens in the Faria valley. The NE - trending anticline is crossed by several major
NW - wrending faults which form a series of horsts and grabens (BAER et al. 1993). The
tilting of the SE-flank of Faria anticline occurred in four stages (MIMRAN 1984). These
stages are latest Turonian - early Santonian, late early Eocene, middle Eocene - Pliocene and
Jate Neogene. The oldest faulting stage dates back to the early Cretaceous and is suggested to
be associated with volcanic activity in Wadi Malih (MIMRAN 1972). Paleomagnetic
techniques and structural studies have indicated that the block rotation of Faria anticline is a
none changing stress field and it is stable. This rotation could explain the development of the
Bet She'an valley in the north of the study area (BAER et al. 1993).

2.2.4.3 Fractures

The fractures in the study area fall into three main groups: straight, undulating and irregular

N - = :
The most common trend is NNE to SSW with some irregular fractures showing N-S trend.
The irregular fractures are open and show Karstic fratures such as solution rills

deposits and soil staining (ARKIN 1980). calcite
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3 HYDROLOGY

3.1 Introduction

The hydrological studies were undertaken to determine the recharge to the aquifers, together
with other factors that control it. The hydrological parameters rainfall, wind, solar energy,
humidity, soil moisture, runoff and discharge are analysed to get a feeling about the
hydrological situation in the Faria basin. The major drainage in the West Bank is either
eastwards to the Jordan valley and the Dead Sea or westwards to the Mediterranean sea
(Fig.1.3). Faria basin lies within the eastern drainage basin.

3.2 Rainfall in the West Bank

The West Bank has a mediterranean type climate. In winter, the predominately low pressure
area of the Mediterranean centered between two air masses, the north Atlantic high pressure
of north Africa and the Euro-Asian winter high pressure located over Russia, is the primary
cause of winter weather in the West Bank (HUSARY et al. 1995). The steep gradient of the
Jordan valley produces an effect which reduces the quantity of rainfall in the Jordan Rift area.
Rainfall however is the source of the water resources of the West Bank (SCHWARTZ 1980)
and the only input parameter in the water budget of the West Bank. This rainfall infiltrates to
the subsurface and recharges aquifers which feed the largest springs in the West Bank. It rains
in the winter months (November till May) followed by completely dry summer months.
Rainfall decreases dramatically from north to south and from west to east. The long term
average period from 1931 to 1996 is illustrated in an isohyet map (Fig. 3.1) medified after
RABI et al. (1996). The highest rainfall average of 700 mm/year occurs in the locations of
high elevations (around Nablus city); the western slopes have an average of 500 - 600
mm/year. The eastern slopes have an average range from 450 to 150 mm/year around Jericho
and the average rainfall amounts are decreasing sharply to the east, reflecting the very steep
gradient. The total amount of rainfall showed variable ranges from 87.5 million cubic meters
(Mill. m?) in the year 88/89 to 153.4 Mill. m? in the year 91/92 (GTZ 1995).

3.2.1 Rainfall in Faria basin

The historical records of rainfall in the Faria basin are taken from the stations of Beit Dajan,
Faria agricultural, Faria police, Toubas, Nablus, Meithlun and Talluza (Table 3.1). Rainfall
data for the Faria basin are accessible for these seven stations in the following form: daily data
for Beit Dajan, Toubas and Talluza stations; monthly data for the Faria agricultural, Nablus &
Meithlun stations and annual data for Faria police, Faria agricultural and Beit Dajan stations
(Table 3.2). Precipitation in the Faria area decreases from the west to the east (Fig. 3.2). This
is most apparent in the northwestern part of the study area, where the topographic gradient is
huge. From the yearly average of 600 mm rainfall in Nablus - Talluza areas, precipitation
decreases to an average of 300 to 400 mm in Tammun area, and it is between 150 and 200
mm in the Jiftlik area. Towards the east and southeast, there is a sharp drop in the
precipitation amounts over a relatively short distance and reaches 150 mm. The eastern parts
of the Faria basin lies within a rain shadow causing the sharply change of precipitation.

Birzelt Unlversity - Main Library
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Table 3.1: Details about rain gauges: location (grid reference), elevation above sea level (s.D,

¢ of record (daily, monthly or annually) and the period of records.
: coordinates | alitude  m|period type  of
(x,y) in km__|above sea level records |
185/177 +500 52/53-62/63  |annually
62/63-91/92 | daily
Faria Agricultural o672 |-237 52-63 annually
69-80/81 monthly
Faria Police 196,5/171,75_|-225 52-63 annually
Toubas 184,75/191 + 350 69-92 daily
Talluza 177,5/186 +350 62-93 daily
Nablus 178/178 61-90 monthl
Meithalun 178/185 61-90 monthii
Table 3.2: Calculated average annual of rainfall (mm/year) of the data available for the study
area.
Station 1952/53- 52/53- 62/63- 52/53- average 61-90 | 92/93
92/93 61/62 71/72 81/82
Talluza 645 666 597 608 674
Nablus 598
Meithalun 576
Beit Dajan | 377 325 361 411 401 641
| Tayasir 321 332 210 333
Faria 210 200 208 222 210
agricultural
Faria Police | 184 192 95 184
Toubas 415 392 405 424 431

Rainfall decreases also along the north - south gradient. The isohyet map for Faria basin is
complex, b.ecause of the broken topography and faults and it is illustrated in Fig. 3.3. The
average rz'unfall amounts decrease sharply to the east, caused by a great chanv E.i;l the
topographic slopes from the west to east; the isohyet map is generally parallel to th“i western
edge of N-8 Jordan Rift valley and increase from 184 mm at Faria police station to 608 r;sm [al

‘alluza station. The average number of wet to dry d in Beit Daj
T ays in B ), 1 ¢
0 o : el y days1 it Dajan and Talluza stations are
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Fig. 3.1: The rainfall isoheyt map in the West Bank modefied after RABI et al.(1996)
of rainfall (mm/year) for all stations in the Faria basin from West to East.

The maximum rainfall average is shown at Toubas station at the year 79/80 and 82/83
reaching an amount of 700mm; while the minimum rainfall average is shown at the year 75/76
(440 mm). Tn Talluza station for the period 62 to 93, a maximum annual average of rainfall is
shown at the year 87/88 (1000 mm). The year 76/77 is recorded to be under the average. In
Faria Agricultural station a maximum annual average is shown for the year 73/74 (for the
period 52-81) of 420 mm, which is more than the average. Two peeks of 800 mm yearly are
recorded in Biet Dajan station for the years 79/80 and 82/83 of a period 52-86. The rainfall
fluctuations in mm yearly and monthly are illustrated in Figures 3.4, 3.5 and Appendix 3.1.
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Fig. 3.2: The average annual of rainfall (mm/year) for all stations in the Faria basin from
West to East.
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Fig.3.4: The yearly rainfall in mm in the Faria basin.
3.2.2 Rainy days and rainfall intensity

ROFE and RAFFETY (1965) analysed the records of daily rainfall for 18 stations in the
northern West Bank and stated, that the mean number of rain days per year at different
stations varies from 25 to 55. The daily rainfall records of 30 stations in the West Bank from
the year 1952 to 1965 show that the rainy days ranging from 30 to 55. It can be demonstrated
that for 87% of the year, the average daily rainfall is less than 0.5 mm (HUSARY et. al 1995).
The average number of days of rainfall depth less than 5 mm/day over the recorded period for
rainfall stations in Beit Dajan, Talluza and Toubas are 327 (90% of the year), 318 (87%) and
322 (88%) days, respectively. The maximum daily amount in Beit Dajan station is 133 mm
(28.1.1979); while in Talluze and Toubas stations 124 mm (16.12.1991) and 116 mm
(18.1.1976), respectively. A monthly maximum of rainfall in Talluza station was recorded for
Jan./1974 to be 454 mm. It is recorded in Beit Dajan and Toubas stations to be 379 and 306
mm, respectively. The monthly maximum average for the period 68-91 in Nablus and
Meithalun stations were recorded in January of 142 and 138 mm.

3.3 Evapotranspiration

The evapotranspiration is considered to be the major output parameter in the water budget of
the West Bank. Potential evaporation is high with typical values of 1900 mm per year on the
western slopes of the general watershed in the West Bank (western boundary of the study
area) and 2600 mm around Jericho in the Jordan Rift valley (eastern boundary of the study
area). The highest monthly average is 8 mm/day during July in the western, while being 11
mm/day in the eastern part. Potential evaporation along the Faria valley close to the Rift valley
is calculated by SHALIV (1972) to be 2000 mm/ year. The potential evaporation in Faria was
estimated to be 2341 mm in the year 63/64 and 2426 mm in the year 64/65. The monthly
evaporation of Nablus station is illustrated in Figure 3.6.
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Fig.3.5: Average rainfall heights in mm for individual months.

In the lower Faria (Faria stalion) evapotranspiration reaches a total of 300 mm monthly in
summer and of 120 mm in winter months. Isohyet evapotrasporation map for the period 1962-
63 plotted in Figure 3.7 after ROFE and RAFFETY (1965) shows that the values vary from
1250 mm in the southern Nablus to 1950 mm at Faria. The average actual evapotranspiration
is estimated to be 345 mm/year for all stations of the area of study using the Turc equation
(Table 3.5). Actual evaporation values of the eastern stations are more close to the rainfall
values than the values of the western stations (Fig. 3.8).

The evaporation in mm

Jan. Feb. Mar.  Apr May  Jun. Jul, Aug.  Sep. Oct.
The month of the year

Fig. 3.6: The monthly potential cvaporation in Nablus station in mm.

3.3.1 Temperature

'Iw'heﬂ.average summer (emperature in the West Bank varies between 20 and 23°
maximum of 43° C The average temperature in winter is 10 to | 1°C and reachi ini

af 3°C. August is the warmest; while ]anuary is the coldest month, The r:aga:a'::)r:;n ‘;:2

on, elevation, distance from the coast and the

nereases from north to south contrary to the

C, reaching a
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Fig. 3.7: Potential evapotranspiration map in the West Bank modified
after ROFE and RAFFETY (1965).
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Fig.3.8: The average rainfall and actual evapotranspiration in all rainfall stations in the Faria
basin in mm/year.

An actual monthly average temperature of daily measurements for the period 1970-1979 is
calculated from Nablus station (western part of the study area) (Fig.3.9). The daily maximum
in winter range between 13 °C and 14.8 °C and the daily minimum range between 7.2 and 8.2
°C. In summer months, the daily maximum reaches 26.6 °C in June and 27.8 °C in August.
The daily minimum temperature in summer ranges between 17.2 and 19.7 °C. The average
daily maximum recorded from Bequot station near the eastern part of the area, range from
16°C (in January) to 35.7°C (in July). The average daily minimum range between 8.2 °C in
December and 21.8°C in July. In lower Faria as seen from Faria station in the eastern part of
the study area the monthly average temperature in Winter reaches 15°C with a minimum of
9°C; and getting 31°C in summer with a maximum of 39 °C (Fig.3.9). An extreme maximum
is recorded in summer with 48 °C and the extreme minimum in winter was 3 °C,

3.3.2 Humidity

A(ryospheric moisture e.g. expressed in relative humidity is very sensitive to the temperature.
This co‘mparison in the hot and dry site of Jerichco shows a high moisture of air with higher
dew point temperatures and lower relative humidity values. Therefore, the relative humidify in
the West Bank varies from north to south. It ranges from 60 to 65 % in the north and 50 % in

the south during summer. While in winter, it ranges from 65 to 70 % i ;
75% in the south. 2 070 % in the north and 70 to

During the period 1970 to 1979, the average daily maximum of relative humidity for the
Nal?lus_station is calculated to be 77% in winter and 83% in summer (Fig.3.10). Fo -yl’h 0{_

period in Bequot statio_n. an average daily humidity range between 63 and Gé e e S'dmc‘
months gnd 48_10 57% in summer months. In the eastern part of the area of stud: e Wi'n %
from Faria station, the average maximum y i mic

early is about 60% and th ini r
between 5 to 10 % at the hot days and 80 to 90 % at the rainy Zays (Fi: %’e]a(r)l)y P
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The average daily maximum and minimum temperatures °C in the
western parts of Faria basin (Nablus station)
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The daily and monthly maximum and minimum temperatures °C in the
eastern part of the area (Faria station)
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Fig. 3.9: Average daily maximum and minimum temperatures °C at Nablus and Faria
stations.

3.3.3 Wind

The directions and velocities of winds in the study area change according to the seasons of the
year. The main wind direction is from west, southwest and northwest. Variations during
winter are associated with the pattern of depressions passing from west to east over the
Mediterranean. The average wind velocity is about 14 knots in winter and 10 - 12 knots in
summer (Tahal, 1975). The Jordan Rift valley stations show the highest summer values,
especially in wadi Faria. This is due to a greater pressure effect for the cool air coming down
to the Faria in order to replace the rising hot air in the Jordan valley (ROFE and RAFFETY
1965). The wind speed was measured by Faria police station for the year 1961 to be 3.8 m/s
(ROFE and RAFFETY 1965). The daily reversal N-S winds cause a local movement within
the Jordan valley, due to differential heating over the Dead Sea and the Jordan valley.
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The daily maximum and minimum of relative humidify in % in the
western part of the study area (Nablus station)

1+Dally maximum®%
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The month

The average daily and maximum and minimum daily realtive humidity in
% in the eastern part of the study area (Faria station)

—&— daily average [
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Average daily minimum
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The month

Fig. 3.10: The average daily and minimum and maximum daily relative humidity % at Nablus
and Faria station.

3.3.4 Solar energy

The sun is the main source for evatransporation processes. The reduction of radiation varies
}vilh the amount of clouds present. A special climatological feature of the West Bank is the
intensity of insulation through the year. The summer is almost cloudless, and in winter, even
at days of rainfall, there are a few hours of sunshine. The total hours of sunshine sum‘up to
3200 to 3300 hours per year (METEOROLOGICAL SERVICE 1997). The total energy

m calories per square meter on a summer

recorded to be 5 hours/day for October and 7 h

, 2 ours/day for A i
sunshine duration intensity of 1 to 9 hours/day 2 ugust and July. A moderate

is recorded for May and July.
3.4 Infiltration and groundwater recharge

The rainfall minus evapotranspiration subdivides into ru; infi
. i 5 noff and infiltration: ;
soil moisture. The total discharge was estimated to be 821 Mill. m3 ;n":t;on, tl;le !ater includes
f e GaI04 A A6 for e vear 64/65 (ROFE and RATFETY 1oger 1o o B2k
of groundwater recharge in the West Bank is dir 5). The ma
rocks. The annual renewable water in the eastern aqui nihlfocl;gh gle fractured
: ated t i
m? per year (GUTTMAN 1995). The main recharge of the groundwaer syster.; ‘:1 qu: xle]slt
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Bank is estimated to be 800 Mill. m¥%/y (GUTTMAN 1995).

Faria Eocene aquifers has an estimated recharge ranging from 4 Mill. m? (BONEH and
BAIDA 1978) to 13 Mill. m3 per year (SCHWARTZ 1982). Faria area is characterized by a
huge infiltration quantity for the following reasons: the nature of the rocks are very fractured
as a result of tectonics in the area, a high discharge of Faria wadi and other springs in the area
and steep dipping formations. The recharge of the Pleistocene sub-aquifer occurs from flood
flows, local rain and at times, flow from adjacent formations.

3.4.1 Soil moisture

The amount of soil moisture depends on it's consumption during dry seasons by surface
evaporation and transpiration, which varies widely from place to place in the area. The
character and the thickness of soil cover as well as the type, density, root depth of the
vegetation are the main factors controlling this amount. However there were no data about soil
moisture variation available which could have been used for this work.

3.5 Runoff and surface water

During the rainy season, flood-flows occur in dry river beds after heavy rainfalls. The
relationship between runoff and rainfall is complex. A study was done by ROFE & RAFFETY
(1965) and indicated that the overall ratio of runoff to rainfall is about 0.02. According to the
good infiltration rate of limestone and sand outcrops in semi-arid climates, the surface runoff
is estimated to be 2% of the precipitation by GAT and DANSGAARD (1972). The surface
runoff in the West Bank is dominated by flash floods in the wadies. Regarding to the karst
nature, the highly solubility of the rock in water is responsible for forming underground
features like caverns and sinkholes. The overall runoff percentage was calculated to be 0.2 - 5
% of the rainfall (ROFE and RAFFETY 1965). This average of the flood water runoff
represents 30 - 50 Mill. m?/y in the northern West Bank. The actual runoff was estimated to be
21.5 Mill. m3 for the northern West Bank and 60 Mill. m? for the total West Bank in the year
1964/65. This runoff represents 2.2% of the total rainfall in that year.

There was a flood monitoring station (discharge gauge) at wadi Faria before 1967. In wadi
Faria, an average runoff of 4.49 Mill. m* yearly was estimated by GTZ (1995). Tectonic
movements, such as uplifting of the mountains in the region and the deeping of the Jordan
Rift valley, would steepen the subsurface flow gradients to the east. In addition to the natural
runoff nearly 60 - 100 m? per hour of wastewater is flowing into wadi Faria from Nablus
municipality and as well 50 m? per hour of industrial wastewater from the Israeli industrial
zone in the study area for 2-3 days a week . This yields to a yearly average of 0.85 Mill. m* of
waste water.

3.5.1 Jordan River

The major surface water source in the West Bank is the Jordan river, which is about 260 km
long and runs from the source at Banias to the Dead Sea with a total catchment area of 18,300
km®. The river system is composed of the Hasbani, Dan and Banias rivers. They flow south in
the deep depression from the northern mountains to lake Tiberias at around 200 meters below
sea level, finally spilling into the Dead Sea at around -410 meters below sea level. The
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81/82 was measured to be 267 Mill. m? at the

coordinates X.Y (208,287 km), 380 Mill. m® (299,271 km) and of 117 Mi".d n;z;lqlzelszll?:iz
(203,226 km). The later station is the nearcst station (0 the area of stuc(l)yFTS RAEL: 1987)‘ g
of 98.7 Mill. m3 for the year 86/87 (HYDROLOGICAL YEAR BOOK 5

discharge of the Jordan river for the year

3.5.2 Groundwater discharge

The flow from springs fluctuates between winter and summer and in wet and dry years. The

average amount of discharge for all springs in the West Bank was measured _lo be 7'5 Mill.
m¥y. Four spring groups are located in the Faria basin, Nablgs (partly), vFarla, Bar_i(m a-rT(I
Miska (ROFE and RAFFETY 1965). The discharge of all spring-groups in the Eana basin
during the period 71-94 is illustrated in Appendix 3.2. These sprin_g groups are discharging
into wadi Faria and are classified according to their geographic locations into upper and I.owcr
springs. The upper springs consist of Faria and Badan groups and the lower springs consist of
Miska group springs. Badan group drains from Jenin sub series limestones and are recharged
from the south- and northwestern parts of the study area. It contains the springs of Hamad &
Beida, Qudeira, Jiser, Sedreh, Taban and Subyan. Faria group springs contain of two major
springs: Ein Faria and Ein Duleib. The yield of Faria spring was measured with 7 Mill. m? in
the year 1962/63. The Faria group is located at the eastern margin of the Jenin limestone sub
series of the western sides of the study area. Miska group is the name given to seven springs
in the area with considerable flow fluctuations. Ein Miska is the largest and the water emerges
through a thin alluvial cover of the upper Beida formation and marls of Faria wadi. Its
discharge ranges from 0.4 cubic meter/sec to 0.7 cubic meter/sec.

The average yearly discharge of the springs in Faria basin is calculated to be 14.1 Mill. m*
(NUSEIBEH and NASSER 1996). The flow from springs is directly affected by the total
amount of rainfall and it's distribution as well as it's intensity (Appendix 3.3):; while the
groundwater is indirectly affected due to the time needed for infiltration. Seventy wells are
located in the Faria basin, 61 wells are of active use. The average discharge of all wells in the
Faria basin is calculated to be 18 Mill. m%. The pumpage from the lower aquifer (lower and
upper Cenomanian sub-aquifers) is larger than from the upper aquifer (Eocene and Neogene
sub-aquifers) (Fig.3.11).

3.6 Water balance

In the West Bank, a rainfall average of 450 mm/y
Mill. m*¥y. Around 650 Mill. m? of this amount
order to replenish the aquifer annually. The remai
evapotranspiration. Annual potential evaporation
overall water balance conducted by ROFE and
surface flow, evaporation and recharge represent 6.

.is recorded giving an average total of 2600
is estimated to be infiltrating in the soil in
nder is lost either through surface runoff or
averages between 1800 to 2600 mm/y. An
RAFFETY (1965) shows that runoff and
3%, 66.9% and 26.8%, respectively.
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The sub-aquifers of the Faria basin

Fig.3.11: The yearly average discharge of all sub-aquifers in Mill. m* (mem).
3.6.1 Water balance of the Faria basin

The water balance in the western parts of the area of study was computed for the year 1962
and 1963 after ROFE and RAFFETY and showed that the recharge is 4.8 Mill. m* yearly
representing 17% of the rainfall. A groundwater recharge was estimated for the year 62/63 for
some sub-aquifers (Table 3.3) after ROFE & RAFFETY (1965).

Table 3.3; The groundwater recharge in Mill. m? from Jenin to Ajlun groups in the western
parts of the Faria basin for the year 62/63 (ROFE and RAFFETY 1965).

Formation |area | rainfall 62/63 in Mill. m* recharge/Rainfall %
(km?) [total evaporation runoff recharge

Jenin 99 4.8 4.5 0 0.3 6.2

Chalks 38.1 1.6 1.3 0 0.3 18.8

Ajlun 220.6 217 17.3 0.2 4.2 19.4

Total 357.7 [28.1 23.1 02 4.8 17.08

The water balance of the Faria basin as well as groundwater balance was computed and
estimated using the methods of global Turc formulas, hydrometeorological method and the
salt balance method and discussed in the following sections.

3.6.2 Global formulas

Applying Thiessen Polygons method for the area of study (Scenario 1), the Faria basin was
subdivided into six categories (Fig. 3.12). Table 3.4 shows the categories A-F, their
representative areas, the rainfall gauges and its rainfall average (1961-1991) and the amount
of rainfall. Using the global Turc formula, the water crop R (runoff & replenishment) is
calculated from precipitation P and temperature T (°C). The following equations are used after
Turc (CANSTANCY 1967): R=P - (P/ (0.9 + (PAL2)"?

where L=300+25* T +0.05*T® (T is the average yearly Temperature °C).
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Fig. 3.12: The Faria basin with its rainfall categories after applying Thiessen Polygons
method of the corresponding rainfall stations.
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GOLDSCHMIDT (1959) derived the equation R = 0.9 (P - 360) for the Mediterrancan areas
with annual precipitation between 450 and 650 mm. The yearly average of rainfall as well as
the average temperature are listed in Table 3.5, According to the yearly average amount of
rainfall (Scenario 2), the Faria area is subdivided into two regions, Upper and Lower Faria.

average rainfall of the upper Faria was calculated to be 521 4 mm/y from Beit Dajan, Tubas,
Talluza, Meithalun and Nablus stations; while the lower Faria was calculated from the Faria
police and agricultural stations with 196 mm/y. The area of the Upper Faria consists 65%,
which is 215 km? and the lower covers 115 km?, The waler crop for the upper Faria was
caleulated to be 161.4 mm/y from the Goldschmidt equation. It was concluded that the
evaporation in the lower Faria is very high and it does not allow the rainfall to infiltrate.

3.6.3 Hydrometeorological method
The general water balance contains the following parameters; p = ET+M+R+1I+ Q ; with

P - precipitation, ET- evapotranspiration, M - change in soil moisture, R - storm water runoff,
I'- interception and Q - natural replenishment. Soil moisture is he factor that influence the
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water balance calculation for a single storm and not for long term calculations (ARAD, et al.
1967). Thus this factor may be neglected. Interception doesn’t exist in the lower part of the
basin and the amount that exists in the upper part may be included in the evapotranspiration.
The geology in the study area is of two different types: dolomite & limestone in the Upper
Faria and chalks and marls of low hydraulic conductivity in the Lower Faria. For the first type,
the runoff rates are very low and negligible as compared to the precipitation and for the
second type the average annual runoff reaches 10 % of the precipitation (ARAD, et al. 1967).
Because no runoff gauge exists in the area of study, it has to be calculated by estimation.
ROFE and RAFFETY (1965) estimated the runoff to be 2% of the rainfall for the eastern
aquifers. Following this, the amount of runoff would be 128.59 * 0.02 = 2.6 Mill. m3/y.

Using the two estimations of runoff in the Faria basin, the runoff is of 2% of rainfall for the
Upper Faria and 1% of rainfall for the Lower Faria. This refers to 2.8 to 13.8 Mill. m?,
respectively leads to [(2.8 * 0.65) + (13.8 * 0.35) ] = 6.65 Mill. m? for the whole area. The
whole runoff from rainwater in the Faria basin (6.65 Mill. m®) and from wastewater, that
drains over wadi Faria (0.85 Mill. m? was calculated to be 7.5 Mill. m3. Using the
Hydrometeorological method of the equation R =R+ Ry =P - Ea, where Rs is the runoff and
R, is the replenishment, this leads to the same result as the global Turc formula (67.5 Mill. m?
for the whole area and 44 Mill. m? for the Upper Faria).

Table 3.4: The yearly average rainfall (mm) of Faria basin in categories A-F.
Category |percent % |area (km?) | rainfall station |average amount of rainfall
rainfall (mm) | (m?* 10%)

A 10 33 Tubas 424 13,992

B 9 29.7 Meithalun 576 17,107

© 25) 82.5 Talluza 608 50,160

D 11 36.3 Nablus 598 21707

E 10 33 Beit Dajan 401 13,233

B 35 1115:5 Faria Police &|196 22,638

Agricultural

Total 138 837 000 m*

Table 3.5: The water crop after global and Goldschmidt formulas (local).

Station P (mm) [T °C |actual P-Ea Goldschmidt |rainfall  Mill.
[year evaporation (Ea) |mm/year |mm/year m?

(Goldschmidt)

Tubas (A) 424 409,6 144 57.6 1,9

Meithalun (B) |576 17.9 |523.,6 52,4 1944 5.8

Talluza (C) |608 543,1 64,9 2232 184

Nablus (D) 598 1756|5354 62,6 214.2 7.8

Beit Dajan (E) |40l 390.7 10,3 36,9 153

Faria (F) 196 20.8 |205,6 0 9;1.1] . n.n

Total 345.4mm 204.6 mm/y '~ 38,1 Mill. m?

¥ not determine: %3] for 204.6 mm, (he calculation of Ris 679 cubic meters for the whole arca

**22 for 204.6 mm‘, the calculation of R is 43989000 cubic meters for the Upper Faria
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3.6.4 The salt balance method

uations were used to compute the water crop in the

Two possibilities, using salt balance eq L :
study area. In a region, where airborne salts are the only source of chloride in groundwater, the

salt balance of the aquifer (eq. 1) is given by the following average annual "5P1°<";‘)Shmem Ry

= C,/Cyp) + (Fa/Cy),
Sic.-efpiig ‘ is Ll)lze ;v'tjzra,gsJ annual replenishment (mm/year): P is the ayerage ﬂfmual
precipitation (mm/year), Cy is the average chloride content of rainwater (mg/liter), Cy is the
average chloride content of groundwater (mg/liter), Fy is the» average annual dry fallout of
chioride (g/m?/year). The amount of dissolved solids in the rainwater accounts for only 10%
of chloride concentration in the groundwater for the eastern aquifers (SCHWARTZ 1980).
Thus the value of Fy / Cg is less than 0.1 and may be neglected. Thc yearly average (_)f
precipitation in the area is taken from the Upper Faria with 521.4 mm, since the [?ower Farfa
has not recharge. The annual average of chloride of the rainwater in the Jordan Rift valley is
10 mg/liter (SCHWARTZ 1980 and Meteorological Service, 1997). The runoff in the area is
taken with 2% of the rainfall.
The second possibility is to use the following salt equation (eq. 2):
G=((P-A)/Cy*Cy @)
where, G is the average annual replenishment, P is the average annual precipitation
(mm/year). A, is the average runoff in the area of study, C ; is the average chloride of
groundwater (mg/liter), C, is the average chloride of rainwater (mg/liter).

The average chloride of each sub-aquifer was taken from two rounds of water sampling before

and after groundwater recharge periods 1996 / 1997 as illustrated in Table 3.6. The results of

applying equations 1 and 2 (Table 3.6) lead to the same amounts of recharge. Following the

TC:SLIHS of equation 2 and taking into consideration that the Phreatic sub-aquifers are connected

Wwith each other and also the Lower sub-aquifers are hydraulically connected, this leads to the

following conclusions:

|- The recharge of the phreatic and confined aquifers comes from the western , northwestern
and southwestern regions (Upper Faria)

2- The recharge of the Eocene and Neogene sub-aquifers comes directly from rainfall in
western part and'ﬂows underground to the eastern part of the Faria basin. The recharge of

: }1[1; cont:‘ned aguifer was eslfmated. to b_e the sum of the recharge in the west and east parts.

- The recharge of .the Phreatic aquifer is calculated to be 77.2 mm and 76.2 mm for the
confined one. This leads to the amount of 49.1 Mill, |

; 0 of rain water infilteate i
the aquifer system. r may infiltrate into

3.6.5 Goldschmidt equation

GOLDSCHMIDT and JACOB (1958 in Arad et. al |
aquifers in Israel and their recharge (R) and they devy i
(P - 360), where P is the average annual precipitation i 8

: pitatio; 3 i i i
amount of ]3?.8 mm will infiltrate within the area of study, :;?ChAginlgslnagn l::oequa“? 2432
Mill. m®. In arid regions, where rainfall is less than 280 mm or 360 mm, there is nol:zzi::irge I
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3.7 Groundwater balance

Assuming the sum of precipitation - evaporation (P - Ea) in the study area to be 204.6 mm,
this leads to an amount of 67.5 Mill. m? of infiltrated water or flowing as runoff. Considering
the runoff to be 7.5 Mill. m?, this leads to the recharge estimation in the basin of 67.5 - 7.5 =
60 Mill. m3, which represent 43.2% of the rainfall (138.8 Mill. m3) and 36.3 Mill. m? for the
Upper Faria (26 %) (Fig.3.13). The average discharge of all aquifers (1967-1993) is calculated
to be 18 Mill. m® and the average yearly discharge of the all springs in the area of study is
calculated from the year 1970 to 1994 to be 14.1 Mill. m3. That means an amount of

190000

185000

180006,

175000

170006

1 GSOOj

T T T

180000 185000 190000 195000 200000

Fig.3.13: The recharge contour map of the Faria basin according to global formulain
mm/year.

32.1 Mill. m? of all aquifers is discharging from this aquifer. Thus an amount of 60 - 32.1 =
27.9 Mill. m® of all aquifers is not exploited. Applying the above parameters of the
eroundwater balance in the Upper Faria, leads to an amount of 8 Mill. m? of groundwater, that
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could be exploited there.

Another scenario of runoff is taken from GOLDSCHMIDT et al. (1963) = the Qll:‘ F“‘Ct':)m[i'?‘
which is in the eastern parts of the Dead Sea; Runoff = 0.237 (P - 252). lzlﬁccpr 1:1hge 1b0\:
equation the runoff is calculated to be 133 Mill. m* (9-14% of the P)-_FO ;0“7”;%." 1
procedure, the recharge is calculated to be 51.1 Mill. m? and the balance is +19.2 Mill. m?,

Table 3.6: The recharge of the salt balance method in Mill. m? for sub-aquifers of the phreatic
and confined aquifers during 1996/ 1997.

Sub-aquifer average chloride content (mg/l) recharge (eq. 2) |recharge (eq. 1)
Eocene (west) 64.3 79.5 81.1

Neogene 68.1 75 76.6

Pleistocene 1201.5 43 4.4

Eocene (east) 644.9 8 8.4

L& UCe (west) |54.4 93.9 95.9

|l and u Ce (east) | 87.5 58.4 597

Tlower and upper Cenomanian

The salt groundwater balance is calculated to be 49.1 - 32.1 = + 17 Mill. m? in the area of
study. This means that an amount of 17 Mill. m?® is not exploited and could be exploited
without any negative affeet to the aquifer system in the Faria area. Using the scenario of the
Goldschmidt equation the balance of groundwater in the area is estimated to be +12.3 Mill.m3.

3.8 Aridity of the area

Using the aridity definition (UNESCO 1979), the semi arid zone is lying within this range:
0.2<P/ETP<0.5 and arid zones are within 0.05<P/ETP<0.2, where ETP is the potential
evapotranspiration in mm/y and P is the Precipitation in mm/y. The ETP in the arca of study is
taken from the stations Nablus, Meithalun and Faria to be 1560, 1750 and 1936 mm
respectively. Because the difference between recorded tem:
Faria, the average ETP of Nablus as well as of Meithalun a

lhe{re. The recorded average P/ETP is 0.36 for the Upper Faria and 0.1 for the Lower Faria.
This means that the Upper Faria is within the range of se

This 1s i mi arid regions and the Lower Faria
is lying within the range of tl{e arid regions. Consequently the area of study can be subdivided
into three recharge zones: a highly sensitive zone for the Upper Faria and a low sensitive zone

one could be defined between them.

peratures is very low in the Upper
re taken as a basis for other stations

for the Lower Faria. An intermediate sensitive recharge z,
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4 HYDROGEOLOGY

4.1 Introduction

The water sources in the West Bank’s Faria basin originate from the rain and occasional snow
that precipitates during winter seasons over the western parts of the study area. Most of the
groundwater in the West Bank occurs in fissures, karstic features and joints of the mostly
carbonate Ajlun group of Late Cretaceous age. The upper Cretaceous formations comprise the
regional lower and upper Cenomanian aquifer systems (BLAKE AND GOLDSCHMIDT
1947). The range in thickness is from 400 to 900 m.

4.2 Groundwater basins

The West Bank is divided into three groundwater basins western, northeastern and eastern
(Fig.1.2). The western basin also called the Yargon - Tanninim basin, discharges into the
Coastal Plain. The eastern boundary includes the northern extension of the Ein Qiniya
anticline in the south, and the Anabta anticline in the north. The safe yield is estimated with
340 Mill. m¥year, of which 40 Mill. m¥year is brackish water (SCHWARTZ 1982).

The dominant direction of the water movement in the northeastern basin is northeastwards
along the plunge of Nablus - Beit Qad syncline. It is subdivided into two overlying aquifer
discharging mainly towards Bet Shean valley; the Nablus (Samaria) basin which is draining
from the Ajlun aquifer group and the Nablus - Jenin (Avdat) basin which is draining from the
Jenin sub series aquifers. The northeastern aquifer system includes Eocene to Cenomanian -
Turonian formations, with a safe yield of 130 Mill. m¥year (SCHWARZ [982).

All eastern basins drain eastward and southeast toward the Jordan Valley. This basin is of
great tectonic complexity and the major movement is eastwards with a southerly component
near the river Jordan. The basin is subdivided into : Wadi Malih -Buquei'a, Faria, Auja Fasail,
Ramallah - Jerusalem and eastern desert sub-basins. The eastern basins are draining from
Neogene and Pleistocene, and lower and upper Cenomanian sub-aquifers. The Cenomanian -
Turonian aquifer system in the eastern basin can be divided into two sub units: the shallow
and relatively thin upper Cenomanian - Turonian sub-aquifers and the deep lower
Cenomanian sub-aquifer. The Faria sub-basin represent 61% of the eastern basin.

4.3 Aquifer systems

A series of aquifers and aquicludes in the West Bank are as follows (thble 2.1): Kurnub
(Kurnov) group aquiclude, Ajlun series (Judean group) aquifer, Belga series (Moum. Scoupes
group) aquiclude, Jenin sub-series aquifer to aquitard and Beide and Lisan aqul_fsr. The
eastern aquifer system in the West Bank is heterogencous and its parameters are varying from
point to point (TAHAL 1966). The study area includes one upper phreapc and two lower
confined aquifer systems. Groundwater is found in formations of Pleistocene to lower
Cenomanian age, at depth ranging from several hundred of meters to many meters. In the area
under investigation, five sub-aquifers are located within unconfined and confined strata.
These aquifers are the unconfined Pleistocene, Neogene and Eocene and the confined upper

and lower Cenomanian sub-aquifersgjrzeit University - Main Library
59

'* Digitized by Birzeit University Library



M. Ghanem
Chapter 4 Hyd logy

< . cene:
The upper, unconfined aquifer system includes the sub-aquifers of Q_?atern':r); h;:z;?eﬁlc::
Eocene formations. The E-W geographic locations of these aqui °’§ t’;‘ e
groundwater wells in the area of study are Faria of Eocene (642), Al Agra 2217'8) :nd A
(653), Froush Biet Dajan of Eocene (673) and }irﬂ_lk area of Pleistocene (| o A
(671) (Fig4.l). These numbers of sub-aquifers are named _according i
HYDROLOGICAL SERVICE (1997). The natural groundwater flow in 1h{s system starts
from Faria arca of Eocene western sub-aquifer (642), reaching Al Agrabameh Qf l\{éofgené
sub-aquifer (653) then to Froush Biet Dajan of Eocene eastern sub.-aquxfe.r (673) till J]!’lhk of
Pleistocene sub-aquifer (670) before reaching the Jordan River_. This covers the formauong of
Jenin sub series (Eocene), Beida & Lisan (Neogene & Plc:slocene)‘ as well as alv]nvmm
(Holocene); in some formations basalt with alluvium. These sub-aquifers are described as
follows:

. Pleistocene sub-aquifer: The Pleistocene sub-aquifer consists of unconsolidated Sﬂ{ld_
gravel, cobbles, and boulders of different sizes separated by impermeable layers of saline
lacustrine marl deposits. These deposits are composed of limestone, dolomite, chert, gravel
with sand and clay fillings and forming alluvial fans. The groundwater occurring in the
alluyial fans differs quantitatively and qualitatively according to it’s location within the fan.
Fresh water occurs around the apex of the fan, whereas saline water occurs at the fringes.
Very steep deep faults in the Jordan Rift valley may cause deep circulation of the
groundwater bringing it into contact with salt formations, then appearing as brackish springs
near the river. This aquifer is composed of Lisan, Alluvium and gravel fan formations. Lisan
formation (Pleistocenc sub-aquifer) as well as Alluvial and gravel fans (Holocene) extends
along the Jordan Valley. The alluvium is unconsolidated in the Rift Valley, where it is formed
of laminated marls with occasional sands. However, the Pleistocene sub-aquifer is composed
of basalt in some places as well.

2. Neogene sub-aquifer: Neogene sub-aquifer consists of well cemented conglomerates and
contains a small amount of fresh water. It is composed of Beida formation and conglomerate
lenses, marl and clay of the Lower Tertiary. The natural outlets of the aquifer are springs of
Abu Saleh, Miska and Shibli. These springs discharge into the Wadi Faria with a current
outflow of about 1.8 Mill. m3,

3. Eocene sub-aquifer: The Eocene sub-aquifer consists mainly of nummulitic limestone with
chalks, chert bands and marl. The limestone is thin bedded with chalk, chert and marl
imerca]aliop. This aquifer is utilized by 28 pumping wells in the Faria a[c;l Natural outlets
are‘Lhe springs Faria, Duleib, Hamad & Beida and Qudiera. The Eocene fn;:rmations in the
Faria basin cover an area ‘.’f 150 km? with an average rainfall of 500 mm/year, which
represent a volumn' of 75 Mill. m? per year. The amount of recharge is calculated [' be 27
Mill. m? yearly, which represent 36% of the total volume of rainfall (DROR et al ]9710) %
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Fig. 4.1: A: The geographic locations of the phreatic (upper) sub-aquifers in the
Faria basin modified after HYDROLOGICAL SERVICE (1997).

B: The geographic locations of the confined (lower) sub-aquifers in the
Faria basin modified after HYDROLOGICAL SERVICE (1997)

(Notice: The numbers represent the sub-aquifers according
to the HYDROLOGICAL SERVICE (1997)).

Confined aquifer system (lowerl) occurs in the lower and upper Cenomanian formations
(Ajlun group). The findings of the groundwater wells indicate that there is no hydraulic
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separation between the lower and upper Cenomanian. Three E—W geographic locations are
located in the Faria basin (Fig.4.1); Faria _Badan (654) and Jiftlik as well as Froush Biet
Dajan area (655). There is only one groundwater well (Gitit 3) locule‘d in Ll‘fe so_uthen:n part of
the study area discharging from the lower Cenomanian (661). Tln's aquifer is build from
formations of upper Lower Bict Kahel (Jiv't Ye'arin), upper Upper Biet Ka}}el & Low.er Yatta
(Keslan + Beit Meir), Lower Beithlehem (Kefar Sha’al) and Jerusalem (Bin’a) Atorrnanon, The
outlets of this aquifer are through lateral flow to the Jordan Valley anq pumping from wells.
This aquifer is divided into two sub-aquifers upper and lower Cenomanian.

The upper Cenomanian sub-aquifer consists mainly of interbedded dolomites and chalky
Jimestones. This aquifer is classified as fairly good aquifer. It is composed of the upper parts
of Ajlun series that include the Bethlehem, Jerusalem and Hebron formations. The lower
Cenomanian sub-aquifer consists mainly of dolomitic limestone and thick to thin bedded
marly limestones. It is classified as an excellent aquifer due to it’s thickness of 800 - 850m in
Faria area (GUTTMAN 1995). It is composed of Lower Ajlun group; Lower Beit Kahil (early
Jower Cenomanian) and Upper Beit Kahil (Late lower Cenomanian) formations.

Confined aquifer system (lower2) is composed of Lower Ramali (Kurnov) fa ormation. There
are no wells in the study area that penetrate this formation.

Generally, the aquifer systems in the area under investigation are divided into lower aquifer,
which is composed of limestone of lower and upper Cenomanian age, middle aquitard, which
consists of chalky limestone of Senonian age and upper aquifer, which is composed of
limestones of Eocene and Neogene to Pleistocene age.

4.4 Groundwater flow and discharge

Groundwater flow is probably affected by the dip on the flanks and along the axes of the
plunging synclines. Therefore, the groundwater direction is away from the major water divide
of the West Bank. The main flow directions are westward, eastward, and northeastwards.
Geochemical and isotopic studies in the eastern basin indicate two main flow systems
(GUTI'MAN.]995), Most wells are located in the lower aquifer and most springs flow from
the upper aquifer. Geologic structure and topography result in steep hydraulic gradient.

4.4.1 Connection between the confined and phreatic aquifers

TI:\e outerops along the creeks in the Al Agrabania area suggest that there is no conti

thnckAlmpermeable layer within the Quaternary and Neogene (Q+N) rift-fill montmumil;
lcf[ccuvely separate .the lower and upper aquifers (SHALIV 1972). Nevertheles Ea} ‘ﬁ-uk.
issues at a slightly higher level than the groundwater table in the e S‘,] ]m |_s rll
penetrate the Q+N. SHALIV (1972) concluded that the contribution from lhge 1:\:1,03:2 V:::;;r

Cenomanian sub-aguifers to the Pleistocene i
eno S sub-aquife i
within the Pleistocene sub-aquifer a small differenc: el v e bl

4.4.2 Connection between the upper and lower Cenomanian aquifers

Head differences suggest that the lower aquifer may be divi
> aquifer may be divided into two i i
: 1 sub-; §
western drainage basins of Judean mountains, as well as in the Phasael area “:1%::‘:;; lwn f:the(:
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level in well Phasayel | was found to be 9 m higher than in the upper part of the aquifer.
These two sub-aquifers are interconnected hydraulically in parts of the study area, due to the
lenticular distribution of the aquiclude (Deir Hana). The Faria area borehole data of
GUTTMAN (1995) indicated that there was no separation between the upper and lower
Cenomanian sub-aquifers. Moreover, in places where the aquiclude is present, minor thin
faults may result in a connection between these sub-aquifers. The lower sub aquifer receives
recharge from both it’s own exposures and by the leakage from the upper aquifer.

4.4.3 Groundwater discharge

The pumpage of groundwater wells of the eastern aquifers, that are extracted from
Pleistocene to upper Cenomanian sub-aquifers is varying from 7 to 14 Mill. m3 per year
according to the varieties of their thickness (Table 4.1). In the Faria area, the total pumpage of
Eocene wells is estimated to be 2.8 Mill. m3, representing 7.3% of the total pumpage of the
basin (18 Mill. m? yearly). The Jordan Valley is the only distinct groundwater discharge zone.
Discharge from the upper aquifer is controlled by the topography, dip of rock formations and
discharge from the lower aquifer. The relationship between the Jordan River & groundwater
flow in the Alluvium sediment of the Jordan Valley is not well understood.

Table 4.1: Total pumpage from the eastern aquifers in Mill. m?, thickness in meters,
utilization and the average CI” content in mg/l.

Sub-aquifer pumpage (Mill. m?) | utilization | thickness (m) | Cl-content (mg/1)
Pleistocene 9.2 Agriculture |- 100-2000
Neogene 7 Agriculture | 100 72

Eocene 7-9 domestic [ 130 110

Turonian 9-10 domestic | 130 27-189

lower Cenomanian | 8 domestic |- 30-149

upper Cenomanian | 13-14 domestic [ 1260 27-30

4.5 Groundwater recharge

Recharge volumes are related to quantities of precipitation and surface geology of the
drainage catchment. Most of the recharge comes directly from the rainfall that falls on karstic
limestone and dolomites of the upper and lower aquifer, as well as in Wadies. Other
potentially significant recharge components include return flows from domestic & industrial
sources (sewage & wastewater), irrigation water, spring flows and leakage flclzm .strear_n bec?s
and channels that are flowing into this aquifer. The effective recharge in semi arid regions is
expected to range from 5 to 20% of rainfall (CDM 1997). The average groundwater recharge
in the West Bank is calculated to be 836 Mill. m? (HYDROLOGICAL SERVICE 1997). The
annual average recharge to the lower aquifer in the confined aquifer of the eastern bas‘ins is
about |18.5 Mill. m® (GUTTMAN 1995). The recharge is estimated to be around 60 Mill. m*
in the whole Faria basin (chapter 3).

The lower aquifer is a major water resource in the Faria area. The Ajlun group (Judea), ,“fhic,h
is mainly karstic and composed of dolomites interbedded with beds of lower permeability is
exposed in the western, south - northwestern, and northeastern of the area. These outerops act
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as replenishment areas to the lower aguifer. The outcrop area _‘5 i lhie‘:;m;: E:; g]; ;IZ;(;
basin. This aquifer is naturally replenished by rainfall on exposures o cgreatin e T
km’. Impermeable beds separate the upper and lower parts of the sequencel. i egtwo o
aquifers; lower and upper Cenomanian sub-aquifers. IIn the FaflaT:’ﬂSIdf“ : ccslusterink ks
aquifers are hydraulically connected due (0 a huge faulting system. ‘Z e:]se - ‘;andstgon(-:
faults along the borders of the Faria graben probaply enables groun \;va erd i S s
aquifer (lower aquifer 2) to pass into the Ajlun aquifer (lower aquifer 1) and the phreatic
aquifer to the Jordan Valley (SHALIV 1972).

4.6 Natural springs

The discharge rate and the chemical composition of the spring water vary continuously and
are dependent on the area contributing recharge to the aquifer and the rate of recharge. The
recharge areas for the springs are hydrologically separated from the recharge areas, which
feed the lower aquifer, from which the wells produce (GUTTMAN 1995). Generally I'l can be
said that most of the springs are affected by changes in the amount of precipitation
(GUTTMAN 1995). Four groups of springs are located in this basin, Nablus (partly), Faria,
Beida and Miska (ROFE and RAFFETY 1965) (Fig. 4.2). Three groups of springs are
discharging in Wadi Faria and are classified according to their geographic locations into
upper and lower springs. Badan series springs are located at the eastern margin of the Jenin
limestone outcrop on the eastern flank of the Nablus- Beit Qad syncline. The NW-SE faulting
in the northern margin of Faria graben permits the movement of the groundwater from the
syncline to the springs. Two major spring groups, at Beidan and Faria, occur as a result of
faulting at right angles to the axes of a syncline. Ein Miska is the largest spring within the
lower springs and the water emerges through a thin alluvial cover resting upper Beida
formation and marls of Wadi Faria. The nature of the Faria graben and the complexity of the
faulting, make it very difficult to relate these springs to more than one aquifer.

4.7 Groundwater wells

There are 314 pumping wells in the West Bank, out of over 720 wells drilled before 1967
(AWARTANI 1992). There are 70 wells in the Faria basin, 61 wells are recently used for
supply. Many wells had been drilled in the study area, located mainly in the areas of Faria, Al
Agrabanieh. Al Nasaria, Froush Biet Dajen and Jiftlik along the flexure of the Wadi Faria
(Fig. 4.3). Most of the wells were drilled in the upper aquifer. Data about these wells were
collected and filtered from different resources. The data were correlated to each other and all
of them were checked during field surveys and water sampling campaigns, that were
conf:lucled during this study. The well names, - numbers, coordinates (x, z)’ umpage
aquifer, depth of the well and the year of drilling are listed in the Appendix 4 ].Y. gk
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Fig. 4.2: The location of Faria group springs.

All groundwater wells in the Faria basin are in operation, except nine wells which went dry
because of overpumping. The majority of wells were drilled in the period of 1960 to 1967.
Seven Isracli wells were drilled after 1967 and are penetrating all sub-aquifers. All
groundwater wells are located along the ‘Wadi Faria. The deepest groundwater well in the area
is Bathan No.2 (18-18/38), which penetrates the lower Cenomanian and has a depth of 748m.
56 wells were drilled in the upper aquifer (phreatic) and 14 wells in the lower aquifer
(confined). Thirty six wells withdraw water from the Q+N sub-aquifer and 20 wells from the
Eocene sub-aquifer. Fifty wells are in operation in the former; while 11 wells are in the latter.
The depth range of wells of the lower aquifer is between 125 and 748m: while the maximum
depth of the wells in the upper aquifer reach 160m (well no.19-19/56).

All wells that were drilled within the lower aquifer, except one (Gitit 3) are within the lower
and upper Cenomanian sub-aquifer. This well is pumping from the lower Cenomanian sub-
aquifer. An average of 62 Mill. m® were pumped from all wells in the West Bank in the year
1993 (HYDROLOGICAL DEP. 1994). The average discharge of all groundwater wells in the
Faria basin is calculated to be 18 Mill. m* The discharge of phreatic aquifer in the Faria area
(Bocene western sub-aquifer) is smaller than in Al Qurabania area (Neogene sub-aquifer);
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: from
while in the eastern parts larger amounts of discharge were recorded. Pumpage from of the

lower aquifer shows an increasing trend from 1986 to 1987.
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Fig. 4.3: The location map of the wells in the Faria basin.
4.8 Hydraulic characteristics of the aquifers through pumping tests
4.8.1 Pumping tests

Four pumping tests at constant rates were conducted during the

field in thi e
for the wells: 18-18/23, 19-17/1, 19-17/44 and 19-17/2 (Tafle 4‘2)101\““;?:;[!{1 "Im e
used to measure the water level. Because no ol ! T

bservation wells w S
i . ere located in the area
observations of the drawdown were made in the pumped wells. Constant rate test: 11 'l-;
recovery and step - drawdown tests werc conducted for RS

Maasu’al, 18-18/17 and 19-17/37. he wells: 19-17/52, Ataral,
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4.8.2 Analyses of the pumping test data

The pumping test data were analysed using the software GROUNDWATER
WINDOWS (GWW), which was developed hygzhe UNITED NATlOI\lJJS (1994). The l;(:[l:
were d]_splgyegl and plotted for Jacob or Theis methods (Appendix 4.2). Recovery data were
plotted in similar manners as constant rate test or step drawdown test, but using the equation:
T = 2.3Q/(47AS) or T= 0.3665Q/AS : where T is the transmissivity, Q is the discharge and AS
is the drawdown. A slight error is recorded ranging from 0.01 to 2.98 % (Table 4.3). For the
step drawdown tests, only one part of the pumping test or an average of two phases of
constant rates was used for the determination of transmissivity.

Table 4.2: The wells in the study area , where pumping tests were conducted.

Well No. | depth(m) |s.w.l. | pumping |saturated |aquifer type of the pumping
(m) [rate thickness test
(m¥hr) |(m)

18-18/17 (79 35 67 45,4 Eocene constant

18-18/23 [50 15,1 {90 40 Neogene | constant

18-18/37 |413 90.53 |222 320 L&U.Ce” |constant & Recovery

19-17/1 |77 293 |120 47,7 Eocene constant & Recovery

19-17/44 | 105 973 |87 7.7 L&U.Ce  |constant

19-17/2 |60 31,3 |70 28,7 L&U.Ce constant

19-17/52 |75 30,8 |162 49,2 Pleistocene |step-draw down

Ataral 520 100,1 | 447 350 L&U.Ce step-drawdown-
recovery

Maasual | 600 90,02 | 550 255 L&U.Ce step-draw down

*L& U. Ce means lower and upper Cenomanian
4.8.3 Aquifer type and transmissivity (T)

The saturated thickness ranges from 3 to 82.9 m for the phreatic aquifer and from 131 to 440
m for the confined aquifer. The data of the drawdown were taken from the pumped wells
themselves for the reason of the absence of observation wells in the area. The transmissivity
of the upper phreatic aquifer (Table 4.3 and 4.4): Well 19-17/2 shows some difficulties of the
transmissivity interpretation, therefore T is estimated from T = 0.124 Q/AS. The unfitted
points to the drawdown - time display curves (Appendix 4.2) are due to the well capacity
effect and to the failure of the drawdown measurements during the pumping test. I's T is
estimated to be 5600 m#day: while the extracted T from the curve is 5503 m?/day. The

Pleistocene ranges between 126 and 10000 m*/d and the Eocene ranges between 158 and
2 to 1137.5 m™/d and shows a trend

1960 m%d. The Neogene sub-aquifer shows a range of 1 N
of decreasing towards the east (Fig. 4.4). Pleistocene sub-aquifer shows a large range of T in
a small area, which is due to the fracturing, that are caused by the complex structure in the
area that were formed during the formations of the Jordan Rift valley. The T of Eocene sub-

aquifer in the Faria area (western) is of slightly larger values than the Eocene in eastern areas.

The Eocene well 18-18/17 shows a change of T towards depth (Fig.4.5), reaching different

fracture zones as a result to a specific degree of fracturing. Three transmissivities are recorded
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CM
200. Two fracture set SySLems are at a depth of 60.5

i i <sivities. The eastern Eocene shows values of T

e this variable of transmissivities. : :
e causd 158 m*/day. The {ransmissivity of the lower aquifer shows a range of 81.1
il : ded in the eastern parts of the study area. A

2 reest values of T are recor ; ca.
:?:::glgfgn::n/::mg ?l‘ifo%vards eastern was observed, due to the fracturing and the hydraulic

i ub-aquifers. According to the
oty S e O 0 S 5 s o s
?I:i: r::;::rvzniipfl::mlf)wer aquiqfer are ranging behyec_n \fery high to ]mten:?}:gl;:iaﬁaijogf i:le
groundwater supply potential (class I to TID). This {ndlcatfes. thfat the \\v’l ray : " [,:c
wells of class 1 and II are of great to less regional importance, respectively and the
withdrawals from the wells of class III might be used _for loca’l water supply (KR»ANSY
1993). Transmissivity contour maps for phreatic and confi ned_agulfers (Fig. 4.6 and Fig. 4.7)
were drawn with the program Surfer using the melhod_ of kriging . All val_ucs were treated
with the program Variowin to create a suitable variodiagram ‘for each .aquer system. The
contour maps are drawn after the best fit of variogramm using spherical method for the
purpose of calculating a sill and range for each group of data.

with T1= 1781.1; T2= 4752 and T3 =

4.8.4 Hydraulic conductivity (K)

The hydraulic conductivity of the sub-aquifers were estimated according to the equation : T =
B K , where B is the saturated thickness of the aquifer. All K values are listed in Table 4.4
(SHALIV 1972) and Table 4.6. The hydraulic conductivity of the Eocene sub-aquifer is
increasing toward the east for the reason of faulting. Neogene shows a value of 28.4 m/day
and Pleistocene shows values smaller than Neogene (8 m/day). The lower aquifer shows a
range from 0.3 to 25.7 m/day. In general, the hydraulic conductivity of the lower aquifer
shows small values in comparing to those of the upper aquifer.

4.8.5 Storativity (S) and productivity

A storativily (S) represents the volume of water that an aquifer releases from or takes into
storage per unit surface area of aquifer per unit change in the head normal to the surface.
Storativity varies directly with the thickness of the aquifer according to this equation:

S_= 3% l_O “B (TODD 1980), where B is the saturated thickness of the aquifer, Because of the
dxfﬁcqlues of caleulating S from the current pumping tests for the reason of no observation
wells in the area of study, it was calculated as an approximation from the equation; S=S,*B
where Sy is the storage coefficient; which lies within values of : IO'S>SO>10'°anci B iﬁo lhf;

saturated thickness. The ivi i i -
Sy storativity of the confined aquifer has a range of 10% to 1.1. 107
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Well 18-18/R3

Neogepe sup-aquifler
£ T=11R75m2 Ha
; Theis methqd
oo Ne
=
; N

N
i
I

Fig. 4.4: The display of the draw down - time pumping test data of the
well 18-18/23 (Neogene sub-aquifer) and its transmissivity
(Notice: The unfitted points are due to the well capacity effect)

The productivity is an effective measure of the volume of water that a well yields when
compared to the drawdown in the well itself, and is defined according to the equation:
productivity = Q/S (where S is the drawdown). The productivity of each well is listed in
Table 4.5. A logarithmic relationship between T and productivity in the study area (Fig. 4.8)

shows, that high values of T imply high values of productivity. Values of T and productivity

can be used quantitatively to asses the potential of aquifers (KRUSEMAN and RIDDER

1994).
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Fig. 4.5: The display pumping test data of the wel
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Table 4.3.: The transmissivities of all the sub-
classification after KRASNY (1993).

M. Ghanem

aquifers in the area of study and their

Well No. tr?nsmissivily (T) | estimated  error| class after | utilized sub-
m'/day (%) KRASNY (1993) | aquifer
18-18/17 | (T1)1781.15(T2)475; |0.06;0.03:0.05 L I I Eocene
(T3) 200
18-18/23 | 1137.5 0.01 L Neogene
19-17/1 9599.4 0.02 I Eocene
18-18/37 |[81.1 1.36 il L&U. Ce
19-17/44 |197.8 0.03 i L&U. Ce
19-17/2 5600 0.07 I L&U. Ce
19-17/52 13919 0.06 I Pleistocene
Ataral 9610.9 0.13 I L&U. Ce
Maasua’al [ 116.4 2.98 1T L&U. Ce

Table 4.4.. The transmissivities of some wells in the area of study after SHALIV (1972).

Well No. |saturated |transmissivity | K m/day |storativity |class |sub-aquifer
thickness | m*/day
18-18/19 |106.8 380 3.6 - I Neogene
18-18/19A |81.2 12-33 0.1-0.4 - I Neogene
18-18/13 [37.5 158-398 4.2-106 |- I Neogene
19-17/8 - 10.000 - - I Pleistocene
19-17/53 |- 126-160 - < I Pleistocene
19-17/5 - 158-204 - - 11 Eocene
19-17/33 |- 1960 - - I Eocene
19-17/46 |- 1175 = - 1 L&U. Ce
19-17/51 [37.2 200 53 L1.10* [0 |L&U.Ce
19-17/50  |45.9 2700 58.8 35108 1 L&U. Ce

4.8.6 Permeability of the lower and upper Cenomanian

The permeability of the lower Cenomanian sub-aquifer is better parfillel to the horizontal
bedding planes than vertical. This is due to the well developed beddmg_s an.d the abunflam
alternating thin marl beds (KAFRI 1970). The upper Cenomanian sub-aquifer is chamctenzled
by a high initial porosity as well as a high permeability. The effect of the secondary porosity

confirms the high transmissivity o
and dolomite aquifers of low valu

porosity (e.g., solution channels) : ¢ (
cases, karst drainage systems may be superimposed on regional aquifer flow system.
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Fig.4.6: The transmissivity map (m¥day) of the upper aquifer of an interval of S00m.

Table 4.5: The productivity of wells in the area of study.

Well No. productivity mzlday cumulative drawdown (S) sub-aquifer
18-18/17 68.6 28 Eocene
18-18/23 457.1 42 Neogene
19-17/1 3933 1.62 Eocene
18-18/37 __|21.1 134.6 L&U.C
19-17/44___|711 27 L&u. ce
19-17/2 5115 1.7 L‘&U‘ Ce
19-17/52__|2412 9.95 e
Ataral 109.2 186.8 i :gf Gcene
M ‘al _ [30.1 264.4 L- & U- g:
Lo o MR T T :
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Fig.4.7: The transmissivity map (m*day) of the lower aquifer of an interval of 500m.
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Fig. 4.8: T versus productivity for both lower and upper aquifer.
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4.9 Saturated thickness of the utilized aquifers

ick 3 m to 106.8 m. The Eocene

i wide range of saturated thickness from _

Tfle:ﬁzr;ﬁuﬁgiﬁ joans fromg23.l m (18-18/1) to 82.9 m (18-18/25A) and having an

:vr;gm.gc of 83.4m in the eastern part. The Pleistocene has an avcrag; Tgt/ti;lcfdr hthn]ckncSS of

: ile _18/11A) to 106.8m (18- . The lower and

11.5m; while the Neogene ranges from 3m (18-1

upper Cenomanian has a thickness range of 71.3m (15_’-17/34) to 440m (.18—]8/38), The

saturated thickness of all sub-aquifers in the area of study is shown in Appendix 4.3.

Table 4.6: The storativity and hydraulic conductivity for the sub-aquifers in the study area.

Well No. | transmissivity |storativity |saturated hydraulic sub-

(T) m’/day thickness (m) | conductivity m/day | aquifer
18-18/17 | 1781.1 - 454 392 Eocene
18-18/23 | 1137.5 - 40 28.4 Neogene
19-17/1 _[9599.4 - 47.7 201.2 Eocene
18-18/37 [81.1 96107 [320 03 L&U. Ce
19-17/44 | 197.8 23.10° |13 2517 L&U. Ce
19-17/2 | 5600 8.6.10° 28.7 195.1 L&U. Ce
19-17/52 |391.9 - 49.2 8 Pleistocene
Ataral 9610.9 1.1.10° 350 275 L&U. Ce
Maasual |116.4 7.6.10° 255 0.5 L&U. Ce

4.10 Groundwater heads

The groundwater heads (in reference to the sea level) at the area of the village Faria is at an

elevation of about +166.4m (well 8-18/33). The water table drops eastward towards a Jordan

Valley, down to the water table elevations of about -288.5m (well 19-17/20). Thus, the water

table drops about 454.9m over a horizontal distance of about 30km for flow ‘;mdient of

::r:?f;liﬁ:a?ﬁfms };ydrauliz gradient is an evidence of the geologic s[ruc;n‘e, which
e direction of groundw i

geological formations and smi:lure ofz:‘:era?e(;‘.v. R v s afteceed gt e

;l'hfgé;\:ragc.]of groundwater levels in all sub-aquifers in the area of study for the period 1968
ez umona;? ! luzl}zaled 1\,;“ ?)Jgge?c(ia 4.3. These levels are transformed using the transformation
g ax(X) - Min(X)) in order to be withj 3

: B ) in a range of 0 - 1 for

;h;)m';ﬁ::e t;; l:;?:ay;ng !hg QLfCanllonS of the groundwater levels during thigs period (Fig.
.9). 0 be a significant drop of water table from the year 1974 until 1991 and a

sharp increase in 1992, The droppin i d

. : ; g water table in the unconfined qui 0]

overpumping while the recharge in th 992 i g ol e due
. & © year 1992 is may be caused by high rainfalls during

74

‘* Digitized by Birzeit University Library



Chapter4 Hydrogeology
M. Ghanem

The water table fluctuations in the phreatic sub-aquifers

Head (standerized)

Head (standarized)

Fig. 4.9: The water table fluctuations in the phreatic aquifer and the groundwater level
fluctuations in the confined aquifer for the period 1968 to 1993.

The water table in the Eocene sub-aquifer is between +166.4m to +150.7 above sea level in
Faria arca (western) and in the eastern between -285.6m (19-17/14) and -264.6m (19-17/23).
In Eocene western sub-aquifer, water levels are between +272.1 m to +10.2m in some wells.
Neogene sub-aquifer has a range of -21.4m (18-18/27) and -92.9m (18-18/19A). Pleistocene
has a range of -229.2m (19-17/52) to -288.5m (19-17/20). In the confined aquifer, the
elevation of groundwater levels ranges from -294.8 (19-17/34) to -178.3m (Atara2) in the
castern parts and being ~ -0.53m (18-18/37) in the western part. The difference between these
elevations in the eastern and western is 294.3m. The contour maps of the static water level of
phreatic and confined aquifer are shown in Fig. 4.10 and Fig. 4.11, respectively. These maps
were drawn based on Kriging interpolation using spherical and linear variogramms.

The flow system in the two aquifer systems in the study area can be summarized as follows:

I- The groundwater flow in the confined aquifer as well as in the phreatic aquifer is west
{0 east, where the groundwater outlet is the Jordan Valley, especially for the phreatic
aquifer.

- The groundwater flow in the upper aquifer has a steep gradient of 454m in 30 km long
(15m/km).
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in the phreatic aquifer is steeper than of the lower

aquifer.
IlI-  The groundwater gradient

=

[t9500
19000!
185000
18000J
175000
170008

165000

6000 T T T
170000 175000 180000 185000 196000 1 95‘000 206000 20500

Fig. 4.10: The water table (m in reference to sea level) contour map of the phreatic aquifer.
4.12 Groundwater flow direction

The groundwater flow is affected by the geological formations,
transmissivity, natural hydrogeologic conditions and
groundwater level map of the Faria basin is given in
part of the phreatic aquifer,
eastern part.

structure of the area, the
pumping from wells. A generalized
h Figures 4.10 and 4.11. In the western
a high elevation of groundwater level was observed than the

According to groundwater levels, the general direction
the Faria graben in the east and to the southeast. In
groundwater flows in the upper Cenomanian sub-
Cenomanian and moves southeastward. Where the
flow is again in the upper Cenomanian with part of
the Quaternary and Pleistocene sub-aquifers. The

of the groundwater flow is parallel to
the western part of the Faria basin,
aq?nfcr are descending into the lower
Faria graben joints the Jordan Rift, the
he groundwater flowing riftward through
differences in water levels between the
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sub-aquifers in the western part of the basin are not sufficient for the establishment of
hydraulic communication between phreatic and confined aquifers. The average; water levels in
the eastern phref'mc sub-aquifers are about 20 m in difference, than that of the Cenomanian
eastern syb-aqulfers. This settings permit leakage from the Pleistocene sub-aquifer into
Cenomanian sub-aquifers. This was recorded in two wells (19-17/46 and 19-17/56) of the
Cenomanian eastern sub-aquifers which is due to the fractured nature of rocks,

195000————————— L 1 T I

190006}

185000

180000

175000

170000

165000

160!

00 T
170000 175lOOO 1 B(I)OOO 1 SEIpOOO 196000 1 95|000 200000 20500

Fig. 4.11: The groundwater level (m in reference to sea level) contour map of the confined
aquifer.

Static water levels are about 0.5 m above sea level near the western sides and 294.3 m below

sea level near the Jordan Valley. The water table differs between the west region of the area

and the aquifer outlets in the east reaches about 300 m over a horizontal distance of only 25 -

30 km. This results is a steep flow gradient which is not uniform. It is influenced by the
tectonics, that are affecting the aquifer properties (GUTTMAN and ZUKERMAN 1995). In

some places, the gradient is very steep (up to 5%).
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Chapter 5 Hydrochemistry  ———
5 HYDROCHEMISTRY

5.1 Introduction

The infiltrating rain water collects CO; in the soil zone, attacks the rocks and dissolves
soluble constituents. In the Lisan formation, easily soluble salts like gypsum may lead to
higher concentration of constituents. Four types of groundwater are rccogms@d in the W.CS[
Bank: limestone water, organically polluted water, hot and mineral water and Lisan Formation

walters.

5.2 Previous work

There is no previous water chemistry study of the project area, however some data were
available from ROFE and RAFFETY (1965) for the springs in the study area as part of the
hydrogeological study of the West Bank. Some analyses were done for the major springs and
few wells in the study area by SHALIV (1972). ABDUL JABER and ALIEWI (1996)
analysed some springs in the study area through a water sampling campaign for the West
Bank. There is a lack of (race elements analyses in the area of study. All available previous
analyses are interpreted and are used to determine the chemical changes of groundwater in the
area,

5.3 Water sampling, analyses and field measurements

Two water sampling campaigns were carried out in the Faria Basin during the years 1996 and
1997 to study the hydrochemical parameters of the aquifer system. The water samples were
analysed at the WATER and SOIL ENVIRONMENTAL RESEARCH UNIT (WSERU) of the
Pcpanmem of Chemistry at Bethlehem University in the West Bank. Sixty-two analyses were
included in the first round of sampling (before recharge) and 42 analyses were included in the
second round of sampling (after recharge). The first water sampling campaign took place
between the period of the 1 September 1996 to the 4 December 1995 and the second round
mok]Elace bglween 10 June and16 July 1997. During these periods, 20 samples were collected
for: O and “H (50 mL) and *H (0.5 L). For the same sites, 20 100mL samples were collected
for trace elements analyses. These samples were filtered by 450 nm and treated with Super

) L y metals. Two samples were collected
lower Cenomanian agujfer to predict the age of the water using "*C. These two sz:n if;:rfezizi
40 L) were treated with Ba(OH), to precipitate carbonate for the analysis. 1

The purpose of the water sampling cam

] aign and ]
physical properties (temperature and EC), A Wwater analyses was to determine the

chemical properties (pH, dissolved oxygen, major
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for]zr\” el Samp?s‘ the F"]""Wi”g parameters were measured during fieldwork at the site
itself: temperature in °C, electrical conductivity (EC) in mS/em, dissolved oxygen (DO) in

mg/L, pH - value and redox potential (Eh) in mV. Alkalinity and acidity tests were done for
selected samples.

The pH z_md temperature were measured with a pH-meter (microprocessor pH-meter, pH 320
set), which is equipped with temperature-sensitive sensors. Redox potential (Eh) was
measured in the field, using the Platinum (P) electrode and a pH-meter and corrected for
temperature. It is a function of temperature, which means that a certain value must be added to
cach measurement for each temperature measurement. The DO was measured using a Oxi-
meter (microprocessor Oxi-meter, Oxi 320 set), with an oxygen-sensitive electrode. EC was
carried out in the field using portable EC meters. The alkalinity and acidity were measured
using alkalinity and acidity tests (Merck). All devices were calibrated, using relevant methods
of calibration, before they were used in the field. Water samples were collected and
transported to WSERU lab within 24 hours for chemical analyses. I-L Polyethylene bottles
were used for the analyses of major cations and anions, 100-mL glass sample for
microbiological analyses. The water samples were cooled during transport to prevent any
changes of the constituents.

5.4 Methods of laboratory analysis

The following parameters are measured at the WSERU laboratory:

1. Alkalinity and total dissolved solids (TDS)

2. Major cations in mg/L: Ca**, Mg**, Na'* and K'*.

3. Major anions in mg/L: HCOy,Cl ", S04 and NOy .

4. Minor constituents: Silica (Si0,), F, Brand PO4>

5. Trace inorganic constituents in pg/L : Fe, Mn, Pb, Zn, Cd and Cu

6. Microbiological parameters colonies / 100 mL: fecal coliforms and total coliforms

5.4.1 Laboratory measurements of major ions

Total alkalinit: Total alkalinity of a water is its capacity to neutralise acid. It is determined
through the titration with HySOs or HCl-standard solution to the pH for 4.3, indicated by
means of a pH-meter.
Acidity: Acidity is the capacity to neutralise alkalines.
Bicarbonate (HCOj5 ): Bicarbonate is directly calculated from the m-value assuming that
humical acid does not influence the alkalinity significantly. 1
Total Hardness (TH) (CaCO;3): The TH is defined as the sum of the calcium and magnesium
concentrations, expressed in mmol/L. The TH is measured by EDTA litrimetric method at
PH<10, using indicators. ; !
Calcium and Magnesium (Cal’, Mgz"): Calcium and Magnesium are determined using the
EDTA Titrimetric method. When EDTA or it’s salts is added to the water containing both
calcium and magnesium, it combines first with calcium. Calciu.m can be deter.m.inad directlly
when pH is sufficiently high (about 12). The magnesium is largely plﬁC}plta{ed as its
hydroxide, using the Murexid as indicator. Magnesium is detcnnmgs malhcmaucally_'rased on
a mean assumption using the following equation: TH = 2.497 [_Cn T1+401 18' [Mg~].
Total dissolved solids (TDS): The TDS is referred to the portion of total solids that passes a
2.0 um pore size under specific conditions (APHA et al. 1995). It is measured by gravimetri_c
method. A sample is filtered through a standard glass fiber filter (2.0 pm) and the filtrate is
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i eishted dish and dried to a constant weight at 130 °C. .

;‘a’;’;z'r:lid"?g;i’;]:;il;: a{l\vvfgn"d K*): Sodium and Po:assiun? were pleasu_red using flame

i ¢ & o converting the investigated sample to
emission photometric methed. This method is based on e
atomic vapour using flame. It is determined at a wave!eng!h of 589 nm or‘ 'il and o IA"“
for K*. The concentration of Na* and K* were determined through a comparison with a curve
of potassium and natrium standard solution. L . o
Chloride CI' : CI' was measured by Argentometric (Mohr) me[hosi, in wh.xch potassium
chromate can indicate the end point of silver nitrate titration of cl_:lorxdg. In this mgthod‘ the
sample is titrated against AgNO; standard solution, while potassium dichromate is used as
indicator. ) )
Sulfate (SO",'): S0;* was precipitated in an acetic acid medium with Barium chlonde.(BaCb)
to form Barium Sulphate (BaSO,) crystals. Light absorbance of BaSOy suspension was
measured by a photometer and SO, concentration is determined by comparison of the
reading with the standard curve (Sulfate Test of Turbidimetric Method) at a wave length of
420 nm.
Nitrate (NO5): The ultraviolet (UV) spectrophotometric screening technique was used for
screening water samples that have low organic matter. The UV absorption at 220 nm enables
rapid determination of NO3" A standard curve is used to determine the concentration of the
nitrate in the different samples.

5.4.2 Laboratory measurements of minor and trace inorganic constituents

Fluoride (F ") : Colourmetric method was used. The concentation of F is determined using a
spectrophotometer at a wave length of 570 nm. A curve developed from standard fluoride
solutions is used for determining the fluoride concentration of a sample. The colorimetric
method is based on the reaction between Fluoride and Zirconium - dye lake. Fluoride reacts
with the lake, dissociating a portion of it into a colourless complex anion (ZnFs>).

method at a wave length of 700 nm.
Phosphate  (PO4™): 1 is determined using  Stanous Chlori i
h
spectrophotometer at 700 nm. i TS o
Trace inorganic constituents: All the measured trace element:
s: s (Fe, Mn, Pb, Zn, Cd and Cu
were measured by the Graphite furnace AAS, each of them having a specific waye length )

5.4.3 Laboratory measurements of microbiological analyses

Com.’onn bacteria are the principal biological indicator fi
density of fecal and total coliform (Fe and Tc) was dete

being critical, MF cultures are Submerged in a water bath for i
lemperature or an appropriate accurate solid heat sink incubator. The
as comprising all acrobic and facultative anaerobic, gram nega'tive
shaped bacteria that produce a dark colony within 24 hours af 35

total coliform is defined
non-spore-forming, rod-
C on Endo-type medium
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containing lactose. Fe and Tc are expressed as colonies numbers per 100 ml sample.

5.4.4 Validation and quality contro]

The electrical balance of the chemical analyses of water sam
equation:

Electrical palance = ((total cations - total anions) / (total cations + total anions)) * 100 %.

The electrical balance error for all samples ranges between 0.12 and 1.56, which indicates a

good accuracy. The detection limit of the measured parameters at the lab of the WSERU /
West Bank are summerized in Table 5.1.

ples was calculated following the

Table 5.1: The detection limit of the measured parameters (WSERU 1996).

Chﬁemical parameter | detection limit | Chemical parameter | detection limit
Ca": 1 mg/L I 0.2 mg/L
Mg~ 0.5 mg/L. Br 0.5 mg/L
K 0.4 mg/L, Fe 0.5 g/l
Na® 0.5 mg/L, Mn 0.05 pg/L
Ell 1 mg/LL Zn 30 pg/L
HCOy 10 mg/L. Cd 0.5 pg/L
NO,:‘ 0.7 mg/L Cu 0.2 ug/l
SO 0.13 mg/LL Pb 0.1 pg/L
Si0, 1 mg/L PO;" 0.1 pe/L
F 0.1 mg/lL

5.5 Statistics of hydrochemical parameters

Statistical analyses of all hydrochemical parameters were done using SPSS (SPSS FOR
WINDOWS 1997). The following statistical parameters were calculated for each
hydrochemical element: mean, median, minimum, maximum, range, variance and standard
deviation. Appendix 5.1 shows all of these statistical parameters for each sub-aquifer within
phreatic and confined aquifers and for the whole aquifer system. Frequency histograms were
calculated for all parameters; they vary between normal and asymmetrical frequencies.
Normal frequency is shown for the distribution histograms of HCO;, pH, SiO, Zn and F
parameters (Fig. 5.1); while asymmetrical distribution frequencies are shown by histograms of
Ca, Cl, K, Mg, Na, NOs, SOq, Cd, Cu, Fe, Mn and EC. Other hydrochemical parameters show
weakly skewed frequency histograms like Br, DO, Pb, PO, The bivariate correlation
procedure of SPSS computes the correlation coefficient ( r ), which requires normal
distribution. Pearson correlation requires normal distribution and internal scaling. Since most
of the variables are not normal distributed, Spearman correlation coefficient is suggested to be
used (Appendix 5.1a, 5.1b, 3.1¢, 5.1d, 5.1¢).

Correlation coefficients of Spearman type using the significance level of 0.01 were taken into
consideration (Appendix 5.2). The correlation is significant positively at the level 0.01
between the following parameters: (Mg, Cd), (Na, Pb), (Na with Fe and Pb), (K, Cu), (Fe witAh
Ph and Na), (Cu with Na, K and NO3), (Pb, DO), (Mn with NO3 and F) and (Pb, Mn). It is
significant negatively at the same level between the following parameters: (DO, SO4), (Ph, C1)
and (PO3;, NO3). Correlation is significant at the level 0.05 is found positively between the
following parameters: (Ca, Na), (K, Na), (HCO3, Mg), (Cl with Ca, Mg, Na, K, HCO; and
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EC), (Cd with Ca and SOy), (Mn, CI). It was found that Sg())z a[:dlgcosamc level of 0.05
correlates negatively significant with the Ca, Mg, Na, K, Cl, HCO; ai 4.

T - Test were carried out to check whether there are significa:m differences 11]11 the n}lean
concentrations of the confined compared to the unconfined aquifer. Table 5.2 shows those

parameters with significant (P<0.05) differences.

Table 5.2: The results of the T - Test analyses ( (0) is the phreatic aquifer and (1) is the
confined aquifer).

Parameter number of|mean |standard standard error |Fe |significance
1 deviation of the mean
HCO; (0) 80 3014 |47.2 52
(1) 16 3164 |31.6 7.9
Na (0) 80 824 93.8 10.5
(1) 16 554 61.1 15.3
K (0) 80 6.1 7S 0.8
n 16 34 44 1.1
Cl (0) 80 2579 (3858 43,1
(@5) 16 146.7  |206.9 S1L7
NO;s  (0) 80 43.5 40.2 4.5
(1) 16 21.7 10.2 25
Cd 0) 80 99.1 3274 36.6
) 16 94 16.8 4.4

The analysis of variance (ANOVA) is carried oul to compare the variances of the chemical
parameters in the phreatic and confined aquifers (Table 5.3). The result of the ANOVA is also
a Fey - value. However, this F., - value is compared to another Fy,, value than in the T-Test.
The Fiap - value for the ANOVA depends on the number of groups NK ( NK= 2) compared to
each other and the sample size. According to the F-distribution table for the statistical
confidence of 95%, the Fuap is about 3.92, The ANOVA has shown that the parameters of NO;

and SiO> have an important difference (not random) between the variances in the different
aquifers.

Table 5.3: The results of the analyses of variance

(

0.035

5.6 Interpretation of the anal ysed parameters

ANOVA),

The chemical composition of water samples from the lower (confi

aquifer is given in Appendix 5.3, ned) and upper (phreatic)

5.6.1 Electrical conductivity

Electrical canductivi_ty (EC) is a numerical expression of the ability of an aqueous solution to
carry electrons. It is a ,funcuon of the presence of ions and their total concentration
temperature of the solution and the valence of ions and their mobilities, The EC jg 1hé
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reciprocal of resistivity (R); EC

= I/R and is reported in millisiemens/cm (
solids e % S mS/em) or uS/cm.
Dissolved solids concentration compared with specific conductance shows a strong

correlation .
correl between conductance and mineral content of water. An approximate correlation

between an EC and TDS can be used for the fact that EC is dependent on the valence of the

elements soluted: TDS (mg/L) = K * EC (uS/, & i i
i e (uSfem at 25 °C) , where K is the conversion factor

Histogram
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Fig. 5.1: The normal frequency histograms of Br, Si0, HCO; and Zn

EC as measured in the field is considered to be an excellent monitoring parameter on an
spatial and time basis. EC is a very helpful lumped parameter to characterise the sum of
inorganic constituents. The Eocene western sub-aquifer has an EC average of 752 uS and the
Neogene- sub-aquifer has an average of 725 pS/cm. The median of the Cenomztnian sub-
aquifer is found to be 726 and 899 uS/cm for the western and eastern parts, respectively. The
Eocene eastern sub-aquifer as well as Pleistocene show an average of .2843 to 3386 uS/cm,
respectively. The maximum EC is found in the Eocene eastern sub-aquifer to be 5300 puS/cm
in the well 19-17/6. The Eocene springs show less value of EC than those of Neogene springs
and Hamad and Beida spring shows the lowest EC values }n the whole_ ama'(503 uS/em).
According to these EC values, the area can be subdivided into two main regions: Westtlsm
phreatic and confined aquifers have low EC, and the eastern phreatic aquifer has very high
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reatic aquifers are unusable for both drinking and
nes had a slight variation within the
g

average of each group for the

EC. According to this, the eastern ph ! -
agricultural purposes. The EC for the Fa'na group s
period 1967/68 to 1976/77 (Fig.5.2) and it agrees with the EC

year 1996/97.

75/76 74075 7273 alred 7071 69/70 68/69 67/68
year

Fig. 5.2: The EC puS/cm variations of Faria group springs for the period 1967 - 1977.

5.6.2 pH value

The pH value is a master parameter in water chemistry. It is the negative base 10 logarithm of
hydrogen-ion activity (STUMM and MORGAN 1981). It is used to determine the mean
hydrogen-ion activity rather than hydrogen ion concentration (HEM 1985). The hydrogen ion
sources in the water are the dissociation of water molecules and the dissolved solids. The pH
is affected inversely by temperature. Water is said to be either acidic or alkaline. The pH of
most groundwater results from the balance between the dissolved CO; gas derived from the
atmosphere as well as biological activity and the dissolved carbonate as well as bicarbonates
derived from carbonate rocks. Most of the groundwater in the study area has pH values that
range from about 7.4 to 8.2. Slightly, alkaline conditions generally occur in limestone and
dolomite terrains.

The_ average pI-‘l value is found to be 7.5 and 7.6 for the phreatic aquifer and the confined
aquifer, respectively. The Eocene western sub-aquifer have an average of 7.5 and the Eocene
eastern has an average of 7.4 pH. The Pleistocene as well as Cenomanian has the same

The measured pH values in the field are smaller thaj
Eocene western sub-aquifer, it ranges between 0.
84

t those measured at the laboratory. For the
1 and 0.4 after groundwater recharge and
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from 0.1 to 0.7 before groundwater recharge. Large differences are shown in springs of the
study area. Phreatic sub-aquifers show a range between 0.1 to 0.5 (after groundwater
1'ecl1arg§) and 0.3 to 0.4 (before groundwater recharge) for Neogene sub-aquifer, and 0.4 for
the Pleistocene sub-aquifer. Cenomanian sub-aquifers show a range between 0.2 and 0.5
(after groundwater recharge) and -0.2 to 0.6 (before groundwater recharge).

B — A

190000

185000

180000

175000

170000

165000

T T T
186000 - 185l000 190000 195000 200000
Fig. 5.3 : The contour map of the pH in the Faria basin.

5.6.3 Temperature

(4 N - . .

Temperature values are important for calculating the saturation 131d|ce.s with respect to
mineral phases. The temperature measurements are used as well to identify deep wells and
: e . 9,
thermal water. Temperature measurements are recorded in degrees Celsius (°C). Temperature

affects all physical and chemical characteristics of groundwater, such as EC, pH and DO.
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le aquifer system is 23.3°C and its average for the
phreatic and confined aquifers are 23.2°C and 23.6°C, respecuvel}t. ;l"ht;ol(eén;pffm}sur% of all
phreatic sub-aquifers shows an increasing trend from we§l to east; :l. 1 El ;)le_ tacene
western sub-aquifer, 24.5°C for the Eocene eastern sub-agmfer and 25.5°C for the els.olfcne
sub-aquifer. This is due to the phreatic nature of sub-aquifers that have a free contact with the
atmosphere, which has high temperatures in all seasons. Badan Sprvu‘lgs sholw the lowest
temperature in the study area with 19.3°C. The Cenomanian sub-aquifer h?lS an average of
24°C. Some wells show extremely high temperatures, due to the fact that their water is in free
contact with the atmosphere, like wells 18-18/25A, 18-18/35 gnd 19-17/8. A map of
temperature for the lower and Upper aquifers is illustrated in Fig.5.4. Temperature data
closely reflect hydrological conditions of the aquifer.

The average temperature of the whol

Two types of groundwater are distinguished in the area of study:

|. Groundwater colder than local annual surface temperature occurs in high altitudes,
especially in confined sub-aquifers.

2. Groundwater with temperature close to the local annual surface temperature belongs to
the shallow active water cycle, especially in phreatic sub-aquifers.

The observed temperatures may be close to temperatures expected from the local geothermal
gradient or detected temperature anomalies. BARTOV and BEIN (1977) reported an average
local heat gradient of 1.8°C/100 m, which less than the world wide average of 3°C / 100m,
The average rainy season is 10°C and the annual average temperature is 18°C. At well 18-
18/37 (well depth 413 m, depth to water table 90.53 m, i.c. average depth of exploited aquifer
is 320m), a temperature of 1.8 * 3.2 + 18°C = 23.7°C would be expected in the case of full
temperature equilibrium, for slow intake in porous media. However a temperature 24.9°C has
been obtained for the water pumped from this well. This indicates rapid karstic recharge that
allows for partial temperature equilibrium alone. 2y
5.6.4 Dissolved oxygen

Dss_st?lyed. oxygen (DO) levels in water depend upon the physical, chemical and biochemical
activities in a water body, and acts as a key test for water pollution. The DO in water is due to
redox reactions of Fe, Mn and Cu compounds as well as N and S compounds or the bacteria
effect of 1he: oxidation of organic compounds (WHO 1989). Solubility of oxygen in water
de?rea.scs with higher temperature. Most of the dissolved oxygen presumably is used up in
mfldauon of organic materials as the water percolates downward through the vadose gne
Dissolved Oxygen is measured at the field to be 5.24 mg/L for the phreatic aquifer amzj o) '}'

mg/L for the confined aquifer. Higher contents of
L ifer. oxygen are measured in winter i
summer, because of infiltration Processes occurs in winter. e

laboratory measurements found DO to be 5.3 mg/L for the phreatic aquifer and 5.4 mg/L for

the conf"med aquifer. A trend of decreasing DO is shown lowards the east within th ;
sub-aquifers (5.7 t0 3.7 mglll.). The Pleistocene sub-aquifer have Jess oxygen (,;nlt © /J?hreatlc
the l.ioc.ene western sub-aquifer (5.7 mg/L). The confined aquifer shows);flemi . 1 e lhélﬂr
DO in its western and eastern parts. A slight range of DO varieties betwee; c; oS ?
recorded, except for the Eocene western sub-aquifer. The Eocene western :ulium;?lerf Esﬁole:fi
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an extreme amounts of DO of 6.5 mg/L.in wells 18-18/32 and 18-18/33

180006

175000
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165000

T T T
180000 185000 190000 195000 200000
Fig.5.4: The contour map of temperature (°C) of the groundwater in the Faria basin (°C)

5.6.5 Redox potential (Eh)

The oxidation reduction potential is the key factor for mobility of some important elements in
water such as Fe, Mn, S and N. The mean Eh is measured to be 553.3 mVy fqr the Eocene
western sub-aquifer, 534 mV for the Neogene sub-aquifer, 570 mV for the Plelslocene‘: suv?-
aquifer, and 601 mV for the Eocene castern sub-aquifer. The Eh of the confined aquifer is
measured to be 609 mV. The smallest value is seen in the springs of the study area.

es in the groundwater is expressed in terms of pE

Redox potential for equilibrium process d
: i * s the tendency of the water to oxidize or to reduce

(dimensionless) or Eh (volts). Eh measure
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al is defined as the energy gained in the transfer of |

issolved constituents. Redox potenth ! ) 7 :
?rll:;g]o(f:dclcctrons from an oxidant to Hy according (0 the equation pi = rloéL;:dl:Z::u’:I;he H; Fudhox
potential is a potential that is caused by various redox re&{ClIOHSCI)XiSaIion roceé selbfr
oxygen supplies and recharge of groundwater occur 1n wmferfiII i walepr) has.a hb'c](“e.
preferred, leading to an increase of Eh in grou:?dwmer, because infiltr: Sl igher
redox potential and more oxygen dissolved in groundwater. Values o ecline as the

dissolved oxygen (DO) decreases with depth.

5.6.6 Total dissolved solids (TDS)

fied into fresh, brackish, saline and brine water

According to TDS, groundwater can be classi ! :
exist in the form of ions (cations and

(Table 5.4). Groundwater dissolved solids (salts)
anions) and zero charged species (e.g. Si02).

Table 5.4: General classification of groundwater according to its TDS (CARROLL 1962).

Category of water TDS (mg /L)
Fresh 0- 1,000
Brackish 1,000 - 10,000
Saline 10,000 - 100,000
Brine > 100,000

TDS of the phreatic aquifer increases rapidly towards the east. The Eocene western sub-
aguifer shows the lowest value of TDS (402 mg/L) and reaches 1551.5 mg/L in its eastern
parts. Pleistocene sub-aquifer shows a mean value of 1608.4 mg/L. The confined sub-aquifers
have a_'l'DS ranging between 636.8 and 608.6 mg/L for their western and eastern parts,
rcspecuvc_]y. According to TDS, the area of study could be divided into two categories: fresh
and brackish water. Fresh water lies within the phreatic western sub-aquifer (Eocene western
and Neogene) and the confined aquifer. Brackish water lies within the phreatic eastern
(Eocene eastern and Pleistocene sub-aquifers). Some wells show brackish water like wcl.I 19-
17/46 and 19117/53 (Cenomanian eastern), which show TDS values of 1203.2 and 1695.2
mg{L, respectively. That means leakage of brackish water from the phreﬂlit; eastern sub-
aquifers into the Cenomanian eastern sub-aquifer has occurred, which is due to the semi-
confined nature of this reservoir, A relationship between TDS and' EC is shown lo%e i~

TDS = 0.54 * EC for the whole Sy nstan 0
stem. A L i for
o el constant factor of 0.55 for the PhrEﬂIIC and (.53 for

A calculated TDS for samples of the stud: indi

: . y area indicates that the water is fi ¥ b=
:2;:’5?;3{ F;:L‘i{uéc\;’gstem .and th;: confined aquifer. The water has ai;:[;;:ﬂ:: lo;'héﬂs1+1 Z
the ionic <:()ml-"0silion3 'I>‘hS]i> Sk RCPCate'dly c9|lecled samples show a slight variation in
from longer contact w'ilh rocrl:cric';seev(:;?glsl R I bty
i o Y and laterally increased TDS is due to dissolved
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5.6.7 Major ions

Major ions oceur in concentrations ranging from 5 to 1000 mg/L. They form the bulk of the
(|IS$01V:3d constituents in water and are divided into cations (positively charged): Ca™, Mg™,
Na®, K* and anions (negatively charged): HCO, SO,%, COs*, CI', NOy-

Calcium and Magnesium (Ca™, Mg®) stem from the dissolution of carbonate rocks,
Calcium is derived from calcite dissolution and therefore balanced by HCO;'. An increase of
Ca®™ concentration is the enrichment factor, which exceeds in all cases that of Mgz'. Ca** has
amean of 128 mg/L in the study area. A big range of Ca”" is recorded in phreatic sub-aquifers
(479.6 mg/L) with a mean of 134.7 mg/L, compared with the range of the sub-confined
aquifers (218 mg/L) that have a mean of 109 mg/L. A wide range of Ca>* contents is a result
of the increasing amount of CO; in the aquifer. This amount of Ca** defines the aquifers as
carbonatic in nature.

Magnesium shows a mean of 35.2 mg/L for the whole system and 38.8 and 28.9 mg/L for the
phreatic and confined aquifers, respectively. There is a variety of range in the amount of
magnesium for both phreatic and confined aquifers. The confined aquifer shows the same
mean for both eastern and western Cenomanian sub-aquifer (28.4 and 27.2 mg/L,
respectively). A trend of increasing Ca®* towards the east is recorded, especially in the Eocene
sub-aquifer (88.3 mg/L in the west and 257.8 mg/L in the east). The Neogene sub-aquifer
shows Ca** of the same amount as the Eocene western sub-aquifer (90 mg/L). The
Cenomanian sub-aquifer shows the same mean in the western and eastern parts, due to its
confined nature. This is also due to slight changes of CO; in the groundwater. The rocks of
the phreatic aquifer are highly fractured, causing CO, to enter the groundwater from the soils
that cover the rocks of the phreatic aquifers. The second round of water sampling (July 1997,
after recharge) shows greater amounts of Ca*t, especially for Eocene springs, which show
double Ca** contents than that of the first round of water sampling (September]996, before
recharge). The springs of both Eocene and Neogene sub-aquifers show less amounts of ca**
compared to those of the groundwater wells.

The Mg”* increases from the western Eocene (20 mg/L) towards the eastern Eocene (73
mg/L) sub-aquifer. The Mg”* of the Neogene sub-aquifer shows tr{e same as the Eocene
western sub-aquifer (21.1 mg/L). Mg** of the Pleistocene sub-aquifer shows an exjt..reme
amount (102.6 mg/L), due to the volcanic nature of the sub-aquifer. The amount of Mg_‘ and
Ca’ in both phreatic western and confined aquifers reflects lhe} limestone nature in the
western phreatic and confined aquifers and limestone to dolo@te nature for the eastern
phreatic aquifer. Some of the wells and springs of the phreatic aquifer sbow a Ia.rg.e amount of
Mg?**, which reflects the dolomitic strata within the limestone Sﬂlfb-zlqulfer. especially fc?r the
Eocene and Neogene sub-aquifers. There is a large range in Mg™" (51.8 to 384.3 mg/L) in the

Pleistocene sub-aquifer.

Towards the Jordan Rift, an increase in Mg™" is observed (from 1.6 to 8_-4 meq/L). T!1is
increase in Mg?* can be attributed to water-rock interactions with the .aquer mck§ which
change in composition from limestones to dQIomhes gaslwafds. The hlghef tcgal dissolved
ions TDI content along with the rise in Mg®* values is attributed to contribution by local
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shallow aquifers that have flushed the salts from the nearby outcropping lisan formations.

i : Sodium i stems from rain waters and is
Sodium and potassium (Na* and K): Sodium in groundwater

derived from rock weathering. A decrease of K is observed for grlcundwamr at the outlets of
basalt aquifers and a sharp increase is observed in values of the ratio Na / K.

The mean of Sodium shows the same value in the Eocene western and Neogenc sub-aquifers
(32.4 and 34.4 mg/L , respectively). Sodium in the eastern Eocene ‘suAb-a_qmlfer shows a large
range of distribution, between 58.5 and 269.1 mg/L . That means, it is six times greater than
the western sub-aquifer. Na® of the Pleistocene sub-aquifer shows a mean of 249.] rng/IT, A
decreasing trend of Na” is shown towards the east (59.3 to 40.5 mg/L) in lhe_ conﬁneq aquifer,
Otherwise. the mean of the phreatic aquifer is greater than that of the confined aquifer (55.4
mg/L). The mean of Na® for the whole system is 74.4 mg/L. The Faria group springs, as well
as the Shibli group springs, show greater values (double) than that of the Badan group
springs.

Potassium shows a mean of 3.4 mg/L for the confined aquifer and 6.1 mg/L for the phreatic
aquifer. K” of the Eocene western and Neogene sub-aquifers has a small mean of 11.9 to 2.4
mg/L. in contrast to the Eocene western and Pleistocene sub-aquifers, which are of 13.5 to
20.1 mg/L, respectively. A small trend of increasing K* is shown in the Cenomanian aquifers
lowards eastern sub-aquifers. Phreatic western sub-aquifers as well as the Cenomanian
western sub-aquifer show a little variety in contrast to those in eastern parts of the Faria basin.

Potassium is a potential indicator of anthropogenic effects on groundwater, namely
agriculture use in the recharge area of the aquifer. In the study area, high contents of
potassium (> 6 mg/L) in the groundwater result from fertilising with KNH, near the wells.
Higher concentrations of K* below the water table indicate a relatively short residence time in
unsaturated zone.

+ +
Na® and K* of “.w Eocene western and Neogene sub-aquifers differ from those of the Eocene
eastern a?u;! Pleistocene sub-aquifers. The latter shows a large amount, which reflects the
basalt origin of Pleistocene, while the Eocene consists of evaporates and

! ) gypsum. The
confined aquifer as well as phreatic western sub-aquifers consists of limestone a o

nd dolomite.

Bicarbonate (HCOy), m- and p-Value (HCO; " and CO;
phreatic and confined aquifers (301.4 and 316.4 mg/L)
aquifer systems in the area. Both of them range belweer;
same amount of median and mean values, which reflects
The weslern part of th_e Faria basin shows larger varieties of HCO;’ than those of th i

'(dout.zle). with an pbvxous trend of increasing towards the east, The confi de ¢ - .
identical amounts in both eastern and weslern parts, i e

) The amount of HCO4 in both
teflects the carbonate nature of the
209:9 and 405 mg/L. They have the
their normal frequency distribution.

The p-value is measured to be 2.9 mmo] /. for the Eoc
- . : €Nnc western and 2. 2
Neogene sub-aquifer and shoufs an increasing trend towards the east, rr,eaczzh% mmol /L for !h:
mmol /L In the confined aquifer, p-value is measureqd to be 2.2 m‘mo] /Llng a value of 5
sub-aquifers. The m-value is found to be 5.25 mmol /1. for the E-Ocene eas!er:o;ndC;nomar;:z/\;j
mmol
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for the Neogene sub-aquifers. It is found to be 5.25 5 mmol /L. for the confined aquifers.

Sulfate ,(SOJZ ): Often sulphate contents increase with chiorine contents The phreatic western
sub-aquifers as well as the confined aquifer show a range of 50124 bclwe;en 18p4 10 36.4 mg/L;
the l);_uler shows smaller amounts of SO,> than those of the former. The inc.reasing 'trend ot:
SO, towards the east is recorded, as the followings profile of sub-aquifers: Eocene western
18.4 mg/L; Neogene 24.1 mg/L; Cenomanian western 26.5 mg/L and Cenomanian eastern
36.4 mg/L. All sub-aquifers show a wide range of varieties between 7.8 mg/L in the Hamad
and Badan spring (Eocene western) to 121.3 mg/L in the well 19-17/6 (Eocene eastern).
Phreatic and confined aguifers show the mean of 33.6 mg/L and 32.3 mg/L, respectively. The
increasing of SO, in the eastern outerops is due to anhydrite rocks in the Lisan formation.
The amount of SO4* in both phreatic western and confined sub-aquifers reflects the nature of
carbonate rocks.

Evaporates occur as independent rocks, such as gypsum, but are common also as veins in
marine sedimentary rocks, mainly clay, or as secondary minerals in soils, mainly in arid zones
(MAZOR 1985). Furthermore, sulphur is enriched in the soil by fertilising and by release of
sulphur during decomposition of organic material (MATTHESS 1990)

Chloride (CL "): Chloride content was found to be increased in the east and southeast
provinces, especially in Pleistocene and Eocene eastern sub-aquifers. Low CI” content was
recorded in the phreatic western sub-aquifers. The mean of the eastern phreatic sub-aquifers
are found to be 10 times greater than those of the western phreatic sub-aquifers. The Eocene
western sub-aquifer shows an average of 62.9 mg/L and increasing slightly towards the
Neogene sub-aquifers (67.3 mg/L). Pleistocene shows extreme values of CI” (908.9 mg/L).
The wells 18-18/17 of the Eocene western and 18-18/19A of the Neogene sub-aquifers show
CI" amounts of twice times the average in both sub-aquifers. The springs of the Badan group
are of lesser CI° than those of the Faria group. The Cenomanian sub-aquifer in the eastern
parts has a slightly higher amount compared to those of the western parts. An extreme value
of 504.7 mg/L is recorded in well 19-17/46 of the Cenomanian eastern sub-aquifer. The
Pleistocene sub-aquifer shows an extreme amount up to 2108.7 mg/L in well 19~l7/”.7.8: The
high amount of CI” in the Eocene (east) and Pleistocene is due to chlorine-bearing rocks in the
alluvium as well as Lisan formation, which contains a high amount of NaCl. The intensive
use of fertilizers in the agricultural area is an additional source, which causes this increase of
chloride content, The water of the eastern phreatic sub-aquifers is not potable for drinking and
is used for agriculture. All springs in the Faria basin show a slight variability of CI in mg/L

within the period 1967/68 to 1991/92 (Fig.5.5).

Nitrate NOy : The sources of NO3 are input through precipitaliyn and the de,comp0§ltion of
plant debris, animal waste and nitrate fertilizers. The cause of high amounts of NO;  are qu:
return flows from irrigation, disposal of industrial and ufban waste z_md \{Vastewater.' Ir}dustx:ml
waste chemicals may contain high concenlrmio‘ns qf nitrogen. Thns‘ will cause nitrification
phenomena (oxidation and reduction). NOy is sngn:ﬁcnntiy enr_lc_hed‘ in waters pf }hc
populated and cultivated arcas as a result of the intensive use of fertilizers and contamination

by sewage. \ % ;\'/ >
3
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Fig. 5.5: The trends of chloride content in mg/L of the Faria group springs for the
period 1967- 1992

The NOs™ has a mean of 43.5 mg/L for the phreatic aquifer and 21.8 mg/L for the confined
aquifer. NOy' concentrations are higher in the Eocene western and Neogene sub-aquifers
(45.4 and 52.6 mg/L respectively). The eastern phreatic aquifer shows less amounts of NOy
(22.2 to 31 mg/L). The Cenomanian sub-aquifer shows less amounts in the western parts
(15.5 mg/L) and increases towards the east (24.5 mg/L). The Neogene sub-aquifer shows a
large NO;3™ value 190.8 mg/L in well 18-18/31. The Eocene wells in the western sub-aquifers:
18-18/ 17. 16, 25A, 32 are polluted with NOj3,, with extreme amounts reaching 182.5 mg/L.
_'Qle pollution of the Eocene western sub-aquifers is due to leakage from septic tanks and
cesspools in the area. The pollution of the Neogene sub-aquifer is due to the wastewater from
the Nablus municipality. Agricultural fertilizers in both the Eocene and Neogene sub-aquifers
are also cause an increase in the amounts of NO3’ in the groundwater, The conﬁnegaquifer is
not yet polluted with NO5™ due to its confined nature and greater mean residence time.

Eocene western sub-aquifer shows the greatest amount of Si0, (43 mg/L). It decreases in the
Eocene sub-aquifers, reaching 32 m,
found in Ein Dulieb spring A(Eoecne westem), which ranges between 58 and 49 mg/1.
and before recharge, respectively. This is due to silisified limestone with chert laminati
the Eocene sub-aquifers. An increase in Si0, i y
observed. It shows a mean of 39 mg/L for th
eastern Cenomanian sub-aquifers,

5.6.8 Minor ions and trace elements

Trace constituents occur in low concentration of less than (), mg/L. They are important
i 5 p :
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limi i

E{zlcﬂ;j;: lgiycgr?gbl:i ;;ﬁ; ;sc\l::;g;r for certain purposes. Examples are heavy metals like Cu,
Iron (Fe): Tron values are higher in the phreatic sub-aquifers
sub-aquifer, which is due somewhat to the ferrygenous [i:hc;];)
dissolve iron upon contact with metal wel] casing, pump parts and piping, Iron is common in
many igneous rocks and is found as trace amounts in all sediments and.sedimemary rocks.
The average lconccntration of Fe is found to be 22.1 and 17.8 ug/L in the phreatic and
confined aquifers, respectively. A big difference in Fe is found between the phreatic sub-
aquifers  (105.8 pg/L) comparing to the confined aquifer (46.6 pg/l). The average
concentration of Fe in the whole aquifer system ranges between 17.5 pg/L (Eocene eastern)
and 24.7 pg/L (Eocene western). A trend of decreasing Fe towards the east is recorded. The.
springs show the lowest concentration of Fe (10 pg/L) in the area. Some wells such as 18-
18/11A (105.8 ug/L) and 18-18/4 (88.5 pg/L), show extreme values of Fe, due to the
corrosion of well screens in the study area. The confined aquifer shows identical values in
both eastern and western directions. :

especially the Eocene eastern
gy of the aquifer. Water may

Manganese (Mn**): Manganese is less abundant in the groundwater than iron (KEMMER
1977 in ARAD et al. (1984)). Tt acts as soluble manganous bicarbonate, which changes to
insoluble manganese hydroxide when it reacts with atmospheric oxygen. Manganese is
enriched in the eastern sub-aquifers, which are known for their manganese mineralization.
The mean of Mn”* for the phreatic aquifer is found to be 1.4 and 1.8 pg/L for the confined
aquifer. The average of Mn** for the Eocene sub-aquifer increases from 0.4 pg/L (western) to
9.1 ug/L (eastern). The Pleistocene sub-aquifer shows a greater average value (3.2 pg/L) than
those of the Cenomanian sub-aquifer (2.2 pg/L for the western zmg 1.5 pg/L for the eastern).
In the Faria and Badan group springs, a very small amount of Mn** is recorded with respect
to other springs of the same group. Abnormal values of 20.8 and 14.14 pg/L may be due to
the Mn** ores in the alluyium rocks of the alluvium formation.

Flouride (F), Iodine (I') and Bromide (Br’): Flouride is mai{]ly en-riched in w§teﬁ of the
southeastern parts of the Faria basin reflecting the close association with phosphontesyand the
effects of desert dust. The F is enriched in southeastern and eastern plar(s. [". the Plers!ocer.ne
sub-aquifer it is associated with phosphoritic formations, which contain clastics of magmatic
rock origin (KAFRI et al. 1988). The western phreatic and _lhe confined aquifers show an F
average of 0.2 mg/L. This average increases rapidly, reacr_ung 0.6 mg/L KO\Verds (he Eocene
eastern and Pleistocene sub-aquifers (0.4). This incre.ase is also due to the intensive use of
fertilizers in agriculture, as well as to the Lisan formation.

ection limit of 0.2 mg/L in the whole aquifer system.
-arid regions, where the water is used for
| growth of all plants. The average
of the study area.

The T is found to be less than the det n
Bromide is often determined in arid and semi
irrigation. It is necessary in very small quantities for no_rma
coneentration of Br is found to be 0.8 mg/L in sub-aquifers

us in the water occurs as phosphoric acid (H;PO)
hate is released to the environment from animal
hate ranges between 0 and 0.5 mg/L.

Phosphate (PO,"): Dissolved phosphoro

and its dissociation products. The phosp!

fertilizers, animal wastes, sewage and detergents. Phospl
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for the whole aquifer system with an average of 0.2 mg/L. T/]}f ﬂ"e’t'agc)C%‘;l‘;eg‘(')ag{oll;;-qtte
phreatic sub-aquifers is found to be 0.2 (western) and 0.3 mg; (easlern -h i 4 @ ° age
for the water of the Wadi Faria with the mixed wastewater (8 samp es)As 0 zx'nf_z;v?rz}bc of
0.3 mg/L; one extreme value of 3.38 mg/L was found. After the percoAlau.on an’ ,m .| llétnen of
this water to the groundwater, the PO;> value in the eastern sub-aquifer s ma? u;lcreases.:rhe
PO, of the Eocene western sub-aquifer was found to be 0.08 r_ngfL after the rec, a'rge p'cuod‘
which has a lesser amount than that before the recharge period, 0.2 mg/L. Sprm_gs in the
eastern parts show higher values of PO;* than those in the western pans,.and this can be
explained by the presence of phosphate formations within the Lisan and alluvium formations.

Cadmium (Cd): The western phreatic and the confined sub-aquifers show average
concentration of Cd 4.5 pg/L and 9.4 pg/L, respectively. The Eocene western sub-aquifer
shows the lowest amount of 6.1 pg/L, while the Eocene eastern sub-aquifer shows a very high
average amount of 477.3 pg/L. A large range of Cd is found in the Pleistocene sub-aquifer,
which has a maximum amount of 1,600 pg/L in well 19-16/1.

Copper (Cu): Copper shows an average of 4 pg/L for the whole aquifer system. The Eocene
sub-aquifer as well as Cenomanian western sub-aquifers show a slight increase of Cu towards
the east, ranging from 4.9 (0 2.6 pg/L for the Eocene sub-aquifers and from 4.3 to 3.3 pg/L
for the Cenomanian sub-aquifers.

Lead (Pb); Lead is found to be 3.8 Hg/L for the phreatic aquifer and 2.7 ug/L for the confined
aquifer. Phreatic sub-aquifers have an amount of Ph ranging from 4.2 10 5.5 pg/L, except the
Neogene sub-aquifer, which has an amount of 1.3 pg/l. The confined aquifer shows a
decreasing trend towards the east. The largest amount of Pb is found in the Eocene western
sub-aquifer and it has a range of 0.7 10 12.7 ng/l.

Zinc (Zn).: The aquifer system of the whole area has an average Zn concentration of 2.6
Hg/L and it ranges between 0 and 254 lg/L. The confined aquifer as well as the phreatic
eastern sub-aquifers show smaller values of Zn than sub-aquifers of the phreatic western sub-

aquifers. The Pleistocene sub-aquifer shows the value of 102 jug/LL which is the lowest value
in the whole area.

5.6.9 Changes in trace element contents along the flow path

The concentration of the dissolved ions is increased with dis
water in the western parts (o sodium-chloride water in the €astern parts. An increase in the
chlorine content along the flowpath is found to be accompanied by a slig}u increa:e Sof 'F and
_B. whereas Mn shf)ws no significant changes. As water travels down the f] rh( 4
mcreases}he total dissolved solids from 15 meq/L in the Faria area of the weste; owpal ,] !
Jorx?an Rift of the castemn part to 67.1 meg/L. The average mean of major i i pfa - ]to l]l
aquifers of the Phreatic aquifer in the Faria basin shows an increasin [l'e;]ld ions of al Slll =
and southeast - towards the Jordan Rift valley (Fig. 5.6). Calcium & towards the east

tance for calcium - bicarbonate
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side of the Rift Valley, all ions sh, ive i
e OW & progressive increase towards the Jordan Rift valley
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The sub aquifer

Fig. 5.6: The average mean of major ions in the W-E and NW-SE profile directions.
5.7 Microbiological analyses

Different micro-organisms can be found in natural groundwater and surface water. The most
important organisms are bacteria, viruses, yeasts, algae and protozoa. Virological analyses are
not carried out in natural analyses, while yeast and algae are of less importance in the
groundwater (CDM 1997). The most prevalent micro-organisms in water are bacteria. Some
of them can be pathogenic and cause disease to human beings, like cholera, shigella and
salmonella. The presence of pathogenic bacteria in water indicates the degree of
contamination in the water and is a common indicator of water polluted by human wastes.
The coliform group is the principal indicator of suitability of water for domestic and other
uses.

Analyses for fecal Coliform (FC) and total Coliform (TC) are carried out to determine
whether a water is suitable for domestic purposes. Twenty analyses for FC and TC were
conducted for the upper and lower aguifers (Appendix 5.3) and indlpaled that the upper
aquifer is contaminated with human wastes, through septic tanks m.lhe area and the
wastewater of the Nablus municipality, which is draining intc_x Faria Wadi. The Eocene sub-
aquifer contains a wide range of FC and TC, with an increasing trend to\f/arc!s the east. The
Neogene and Eocene eastern sub-aquifers show a high degree of contamination, because of
their direct location under the influence of the Nablus wastewater. Ple'ls!ocene well; show
less of FC and TC, because of their high salinity. The lower aquifer is not contaminated,

reflecting its confined nature.

5.8 Indicators for water quality

Water originating from limestone formations can be regarded asvnall:lrally ur\_co;ﬁlam:;’al::i
The concentrations of Na® as well as CI and the bacteria found in the organically p
2 2
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water indicate sewage pollution (eastern Nablus sewage). Water from Lisan formation is

found to be contaminated.

5.8.1 Salinity / TDS

The concentration of chloride ions is the common indicator for t!le_ salinity of aquifers anq it
is a function of the flow regime and the distribution of s‘almﬂy sources. Ti‘\e chloride
concentrations in the aquifers in the natural replenishment rcg:ons.nezu' the watershed of ll}c
West Bank are of 25 - 40 mg/L in Nablus as well as Jerusalem hills and 60 to 80 mg/L in
Hebron hills (SCHWARTZ 1980). These concentrations ogg:nalg from the washoulA of
airborne salts by the rainfall and their levels reflect the fluctuation ratios betwef:n evaporation
and infiltration from place to place. The amount of dissolved solids in the rainfall accounts
for only 10 percent of the chloride concentration in the groundwater (DANIEL et al. ’[982 in
ARAD and BEIn (1986)). Other sources are the sea water around the Dead Sea and diffusion
of brines along the Jordan Valley. A lateral shift of saline water bodies along the margins
towards centres of pumpage is recorded. Intensification of the leakage from brackish
aquitards that overlie the lower aquifer causes the rising of saline water bodies under part of
the pumping fields (over-exploited basin).

Lower Cenomanian groundwater in the eastern aquifers is initially of low salinity. Flowing to
the east of the recharge area where the aquifer formations outcrop downwards toward the
deeper saline groundwater in the Jordan Valley, the aquifer’s freshwater mixes with saline
water and becomes brackish. According to the salinity, two groundwater bodies were
identified a low salinity groundwater originating from Cenomanian as well as Eocene sub-
aquifers, and a high salinity groundwater originating from Pleistocene and Basalt sub-
aquifers. The changes in the chlorine composition of groundwater indicates an increasing
trend toward the eastern direction of the area,

The type and concentration of salts depend on the environment, movement and the
groundyvater source. STARINSKY (1974) suggested that the calcium - brines, which are
found in the subsurface of the Jordan Rift valley represent a residual product of the
evaporjdted Pliocene sea water, which precipitated halite during the occurrence of its
evolution in the Sdom depression, within the rift. After their partial evaporation, the Mg-rich

rift thus acquiring Ca-CJ composition. These brines are dilut
fresh-water body, there is a body of salt water (in the lower aqui
the fresh-water body could cause

n the salt and fresh waters in th
¢ Hon s It a € area. The source of salt
water in the area is brine water captured within the layer of the Lisan in the period when the

level of the Dead Sea was high at an elevation of i

: - 180 m (in the last rain iod 6,000 -
15,000 years ggo) ftnd Wwhich spread westward into the layers of the Ajluny(];l‘:g:an) : roup
(conﬁned aquifer) in some places where a contact between them is taking p| - in
washing of brine water by fresh water occurs towards the Jordan Valley i
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5.8.2 Soluble sodium percentage (SSP) or % Na

Soluble Sodium Percentage (% Na) is calculated using the equation:

% N.a_= ( N_=I+K) / ( Ca+Mg+Na+K) in meg/L. WILCOX (1955) classified the water
according to his % Na and EC (mS/ cm) from excellent to unsuitable water (Table 5.5).

Table 5.5: The classification of water according to WILCOX (1955).

Class % Na EC pS/cm
excellent <20 <250

good 20 -40 250 - 750
permissible 40 - 60 750 - 2000
doubtful 60 -80 2000 - 3000
unsuitable >80 > 3000

The % Na is calculated to be in the range of 0.01 to 0.02 for the western Phreatic sub-aquifers
and 0.01 for the confined sub-aquifers, while it ranges between 0.11 and 0.28 for the eastern
phreatic sub-aquifers. The Pleistocene sub-aquifer shows extreme values and an average of
0.25, thus leading to the conclusion that the western phreatic sub-aquifers as well as the
confined aquifer have excellent to good classes of water, while the eastern phreatic sub-
aquifers have a permissible class of water.

5.9 Graphical presentation of results

Graphs are useful for display purposes, for comparing analyses and for emphasizing
similarities and differences. They can also aid in detecting the mixing of water of different
compositions and in identifying chemical processes occurring as groundwater moves.

5.9.1 Ton distribution and the chemical composition

The Total dissolved ions (TDI) for major ions in the area of study is calculated to be 15 to
15.6 megq/L for the Eocene western and Neogene sub-aquifers, respectively, and ranging
between 20.9 to 20.5 meq/L for the confined sub-aquifers. TDI is calculated to be 67.1 meg/L
for the Pleistocene sub-aquifer and 53.4 meg/L for the Eocene eastern sub-aquifgr, The
increasing trend is seen towards the east. Several sub-aquifers have relatively high l\fa
contents and their Na/Cl molar ratios approach and exceed 1. The highest ratios are found in
basaltic aquifers and in aquifers rich in basaltic clastic material.

The following hydrochemical parameters in meg/l are plotted against each other (Fig. 5.7):
(Ca#Mg) vs. (K+Na), (Ca+Mg)/ (HCOs) vs. (K+Na)/Cl), Mg vs. Ca, SO vs. HCOy, Ca ys.

’ 2
(SO4+ HCO3), HCO; vs. Cl and SOy vs. Cl. They form two clusters. Variations of both Ca**
and Mg** (Fig. 5.7) is an indication of different recharge arcas to the i}que' system. The
comparison between water samples of different sites wh‘lle addressing refglonal changes of Fhe
water chemistry is illustrated graphically on maps of important chemtcalipasamet S E

5.8,-59,-5.10).
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Water sample concentrations are converted to meq/L for graphical representations. The Surfer

Was “Se,d for plom-ng maps of water chemistry after identifying the variogram function with
Variowin. A spherical method is used after the best fit of data within a diagram of a suitable
sill and range values. Groundwater for Windows (GWW)(1994) and Hydrowin software were
used to represent graphs of water chemistry data. Schoeller diagrams, trilinear plots (Piper

diagrams(1 944_)), anf[ Durov diagrams were used to represent chemical data and to understand
water type bodies (Fig. 5.11).

— L
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185000

180000

175000
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185000 190000 195000 200000

180000 - e
Fig. 5.8 : The contour map of the EC (uS/cm) in the Faria basin.

12, Fig. 5.13 and Fig. 5.14) for classifying the
; 4l evolution. The illustration of all water
ds before and after recharge indicates there

Piper diagrams were illustrated (Fig. 5.12, Fi
groundwater and defining a pathway ol‘. chemic
samples of the Faria basin for both sampling roun
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are very few chemical changes within the aquifer. The majority of the groundwaller are found
within calcium sodium cation types. Two anion types are found.: chloride-sulphate-
bicarbonate for the eastern phreatic sub-aquifers and bicarbonate-chloride-sulphate type for

the western phreatic sub-aquifer as well as the confined aquifer.

: ! T e —
190000 #/ A/ i
| = ‘
185000 a ’
| v e
| N
18000 ’ ® !
175000[ D A
| A
170009’ A I
» 18000¢ 185000 190000
Fig. 5.9 : The contour map of the NO; (mg/L) in the Faria basilgsooo

T.he western phreatic sub-aquifers and the confined sub.
bicarbonate type. The eastern phreatic sub-aquifers are
and some of them as calcium-magnesium-choride Lype.

~aqu1:fers are classified as calcium -
classified as caleium - chloride type

Interpretation of the few historic analyses and
yield the conclusion that a very slight chemica
Schoeller diagram of all data indicates that two

lr:o;]npa.n‘sun with the actual interpretations 1o

change occurred during the last 35 years. A
groundwater bodies are present, They are Ca-
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HCO; and Ca-Chloride for the i
phreatic S E )
confined aquifer has a Ca-HCO, elaseifs :ieoa;em and eastern sub-aquifers, respectively. The
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185000
1 BOOOJ
175000

170000

165001
T T T
180000 185000 190000 195000 200000
Fig. 5.10 : The contour map of the Cl (mg/L) in the Faria basin.

Applying the Wilcox diagram (1955) (Fig.5.15 and Fig. 5.16) yields to the conclusion that the
salinity hazard ranges between medium to very high (classes C2 - C4) with a low sodium
(alkali) hazard (class S1). Few samples from the Pleistocene sub-aquifer show medium
alkalinity (class $2) and a very high salinity hazard. Thus, the water of medium salinity and
low sodium (class C2-S1) can be used for irrigation on all soils (LLOYD and HEATHCOTE
1985). Durov diagram of water analyses (Fig.5.11) reveals that two groundwater bodies are
allocated in the Faria basin. Calcium-magnesium-bicarbonate type is in the western phreatic
sub-aquifers and in the confined aquifer and calcium-magqesium»chorifie type il_'l the eastern
phreatic sub-aquifers. Durov diagram shows that the calcium-magnesium-choride type lies
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: jum-bicarbonate type lies withj
i hange: while the calcium-magnesium bic:lu' reype Nin
within the area of ion exchange: m are not lying on the line of simple dissolution

i he!
the area of reverse ion exchange. Both of t
or mixing.

confined and phreatic sub- aquifers

confined sub-aquifers

Fig. 5.11: Durov diagram of water analyses of the phreatic and confined sub-aquifers in the
Faria basin.
Notice: The representative samples were plotted by the symbol e and the
samples of other sub-aquifers were. represented by the symbol o.

5.9.2 Compositional diagrams

Compositional diagrams between major ions as well a

; S temperature and TDI were drawn
(Fig. 5.17). The data plot on straight lines, revealing coj

rrelation between Ca?t, Mg**, Na', K*

' 1 , that two &roups of groundwater are located
in the swdy area. Diagrams of temperature NO5, HCOj3, Na*, Mg** vs. TDI show two
is'seen around first cluster, due to the
—aquer& Two clusters indicate that two
Wo distinet water types. Data plotting on

pollution, that occurs in the western phreatic sub.
separate hydraulic systems are involved, having
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lines TDI with CI', Na*, K* indi v
indicates the ochlrrCnce'é(f n:]‘]d“cme e mixing of two groups. The straight line of plottin
indicates that the mixing of o 5 The extrapolation of the straight line towards lhepY axii
WO water grou p 3
e &roups are occurred with significant load of dissolved

phreatic eastern sub-aquifers phreatic wesiem sub-aquifers

TTT T " —— =S
20 40 60 80 20, 40 60 80 "
- o . o POO B maome

confined sub-aquifers

20 40 60 80 4 &0 80

<l

Na HC%DJ

Fig, 5.12: Piper diagram illustrates chemical analyses of water samples
of the phreatic eastern and western as well as confined sub-
aquifers of the Faria basin.
Notice: The representative samples were plotted by the symbol @ and the
samples of other sub-aquifers were represented by the symbol o.

The groundwater chemistry of the confined aquifer is similar to that of the phreatic - western
sub-aquifers, Thus there is no indications during the flow from recharge areas to the aquifers.
In the phreatic eastern sub-aquifers a mixing process is proposed that the flash flood waters
from the mountain areas, recharging the graben fill lisan aquifers, q:ssolvc salts during their
flow in these formations (RONEN and REBHUN 1974). The salinity of these waters range

from 25.6 10 18.8 meq/L of CI".
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5.9.3 Water types

The phreatic western sub-aqunfers and the confined aquer'show aﬂ increasing trend of Ca2*s
Mg®* > Na*+ K*. An increasing trend of Ca¥> Na® + K* > Mg* is shown for the eastery
phrcahc sub-aquifers. Three anions increasing trend orders are observed: HCO; >CL>NO,
>SO4 in the phreatic western sub-aquifers (Eocene western and Neogene), HCO3>CL -
>$0,>NO5" in the confined aquifer and CL'>HCO3> S04>NO5 in the phreatic eastern
qub-aqulfers (Eocene eastern and Pleistocene). The increasing trend of NO3 in reference (o
SO4* in the phreatic westem sub-aquifers is due to pollution caused by cesspools and septic
tanks, as well as the wastewater, that are draining into the Wadi Faria. According to this, two
main water types are recorded in the area of study: calcium-bicarbonate type in the phreatic
western sub-aquifers and the confined aquifer, and caleium-chloride type in the phreatic
eastern sub-aquifers.

100

Ca+Mg

CO,+HCO,

60 40 20
Ca
CATIONS

100 80

ANIONS

Fig. 5.13: Piper diagram illustrates chemicaj anal
of the Faria basin (before recharge)

yses of water samples
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The phreatic western sub-aquifers and the confin
(limestone and in some places dolomitic [
JUes9 = imestone) with low salini
Otherwise, the phreatic eastern sub-aqui i saliniy (<-300me/T)
: e ' z Sub-aquifers consist of alluvium and i i

(-g)"[p-s:m;ma(lll'ihsfq) f‘;v'lh high salinity (> 1000 mg/L). Thus, the compositi:)s:lff?;?;n::;
50,1..51 aC aj—[(‘j]évc influence on Wwater quality, In carbonate rocks, total dissolved salts are
mainly Ca( 3)z in the case of limestone and (Ca, Mg)(HCO3), in the case of dolomite

ed aquifer are composed of carbonate rocks

100

100 80 60 40 20 00 20 40 60 80 100
Cl

CATIONS ANIONS
Fig. 5.14: Piper diagram illustrates chemical analyses of water samples of the Faria basin
(after recharge).

The chemical composition of the confined aquifer is homogeneous in comparison with the

phreatic aquifer. The latter shows trends of chemical constituents towar_d the east. Salinity and
chlorinity tend to increase in the flow direction. The waters are divided into twolgroups:
oup. Calcium carbonate aquifers are

Calcium-bicarbonate group and chloride-bicarbonate gre -4 nale o
characterized by the ion relationships: Ca**> Na® > K > Mg and HCO:>CL>S04", The
15 and 15.6 meq/L, especially for

ion concentration is relatively low, varying between : _ f
Western phreatic sub-aquifers, while it is higher in the eastern phreatic sub-aquifers, varying
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Clmplch Hydmchcmislrv ‘ . ] 02' 3 Na++ K’ |

d 67.1 meg/L. The ionic relationship varies to C21M>/(1§/:lbi iy ;m ;I
belrvel’.n 4?-3 a(l; 7 fo} the phreatic eastern sub-aquifers. 'I‘he\ra.nonf I%ms[one - do]ém(‘?.
= >HCQJ >hs . e ration of rainfall, which indicates aquifers of Ii itic
0.8, within the sam

nature.
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Fig. 5.15: Wilcox diagram illustrateg chemi
the Faria basin (before recharge)

cal analyses of Water samples of

Chloride type is generally characterized by ion relations:
Ca™> Mg™ > Na's g+ and CL>HCOy> S0,2, The ration Mg/Ca is b

1.3 and 2.4. According 0 LERMAN (1970) and LEVY ( 1972), ca
defined by Na/Cl<1 and Ca/(HCO;+50,%) 5 |

gh, varying between
~chloride waters are

Limestone water can pe divided into caleium-bicarbon ate type and calcium-magnesium-
bicarbonate type. Calcium js Predominant in both py With more magnesium in the former,
while the ratios of Cafl_Vlg and Na vary around AUNity in the |atter. Bicarbonate ig dominant in
the latter and the chloride and sulphide are

n
of double times Ereater than the former. Calcium-
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carbonate type appear in Jenin sub-series, whi
, whill -Mg- f
Jerusalem and Hebron formations ang i inne Bt:ie;] f?oﬁi ll_-lCO_x type appear in Bethlehem,
10ns,
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Salinity Hazard
Fig. 5.16: Wilcox diagram illustrates chemical analyses of water samples
of the Faria basin (after recharge)

5.10 Hydrogeochemical model

Water composition changes through reactions with the environment and water quality yields
information about the environment, through which the water has circulated (APPELO 1996).
In this study, the computer program PhreeqC (PARKHURST et al. 1980) was used to
caleulate the equilibrium speciation and saturation indices. To ease the use of PhreeqC_ the
windows interface Phredit (MERKEL and MERKEL 1997) was used. PhreeqC is a
8eochemical program and is capable of simulating a wide range of g_eocheml.cl;ﬂ feacthns
including mixing of water, dissolving and precipitating pha§cs to achieve gqu%llbrlum. with
the aqueous phase and effects of changing temperatures. It is also used to indicate mm_eral
Species and to provide estimates of element concentrations that had not been determined

analytical ly.

107

'* Digitized by Birzeit University Library



M. Ghanem
;mpM

50,00 100,00

50,00 10000 150,00

0,00 50,00 100,00 150,00 0,00 50,00 100,00

o
g
5l
E
]
S
E
8

00 150,00
0.00 50,00 100,01 50,00 100,00

1.20

0,40

0,00 50,00 100,00 150,00

0,00 50,00 100,00 150,00

Fig. 5.17: Compositional diagrams of Ca, Mg, Na, K, HCO3
against TDI , S04, CI, NO3 and Temperature
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Hydrogeochemical modeling is of importance in
:1gcol!“l for thc? 0bs&_=rved water che_mislry and in simulating the possible mixing ratios of
different water bodies. The selection of phases that control these mixing, is based on

mineralogical and geological data. Compositional relations among dissolved species can
reveal the origin of solutes and the generated processes of water composition

identifying a single set of phases that

RBPl‘CSCﬂti\liVC chemical analyses from all groundwater wells and springs were taken for the
simulation with PhreeqC. The criteria used for selecting these representative analyses are well
distributed locations, representative to all well fields, representative to all water type. All of
them show very less errors and all of them are located within the same. chloride content and
don’t showing extreme values of major ions or trace elements.

5.10.1 Distribution of species

The data base phreeqc and wateq4f.dat were used for determining the distribution of major
species for each water analyses. Only species which have the minimum molality of 10" mol/L
were interpretated. The distribution species of representative water samples of all sub-
aquifers are illustrated in Appendix 5.4. Generally the species of each sub-aquifer are the
same, but their molality differs from place to place according to the chemical composition of
each sample. The major two to four species of each element have the same series of
molalities in each sub-aquifer. Generally, the western phreatic sub-aquifers and the confined
sub-aquifers show the same distribution species and slightly different from those of the
phreatic eastern sub-aquifers.

The major species of carbon are HCO5, CO,, CaHCO5", MgHCO;, CaCO;, CaHCO;, CO5™,
MgCOs, NaCOy, ZnCO;, ZnHCO;", FeHCO;', CdHCO;". The molality mean of CO2 and
HCO5 are 2.8. 10" and 4.9. 10° mol/L, respectively. CaCOy and MgCO; have the molality
mean of 1.7. 107 and 4.3. 10 mol/L, respectively. Calcium form the major species‘of Ca’,
CaHCO;", CaSOs, and CaCO;, The molality of these specics range F)elween l;9. 10~ to |:4.
10° mol/L. Calcium of the phreatic eastern sub-aquifer has 1115: species QaOH of a molality
mean 1.4. 10® mol/L. Cadmium has the major species of €d*, it ranges in molality bt_:lween
2.4. 107 and 5.2. 10" mol/L for the springs and wells, respeclively._;l“he eastern ph.rennc sub-
aquifers have the species of CdCl, with a molality mean of 14.3. 10 n‘ml/L. Ct:lon:ezhzsl:hef
major species of CI" of 1.4. 107 mol/L molality and has the minor Species cdcl mm-’n 171‘
13. 10 " mol/L. molality. Copper has the major species of Cu(OH)_;q of 1.03. mol

i - : & 2+ gl than 1.4. 107 mol/L molality are
molality. Minor species Cu’, Cu™" and CuOI_:I+ of less s Rirminingec
observed. Iron (2) has the major species of Fe™, FeO_HCO" ey lél;]f 2* and its m-t;lz;lilit
and 1.2, 10® mol/L, respectively. Iron (3) has the major species EE( ir an L hreali?:‘
ranges between 1.9, 107 and 5.1. 10° mol/L mo]alnyl«. respe:r:l\l’e;y-loﬂg?nslm ;o[;assium
Western sub-aquifers has the species Fe(OHD: of ﬂ-moll:;[“vye::le?ﬂ 0% and 4.6. 10° mol/L.
has the major species of K" and it ranges 10 ml]a‘lﬁ e 1.8, 10% (o 5.1, 10° molL,
Minor species are observed KSOs 0rz+a m:{ééy* M;SO.L and MgCO; with a molality
Magnesium has the major species gf Mg :SME] m'-“f? 4 10° and 2.1, 10°6.5. 10° mol/L,
range of 1.3. 107 - 4.9. 10, 1.8.10°-8. 10 1k dits molality ranges between 2.3. 107 to
tespectively. The major species of N(3) is NOF 00 2 1 ¢ - NaC Oy and it ranges in
43, 10 mol/L. Sodium has the species of Na’ NaHCOs,
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0(0) has the major species of Oy of a

X =] 7 mol/L. Oxygen
molality between 7.3. 107 to 6. 10" mo $% coaloe specics of PbCO; and It ranges

i 1.6. 10* mol/L. Lead (Pb) has the F X
?e?i:::g TZ‘HIO'E 1o 8.4. 10°® mol/L in molality. Sulfer has the species of SO4~, CaSO,,

4 -8 o
MgS0;, NaSO4 and KSO4 and its molality ranges bel\.veen 1:3.10 10_2-7. 10 Lnol/L, Silica
has the major species H.SiOy and HSiO4". The molality of these species range c}wcen 5.6,
10%-7.8. 10 and 1.8. 10-6.3. 10 mol/L for the former and latter, respectively. Zl‘nc has the
major species of ZnCOs, Zntt, Zn(CO;)f' and ZnHCO;s. Zinc in the western phreatic sub-

aquifers and the confined aquifer have the species Zn(CO_;):Z', of the molality range between

of 1.4. 10® and 4.3. 10°* mol/L, respectively.

5.10.2 Saturation indices (SI)

The ST indicates whether a water is saturated or not saturated regarding to a certain mineral. It
is calculated using this equation: SI = Log (IAP / Ky;) where, IAP is the IO{\ Active Product
and Ky, is the solubility product. The solution is considered to be in equilibrium regarding
particular minerals if SI equals zero. It is considered to be undersaturated if the ST is less than
0 and oversaturated if SI> 0. Saturation index is used to define the amounts of an assemblage
of pure phases that can react reversibly with the aqueous phase. As groundwater moves
underground it tends to develop a chemical equilibrium by chemical reactions with its
environment.

The saturation indices of all water samples are determined using the PhreeqC programme
(Table 5.6). The following phases are found to be in the trend of equilibrium with the
solution: Calcite, Dolomite, Aragonite, Fe(OH)s, Chalcedony, Quartz and SiO,. The phases
Calcite (CaCO;), Dolomite (CaMgCOj3) and Aragonite (CaCOj) represent the limestone-
dolomitic origin of major sub-aquifers in the area. The Silica phases Chalcedony, Quartz and
Si0; agree with the SiO; high content in the chemistry of the water samples. Oversaturated
Phases were Goethite (FeOOH) and Hematite (Fe)O1) which represent the high quantity of
iron in the chemistry of water samples.

The follpwing pha.ses were found to be undersaturated Anhydrite (CaSQ,), Cd(OH),, CdSiOs,
Chrysotile (Mg;szOg(OH).q), Gypsum (CaS04.2H,0), H,, Manganite (MnOOH), Siderite
(FeCOs) and Otavite (CACO;). Resulting computations show all waters to be highly saturated

with Calcite and Dolomite, whereas water from the e i i i
e : astern phreatic sub-aquifers are slightl
saturated with these two minerals. . - B

5.10.3 Ienic strength and electrical balance

The lowest and highest ionic strength values are found in the Eo
the Neogene sub-aquifer, respectively. A trend of decreasin,
toward eastern. The confined sub-aquifers have the same ionj
electrical balance of all water samples is ranging between -5. S -6 T
is calcu!ated according to the equation: error =g(electrica! iz\zl;xrige (?:::/ﬁir: l(: : Th}?([esli;)“l:
100. Thls error for all samples are ranging between 1.2. 107 and 8.6 10 Thc -S r;ngl oth
electrical balance and electrical error of selected water samples are'il'lus:ra'ted ?nl;:lsl:tilie’?g '

cene western sub-aquifer and
g ionic strength is found to be
¢ strength (1.1. 107 mol/L). The
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Table 5.6: The avera, © of saturation indices (SD) of all sub-aquifers in Faria basin,
Phase hrilT[sx\m ofST " ofSL of ail sub]
a::::;c Phl;ealic confined laguifers
Anglesite LT%W_%PSMJ V3
Anhydrite ICaS0s |9 EE BTG 23
Aragonite CaCO; 0.1 05 03 0»5
COx(2) CO, -2.1 -1.8 7 20
Calcite CaCOs 0.2 0.6 0.5 0.4
Cd(OH)3 Cd(OH)s -1.5 6.2 -7.0 6.8
CdSOs CdSO; 129 108 123 [iis
CdSi0s CdSiO; 62 49 |58 |55
Cerrusite PbCO3 -23 -2.0 -2.3 2.2
Chalcedony S10, 0.4 0.3 0.3 0.3
Chrysotile Mg;Si;O5(OH)u e 38 -3.0 -3.5
Dolomite CaMg(COs), 0.3 0.9 0.8 0.7
Fe(OH); Fe(OH)3) 0.8 0.8 0.9 0.8
Goethite FeOOH 6.6 6.7 6.8 6.7
Gypsum CaS04:2H,0 -2.4 -1.6 -2.2 -2.1
Ha(g) [ 230|227 232|229
Hausmannite [Mn;O;, -20.6 -19.0 -18.9 -19.3
Hematite Fe,04 15.1 153 1525 15.3
Jarosite-K KFes(SO4)2(0OH)s -8.9 -6.6 -8.5 -7.9
Manganite MnOOH -7.8 -1.5 7.3 e
[Melanterite FeS0,:7H,0 -9.5 -8.7 -9.6 -9.3
0xlz) 0, (0.3 09 |13 |10
Otavite CdCOs -2.0 04 -1.5 1.2
Pb(OH)» Pb(OH)» -3.5 -34 -3.4 -3.4
|Pyrochroite  [Mn(OH), 9.1 8.7 il gl
Pyrolusite___|MnO, 129 123|120  |123
Quartz, SiO; 0.8 0.7 0 g
Rhodochrosite [MnCO; -3.0 2.3 ] _2'2
Sepiolite Mg,SL,O.S0H3H0 |19 [22 |16 "‘ 3
Scpiolite  [Mg,Si;0,50H3050 [48 51 4 A8
SiOs(a) Si0, fos o5 H05 2
24 | 2.1 -2.0
Siderite  |FeCOs 21 ]
Soithsaris ™ [7aCO01 T EX I
Tole  IMpsiouOmy JoT 09— 55
Willemite Zn,Si04 e T
Eoo, o, 136 M2 HIEEEE
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Table 5.7: The ionic strength, electrical balance an

Faria basin after using PhreeqC p

d error of selected water samples from

-‘* Digitized by Birzeit University Library

rogramme.
Water sample sub-aquifer fonic strength | electrical error ((eq /IS)

(IS) balance (eq) |*100)
18-18/1 Eocene western 9.913. 10" _-ﬁ@gl;l”r_ 0.53
E.Hamad & Beida |Eocene western 6.689. 10~ L%IO_S_ 0.52
Ein Fariaa Eocene westemn 9.072.10° -5.898.10° 0.65
Ein Miska Neogene 1.017. 10~ |-2.165.10° [0.21
18-18/11A Neogene 9.719. 10" 8.402.10°  [0.086
18-18/36 Neogene 1.007. 10° 8.553.10°  [0.85
18-18/37 Cenomanian western | 1.000. 107 2.075.10° 0.21
18-18/38 Cenomanian western | 8.633. 107 5.222.10° 0.06
19-17/44 Cenomanian eastern_| 1.215. 10° 2.651.10°__ |0.22
19-17/34 Cenomanian eastern | 1.153. 107 9.070.10° 0.78
19-17/27 Pleistocene 3.028.107 7.124.10°__[0.24
19-17/10 Pleistocene 4.133.107 -1.532.10°  [0.37
19-17/1 Eocene Eastern 3.201. 107 1.289.107 0.41
19-17/33 Eocene Eastern 2.923. 107 3.484.10° 1.2
19-17/55 Eocene Eastern 3.025.10°  [-3.178.10° 0.1l
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6 ENVIRONMENTAL ISOTOPES ANALYSES

M.Gha

6.1 Introduction

Environmental isotopes contribute to investigations of groundwater routinely, Since meteoric

processes modify the sslzaple.lsotope composition of the infiltrating water, lhe: recharge water

will have a characteristic isotopic signature. Both 24 and O were ;Jsed in Lhigs study.

Radioisotopes e.g. *H provide due to the decay with time i i .
I information

residence time of groundwater. e

6.2 Sampling methods and isotope analyses

Samples of groundwater were obtained from shallow and deep wells in phreatic and confined
aquifers. The 50 ml glass bottles for 2H and 0 were obtained from pumping wells. The
complete analyses and separation of stable isotopes were carried out in the laboratory of GSF-
institute for Hydrology in Neuherberg. The relative ratio of '*0/'°0 and 2H/'H is expressed in
delta () notation according to the equation:

8 %0 = ((R /R smow) - 1) * 1000 (promille) , where R , is the isotopic ratio "*0/'%0 or 2H/
'H in the substance x; & is expressed in parts per thousand (permils or “fm), which could be
compared with isotopic ratios of the Standard Mean Ocean Water (SMOW). The instrumental
error is 0.1 %o for '*0 and 1% for 2H. Larger 500 ml *H samples were stored in a sealed
polyethylene bottles. The 3H analyses were carried out in the lab of Institute for Angewande
Physik of the TU Bergakademie Freiberg,

6.3 Deuterium and 0

The isotopic composition 2H and '*0 of phreatic and confined groundwater in the Faria basin
are listed in Table 6.1.

6.3.1 Deuterium

nd in the phreatic aquifers, ranging between -27.5 z!nd
=22 0/00 with a mean of -24.3 0/00. The confined sub-aquiferg of lower and upper Ceﬂnomaman
have a ranse from -27.3 to 24.1 %o and a mean of -25.45 Voo The mean is -24.4 oo for all
groundwax:r wells with a large variability in 130, especially for lh_c Eocene sub-aquifers. The
variability of both 2H and '*0 shows a strong trend towards east (Fig.6.1).

The highest Deuterium values were fou

6.3.2 Oxygen - 18

572 %0 to .56 “fo in the phreatic aquifers

18 . : een ;
Delta '%0 values in the study are spread betw e of lower and upper Cenomanian has a

with a mea _5.15%p. The confined sub-aqui ; 0o .
range of ?270{0 —55,127 8700 with a mean of -5.4 og. The mean s <l o lorall gergg

i 180 was plotted against altitude
wells with small variations in Deuterium (Fig6-1: The § O was p 8

ining the origin of
(NW-SE profile) (Fig.6.2). The stable isotopes are good (;:Ielzssg(gge:egrgﬂgl)r,ulr—‘liweev::li“:h?s
groundwater in hilly areas because of the altitude effect (

i . composition in wells of the phreatic
ease no_aliitude effect could be shown. The ISOSOPICTLhe 1}’0 values are found to be high in
aquifer has larger variability than the confmedl zllgmfen
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Neogene and Eocene sub- aquifers (Fig.6.1).

min-max transformed delta values

“—O—The?H
| —m—The 180
oo : S ol Il R
¥ o3 2 @ 3 B w2l el e S
SRS RN s el e o B B 5 T g
LIRS S e Sy 8 g el = =
well number

19-17/28

Fig.6.1:

The variation profile of 2H and 10 fractionation (NW - SE).

Table 6.1: The isotopic composition of the water samples for the phreatic and confined sub-

aquifers and the sampling sites.
Well = y 2 2H B0 H sub-aquifer datum
ident. 0] (%] |[TU]
18-1872 182200] 188350 177]  -27.5|  -553[2.6+-0,5 |Eocene 17/06/97]
18-18/32 | 182170] 189000 197.2] 22[  -4.65[4,6 4/-0,6 |Eocene 17/06/97
18-18/17 | 182310] 189420] 1965| -22.1| -4.56/3,7+-0,6 |Eocene 17/06/97
18-18/16 | 182370 188800 1705] 22.8] 5.23[32+/-05 |Eocene 02/11/96,
18-182D | 182200] 188350] 177] 254] -5.72[28+-0,5 |Eocene 02/11/96,
18-18/31A | 186650 183120] 29| 266] -5.32[1.6+-05 |Neogene 18/06/97
18-18/19 | 181150] 188730 -46.6] 261 -5.32/1,74/-05 |Neogenc 18/06/97
19:17/1 196900 170740] -250] 242] 498[7.6+-05 |Pleistocene 02/11/96
19-17/7 196940] 172290] 2434 25| -5.02[193+/- 18 |Eocene 29/06/97
191728 | 198150] 170500 267.9]  243]  4.93]2.94/-0,5 [Pleistocenc 29/06/97,
19-17/8 196250] 170260| 250.6] 23.1] 4.78[334/-0,6 |Pleistocenc 02/07/97
1818714 | 186610 189950] 302 233] 5.41[83+-09 |Neogene 29/10/96)
18-18/31 [ 186410] 183120] 292] 238 -54]1,2 +-04  [Neogene 29/10/96)
18-1823 | 187210] 183070] -288] 235 533[1,0+-04 |Neogens 29/10/96
19-17/55 | 196150] 173400 22| -5.03[3,04/-05 [Eocenc [ 02711796|
plz i; 1 :a/lllD 196900 170740 -250] 221 -4.56|5,2 +/-0,7 [ 29/06/97|
F 6.8 +/-0.8 _|Rainfall Ramallah | 30/06/97]
19-17/34 | 192740] 178370] -1489] 243] 577 Cenomanian 20/10/96
[18-1857 | 180150 185400] 2109] 261] 557|187 05 i 02/11/96
18-18/38 | 182750] 185750 g E :
|I13.|sr37D 180150] 185400 21092 g:; *-:gg ?; T Cmman!an o
! = -3 40,5 17/06/97

6.3.3 Comparison between *H with '*0

Delta 2H with "0 could be used to identify water bodies that

evaporation. A linear relationship is found, after plotting 8 2H a5 3

water in continental precipitation (MAYO, MULLER and RALSTON
114
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ne|
d (meteoric water line MWL) where d is constan and thy
deviations from SMOW (%) (CRAIG 1961, oy 1t 4
precipitmion that occurred during warmer and ¢q
changes. Delta 2H values of phreatic and confin,
forming a straight line that is parallel to, but be]
as a local meteoric water line of the precipit

(Fig.6.3).

L given in terms of permils

evng\non from the MWL may caused by
Ider c[lmatc than at present or by subsurface
cd aquifers were plotted as a function of '*0
ow lh_e meteoric water line. This is interpreted
ation in the area for the period 1950 - 1990

-29
29
-2
-3
4
-240
243
-251
250

The 180 in %o
&

The altitude in refrence to the see level in meters

Fig.6.2: The relationship between 30 and altitude of the sampling point (NW-SE).

Most of the samples for the two aquifer systems are grouped at the meteoric water line and
deviations occurred as a result of evaporation. These values lie on the local meteoric water
line as defined by GAT & DANSGAARD (1972). The samples of a confined aquifer have
relatively low 2H and '®0 concentrations. The samples of Eocene sub-aquiferlsshow high 2H
and '®0. The samples of Neogene sub-aquifer show high ?H and relatively low 0.

8 * Oxygen - 18
| | | 1
90 45 40 & d 25 s s i
| il NN S
r |
e S E
| { H
R ! — 18
Meteoric w ater line
b 0 o
-25

2H and "0 and the corresponding meteoric water level.

Fig.6.3: The relationship between
close to the mountain crest , such as

found in SPrings: Yoy (GAT e s o

& 20 of -27.8
115

The most depleted isotope content is
Ein Faria, which has 5 "°0 of -6.42 " and
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15 i
the phreatic aquifer, a large delta values of H and =0 are shown, due to the combined effect

of rain water and accompanying flood flows.

6.3.4 The 2H and '¥0 isotope composition of precipitation

The precipitation in Israel and indeed lhroughnnl the easllsern Megltlc;;azn)ea;hze?o:;e?é is
characterized by a relatively large Deuterium excesg over Om(GA 2 G/. ixks 4; B":
average at Bet Dagan near Tel Aviv is & 2H = - 22.8 "/oo and b O =-5.2 : ?gé 1gl. . h of
phreatic and confined aquifers show a mean 2H less rhavn of rainfall. For r the phreatic
aquifer is greater than that of rain; while the confined aquifer is lesser than that of rain.

0
120
e — 5
100 —@— Titum | e
80 —a— Deuterium | . 2
o » 3
c
40
= 25 L
£ 20 30 g
£ P @
0 35 F
20 -40
-40 -45
o o o N ™ - o~ o o o o ® < w0 = ~
EE8E5EEEE855588838838%8¢5
year

Fig.6.4: The variability of *H, 2H and "0 in %y in the rainfall for the period 1968 to 1987.
6.4 Tritium (3H)

Tritium concentrations in groundwater provide an indication to mean residence time of water.
Prior to 1953, rainwater had less than 10 TU, starting in 1953, the manufacturing and testing
of nuclear weapons have increased Tritium in rainfall and consequently, groundwater. As a
result, 3H can be used in quantitative manner to date groundwater because groundwater with
less than 2 to 4 TU is dated prior to 1953. If the amount of 3H is between 10 to 20 TU, it must
have been in contact with the atmosphere since 1953. The absence of
indicates that it is of pre bomb age (1952). This means low
pre-bomb period. Table 6.1 lists the isotopic composition
groundwater measured in the Faria basin.

*H in the sample,
*H refers to the water from the
*H of phreatic and confined

During the 1950’s, Israel’s 3H concentration in precipitation was about 5 TU (KAUFMAN
and LIBBY 1954). The *H concentration in present precipitation is 10 TU or less, Tritium rain
data in this study were taken from Bet Dagan station, 50 km far from the basin. The 3H
concentration is similar for the whole of Isracl (CARMI and GAT 1973, A rainfall sample

from Ramallah (70 km from the southern part of the study area) w: 3
e Y area) was analyzed for 3H and
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‘* Digitized by Birzeit University Library



Chapter 6_Environmental Isotopes Analyses
M

6.4.1 Discussion

The high values of *H in some samples are due
from rainfall. The Eocene eastern sub-aqy; 1

Pleistocene sub-aquifer has an average 3:?:?:::; Sf?ll’ﬁj. f::%::% :ﬁ:ei‘«: 2.6! - i-r-6 S
and 19-”.” of Eocene castern and Neogene sub-aquifers have n-carl tl? e
natural rainfall. Two highest values of 3H are recorded in the wells ]g-lleza;ne e
sub-aquifer and 19-17/7 from eastern Eocene sub-aquifer to be 8.3 and 19,3 TUmm Nc?ge]f‘e
This means that the aquifers of these two wells have a direct cont'zm with t'he atr;l;zs?lCCtlvft %
concluded that water samples of Eocene, Pleistocene and partly Neogene of the Tabpl:l:l a;ki
classified as younger than 1953 or contain younger components (mixing of young an;i old

water, recharge according to expontential model. This suggests recent recharge and tritium of
meteoric origin.

to the fact that the aquifer is directly recharged

Values of less than | TU may be interpretated as water from 1953 when the natural
atmosphere was around 10 TU (IAEA 1988). However, this is true only assuming a piston
flow recharge system. The samples of the lower and upper Cenomanian (19-17/34 and 18-
18/37) and Neogene sub-aquifers (18-18/31 and 18-18/23) contain tritium ranging between
1.3 to 2.2 TU. The samples of Neogene show low values ranging between | to 1.7 TU and
indicate that it is not recharging directly from rainfall. In the samples of lower and upper
Cenomanian as well as of Neogene sub-aquifer, the tritium concentration is low compared to
the tritium content of precipitation. The low levels of tritium (<1.0 %/y) indicate that there was
little recharge by flood or rain water in the last 44 years. A very low value indicates that the
groundwater is not diluted by young freshwater and / or it takes more than 44 years for the
groundwater travel from the area of recharge.

1

1.2
1,0
0.8
06
04

02

min-max - standarized Tritium
content

0,0

2 ¢ o
& eﬁ} R
g SRR

~
9 12 &
Y ¥

\ @
S FE S
AN ARG

the location of the sampling point

Fig 6.5; The variation of >H content as a profile NW-SE.

nd after recharge, indicate °H is depleted after

e groundwater samples were ket bR B nce i found to be 0210 L9 TUin

recharge (18-18/2, 18-18/31 and 18-18/37). The o ;

the wegll 1(8-18/2 and 18-18/31 of the Eocene western andisicty subﬂ:&?fﬁ_ﬁﬂ:?ﬁ”&-g{:
s found (o be 0.4 and 0.5 TU difference of Neogene and Cenomei Bk 8
Uitium content in groundwater suggests 2 similar topid O:‘;l :::men; is highly variable in
assumed to flow in Karstic features (KROITORU 1987). The
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the area from the west to the east (Fig.6.5). Eocene well samples in the eastern part of the
basin have higher *H content than in the western part.

Recharge in the eastern part of the basin is a result of lateral flow from wesl?rr? toilt?e eastern
sub-aquifers. Groundwater penetrates the Eocene and Neogene su?-aqm ers !uoug-]? 'lhe
contact zone between the them: a process that takes more than 40 ygars. The average T! itium
content of various water resources in the limestone aquifers is considered to be a ﬁ}nchon c_:f
the water table depth (ISSAR and GAT (1982). Tritium cqn!ems were Ip]oned against static
water levels in the basin in Fig. 6.6 and agree with the variation of *H (Fig.6.5).

9
8
il
6
g 5
T 4
3
2
1
o - - ?
164 152 151 151 22 0O 0 -1 -3 -32 -3 -39 -90 -278 -279 -279 -280 -286 -295
The depth to the water level (m)

Fig. 6.6.: The relationship between 3H in TU and the water level in meters. (sea level).
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7 GROUNDWATER FLOW MODELING

M. Ghanel

7.1 Introduction

The study area is part of the hydrogeological system of the eastern basin. The Faria Valley i
graben, bordered by the two NW-SE linear faults, which collects éro;indwalel: and o IS;_
from the raised areas of it's shoulders (GUTTMAN 1985). In general, the eastern bm'no'
located in the Judea and Samaria mountains. These mountains are. a series Lf :il:l l:
anticlinesiand sync[-ines, that treated chiefly N-S directions, Eastern from ti1e moumaﬁns the
topography slopes s dipping steeply to the Jordan Valley, where the altitude of the land
surface is about 300m below sea level. Drainage is chiefly caused by downward infiltration of
rainfall and runoff through karstic features and fractures in the exposed parts of the underlying
karstic limestone sub-aquifers, then eastwards by the groundwater flow to the Jordan River.
The eastern basin has one phreatic and two confined aquifers. The groundwater flow regime is
very complicated and is controlled by flexures (anticline and syncline), faults and fractures.

7.2 Previous studies

Few studies were conducted in the nearby area to cover the field of modeling. A study was
conducted in the southern part of the area by GUTTMAN (1985) using a 2-dimensional model
of the Jiftlik area. TAHAL (1995) conducted a study to apply Modflow in Cenomanian
aquifers in eastern aquifers excluding Faria basin. The steady state water balance that was
used by GUTTMAN (1995) suggesting that the natural recharge of the lower confined aquifer
of the eastern basin is about 118.5 Mill. m¥y assuming all flows are eastward to specified
springs. The study treated all sub-aquifers of Cenomanian as one layer. A conceptual model
for the eastern basin excluding the Faria basin was conducted by CDM (1997). SEMHAN
(1999) studied the data reconstruction for building groundwater flow model in the eastern
aquifers, excluding Faria basin. The study deals with the confined aquifers only and assumes
the thickness of these aquifers to be constant all over the area. It was recognized that the Wadi
Faria region is a province separate from the overall eastern aquifer systems (SHALIV 1972).

7.3 Hydrogeological cross sections

Hydrogeological cross sections in all directions will bring us directly to a 3d - mm_;tel of the

main aquifers in the Faria area to the Jordan Rift valley. T;velve ﬁydr)o(g;fak;g;cal :rlgss
i i ifer (dimensions) (Fig.7.1 and Fig.

sections were used for determining the geometry of the aqui r

7.2). Some of them were developed after SHALIV (1972), GUTTMAN (l?ss)fow’-ﬂlﬂg ‘[hel

area of study. All formations were correlated together and a consistent geological

classification of aquifers and aquicludes were used.

The hydrogeological cross sections were scanned and trealedu:\;:rl; G’rlieT‘IjeEn?:tt; li[; 0:‘13;, l:
define x, y, z coordinates of the phreatic and confined 2qu n;l confinei aquifers were
coordinates of the top & bottom layers for both thl‘['cl 25 e treated b
determined. These coordinates and the coordinaes fror_n i logcd from these cross sections
TNT-mips in order to build the conceptual model. It is cORCE

i acts as semi-confined in
that formations of the lower aquifer is not absolutely ;&;r;if]llned but &
Some places, especially in the eastern parts of the Faria 5
e
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i

Fig. 7.1: The hydrogeological cross sections in the Faria basin modifi

5 d aff 2):
Notice: The legend is illustrated in Table 7.1. ed after SHALIV (1972).
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Anabre Antictine Neotva - senin Synctine

2 basin modified after GUTTMAN

Fig. 7.2: The hydrogeological cross sections in (hel Fari:
(1985). Notice: The legend is illustrated in Table 7.1.
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7.4 Conceptual model

The aim of the conceptual model is to define the requirements for a numcrlcal.model lha! is
able to simulate water flow and with some restrictions transport phenomfena fqr the regfo'“
under steady state and transient conditions. The groum_iwater system :s defined by it's
hydrogeologic framework, aquifer hydraulic parameters, inflows, discharges and h"“'}"‘f‘f)’
conditions. The interrelation of these factors govern the groundwater flow characteristics
within the aquifer system. The conceptual model is based on a numbejr of fundan?ema] aspects
(MAZOR 1985): Hydraulic communication between stlb—1q1||fers, mixtures of dlfferg;nl water
types and existing of Karstic conduits. It integrates chemical, physical, _geolog1‘cal' data
obtained prior to the construction of the detailed, numerical model. A schematic description of
the modeled layers is shown in Tables 7.1 and 7.2.

7.5 Digital elevation model

The digital elevation model (DEM) or digital terrain model (DTM) of the Faria basin was
produced using the topographic base-map, that cover the study area (Appendix 7.1). This
topographic base-map was drawn after four topographic map-sheets as a mosaic map of a
scale 1: 50 000 and a 50 m contouring line. This map was scanned and treated with
CorelDraw version 7. Using TNT-mips, it was imported and georeferenced using the system
Universal Mercator Transverse and UTM zone 36 with the ellipsoidal UGS84. It was
converted from Raster into Vector in order to represent the elevation (Z-value) in addition to x
and y coordinates. The Z-value for each vector line was attributed and transferred into (3d)
Vector. The DEM was built using Surface fitting with a procedure minimum curvature
method of 16 signed bit integer.

7.5.1 Rainfall model

The most important impact on spatial variability of rainfall distribution is due to differences in
altitude: more rainfall of higher elevated areas and vice versa. Fig. 7.3 shows the linear
regression (equation N* = 310.8 + 0.46 * N) between elevation and rainfall. According to this
a digital model of rainfall distribution was calculated from the digital terrain model and used
to calculate the distinct rainfall for each element of the finite difference model, This was done
within TNT-mips using the implemented programming language SML. The rainfall model in
zones of the average rainfall in mm/year is illustrated in Appendix 7.2.

7.6 Boundary conditions

The major control elements in the area are the E-W trending faults and fractures between
Jchrichq and Faria. These control elements serve as barriers, thus the southern and northern
bolfndanes were st as no flow boundaries for both aquifers. All boundaries are defined
mainly on the basis of geological and structural considerations and are illustrated in Fig. 7.4
The western boundary of the Faria basin was assumed along the general water divide bet;)veéii
the western and eastern drainages. It was outlined and assumed along the groundwater divide
from structural and lithological locations and can be traced by the Judean anticline, which
represents the maximum uplift in the area. It was set as an no flow boundary al r; Faria
anticlinal axes for both aquifers. Lielon syitic iar

122

‘* Digitized by Birzeit University Library



papter 7 Groundwater flow modelin,

. Ghay
The northeastern and southeastern boundaries

be no flow boundary, because of the boundeq
set with no flow boundaries.

of both the first g

: nd the third |a
faults in these two yers were set (0

directions, The layer two was

The eastern boundary is the Jordan Rift valley and J ;

. ordan River, '
were assum.ed for the cs)nflned and phreatic aquifers with a rie\:e,-Cﬂns_(anl»head boUndangs
considered in lhg numerical model by means of conistantihe constant head. This was
for both the confined and unconfined aquifers, Al constant

obtained by applying kriging techniques head values for both aquifers were

using  comput
SOFTWARE, INC. 1987). € computer code Surfer (GOLDEN
700
500
= 500
g X
2
£ 400
E
i 007]
€ =
= /299 Y =0,4518x + 310,84
100 +
* o
300 200  -100 0 100 200 300 400 500 600 700

Elevation (m above sea level}

Fig. 7.3: The elevation of the rainfall stations in the Faria basin versus their average yearly
rainfall in mm.

1.7 Aquifer properties

Phreatic aquifer system in the area of study consists of the following sub-aquifers: Al_luvmm
(AL), Neogene - Pleistocene (NP) and Eocene sub-aquifers (E).' They are overlyl‘ng 4the
Senonian (S) aquiclude which overlies the Cenomanian sub-aquifers. _Therconﬁpcd dqu:r
composes of two sub-aquifers lower and upper Cenomanian. Th? following ormaBl{oilis ;1:: l;
components of the lower confined aquifer: Jerusalem, Lower Bietlehem, Upper Bietlehem

i ined aqui i Neocomian
= : i el. This confined aquifer overlies the
e (6 s e bian aquifer. Table 7.1 illustrates the

aquiclude (Upper Ramali); which is underiain.by A} ot hased S
hydmgeo]ogical characteristics of all formations n the area §

hydrogeological cross sections and well logs.

K iviti st be assigned to each of
ih order 1o run a model, values of conductiites Gy s:omuvm;.; :]euc} l;:m :hi results of the
the active cells in the model. The conductivity values Were oo

: & ar iect to changes during the
PUmping tests (chapter 4). The conductivity values are :;ibi:::lsurcd‘ Aqll=.| =k pmpgenies
Calibration based on matching the computed waler (& bics I.octeristics of different stratigraphic
dre assigned to layers in order to represent hydrologic chﬂ;:d e sub-aquifer defined e
layers. The following hydraulic properties are specified for €ac 3
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model: Horizontal hydraulic conductivity (Kn)
storativity (S.) and specific yield (Sy). only for

The hydraulic gradien

interpretation of pumping test data, rhg(
the hydraulic conductivity for each unit
extracted from the interpretation of the pump

he confined aquifer.

, vertical hydraulic conductivity (Ky), specific

{ of phreatic and confined aquifers were ca]cxnlgt_ed d\ffing the
were conducted during this study. Initial estimates of
in the model was based on the transmissivity that is
ing tests that were carried out during fieldwork

or from historic data. Data on the horizontal and vertical distribution of hydraulic conductivity
are limited. The storativity in the study area was assumed to be 0.01 for the phreatic aquifer

and between 0.002 and 1. 107 for the confined ones.

Table 7.1: The hydraulic properties of the formations in the Faria basin and corresponding

model plion!
Symbol |age of the|formation named |formation referred | hydraulic | numerical
formation |after  Rofe &|to israelian | properties | model
Raffety nomenclatures
Al Holocene Alluyium Alluvium aquifer phreatic
NP Neogene - |Beide & Lisan Saqiye & Kurker aquifer
Pleistocene
E Eocene Jenin Sub series Avdat aquifer aquifer
S Senonian Belga (chert &|Mount scops |aquiclude | Aquiclude
chalk) (Menuha &
Mishash)
t Turonian Jerusalem Bin'a aquifer confined
C3t upper Lower Bietlehem | Kefar Sha’al aquifer
Cenomanian (lower)
G2 upper upper Upper Biet | Keslan + Biet Mier |aquifer
Cenomanian |Kahel & Lower aquifer |
Yata
G lower upper Lower Biet|Ji'vat Ye’arim aquifer
Cenomanian | Kahel
Lel lower ; lower Lower Biet | Kefira aquiclude | aquiclude
Cenomanian | Kahel
Le2 Neocomian | Upper Ramali Qatana aquiclude | not
R Albian Lower Ramali Ki : o
urnov (Tammun) | aquifer not
|  |considered

7.8 Groundwater recharge

From the geological map and hydrogeolo,
formations Bethlehem as well as upper
western parts of the basin recharge tl
northwestern sides, the outcrops of lower and upper Cenom;
recharging the Cenomanian sub-aquifer,

Turonian outcrops seems

None of the groundwater wells, that are lo

Turonian sub-aquifer.

to be confined un

‘* Digitized by Birzeit University Library

he Cenomanian sub-
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gical cross sections, it is concluded that outcrops of
Upper Beitkahil and upper Lower Beitkahil in the
aquifers. In the western and
g anian play an important role in
especially in southeastern sides of the basin.
der Tubas area and unconfined near Tamoun area.
cated within the area of study are pumping from
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Western boundary
general water divide:

no flow

Northeastern boundary
fault zones: no flow

Eastérn boundary

Jordan river: constant
head -300 m

Southeastern and southern
boundary, fault zones:
no flow

JJ"‘VQ fault
A

E Eocene western sub-aquifers
N Neogene sub-aquifers
Ce Cenomanian sub-aquifers
EA Eocene eastern sub-aquifers
2Km
ary conditions.

Fig. 7.4: The base map of the Faria basin showing its bound
the outcrops from lower and upper Cenomanian
arts of the basin. They are contributing water to
itation amounts is high and thus the

The recharge regions for the lower aquifer are
precipitation is lower than in

along the Faria anticline axis in the western p: ;
areas precip!

the lower aquifer (SHALIV 1980). In these hich th
recharge is hi tern regions, in which ¢
ge is high as well. In other eastern reg was assumed. The exposures of the western

the region of icli lower recharge !
e are the recharge region of the upper aquifer. Annual
natural sources of replenishment

an the middle parts of the Faria basin e
Verage precipitation of 500 mm over the area 1s & ! ,
to this basin? The recharge coefficient for the phreatic aquifer .:nge fro“f‘ﬁg{;n:(;s(i:fé
according to the outcrop lithology-: In the confined regions, the rec v:r? l;:ao;a Rpsicty
(GUTTMAN 1985). Part o the water is discharged by SPrifs "“”r‘f vt e
Of the phreatic aquifer and find their way back t0 the aquifer, b“:i, O¥ ['l"[he D
coefficient of return flow for these sections is 0.02 to 0. lﬁdelg?él;)mfhz i
Spring and lithology of the rock formation (GUTTMAN 1985)
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system are springs and wells in the study area. The average yearly exploitation of groundwater
SYs s 480 )¢
from this aquifer by 74 wells annually sums up to 18 Mill. m.

7.9 The flow model

In this study the finite different code Modflow was used to model g.ro‘unc.iwaler. flow ir.| the
Faria basin. This code accepts many various types of boundary conditions. Basically Visual
Modflow model was used. In order to model the flow regime in the ‘aquer before the
utilization started and to predict the expected changes in the flow regime as a result of
operating the aquifers, a 3-dimensional flow model with stea'dy—s[ate cond[tllons was set up.
The Modflow code is recognized and accepted in the community of hy_drologxsls as one of tl?c
leading models in the world for recreating and calibrating flow regimes in the hydrologic
basins. The model was developed by Mc Donald and Harbaugh for the USGS. The model is
described in detail in the manual published in 1994. The following components are important
to establish a model: Initial estimates of hydrological and hydrogeological parameters, the
model discretization horizontally (model grid) and vertically (Stratigraphy), boundary
conditions (including pumpage, recharge, evapotranspiration) and water quality. Finite
difference code have some disadvantages compared to finite element code. However, the
advantage is easier handling of the discretization and more stable numerical solution of the
flow equation.

7.9.1 Theoretical background of the 3-dimensional groundwater flow model

The base of the mathematical model, which describes the three dimensional movement of
groundwater of constant density through porous media, is the balance equation of the quantity,
which is described by the partial-differential equation (FREEZE and CHERRY 1979; TODD
1980 and MC DONALD and HARBAUGH 1996):

o el of 8. 6, 8 4
E k,z +E k, E“ +E E _W=S‘(E where K, Ky and K, are values

of hydraulic conductivity along the x, y and z coordinate axes, which are assumed to be

parallel to the major axes of hydraulic conductivity (m/day), h is the potentiometric head, w is
a volumetric flux per unit yolume and re

of lime and space, so that discretization of the continuous time domain is also required. It

derives from the continuity equation: the sum of all flows into and out of the cell must be
equal to the rate of change in the storage within the cell

8 8).5( 4) 5[, 4
@(“*@J*«ﬁ("’ 6,-]*?;[":5 N
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: . Gh:
To find a solution for this equation, it wji
pumerical grid will be produced for all poin
expressing the balance of flow for all nodes:

Il be written in the fi

nite difference form.
ts of the network usin, i

g the continuity equation

Ah
ZQ, =S, T Av where Qi is a flow rate into the cell, S,

finite difference formulation, Av is the volume of the ¢
time interval of length At. The flow into the cells

s is the specific storage in the

.ellland Ah is the change in head over a
L Jy K is calculated using Darcy law

)
CY 1856): Q=KA—- i ;
(DAR! ) @ 5 where Q is the discharge (L31), K is the hydraulic

conductivity (L/t), A is the cross-sectional area (L2) and %is the hydraulic gradient
] g

7.9.2 Discretization

A base map was drawn representing the Faria basin, its boundaries, positions of the wells and
springs and their corresponding sub-aquifers (Fig. 7.4). This map was imported and
georefrenced by TNT-mips. It was exported as DXF-format (vector file) to be used by
Modflow. The external geometry of the system is defined by the configuration of it’s natural
boundaries. The geometry is lying within X pin= 170000, X max = 205000, Y rin = 160000 and
Y max = 195000. The number of layers, that are defined for this model are three: phreatic
aquifer (layer 1), aquiclude (layer 2) and confined aquifer (layer 3). The minimum elevation of
Z is -850m and the maximum elevation of Z is +850m.

Modflow is used to simulate groundwater flow in three dimensions. Using the finite
difference method, the domain in which the flow is simulated is divided into a rectilinear
mesh of rows, columns and layers. Groundwater flow within the aquifer is simulated using a
block-centered finite approach. The area of the model was divided inlo_ IOQ rows by 100
columns. However, the cell width along the column was uniform grid spacing in hoth xand y
directions of 350m. The confinement of layers were the same during all run simltnlatllons. The
total active cells were S000 cells and the model area was 320 Kmf. The continuity of the
model is replaced by a set of discrete nodes in a grid pattern covering the modelcrd :rcu.‘:
block centered grid technique was used, where the node notes fall in the center 0 the grid.
The bottom elevation of the three layers is imported as & Surfer grld_ﬁle of minimum lz\ye‘;-
thickness of 1. The surface of the ground is imported as 4 surface grid file that is ex[ra(_:l}}e1
from the DEM file. This DEM file is exported through TNTTmnps as ASCII da';a form;llt. Ze
ASCIL data format is filtered using Excel and the x, ¥ .coordmates are extracted as well as z-
values. The x, y are extracted using the following equation:

C=AX*+ ¥ whereX = X, - X, and Y=Y, - Yo
oYzt Yoty (Bl

C i
l XL_X"]::}Q:(XI;X“)*C!*’CD
@

ing and a spheﬁcal variogram function. The area

polygon inactive cells and inactive single cells. A

1ls are inuc(ive.

Using the same equation with Cost = (
All grid Surfer files were treated using Krig

around the Faria basin was digitized using a
shaded polygon appears indicating that these @
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The model domain of the Faria basin is shown in Figure 7.4. The finite dlffcrcncle grid was
created by discretizing the mode domain into rectangular cg[ls, Model l;odes. where heads
and fluxes are specified or computed, are defined at the vertices of the e P;m(;m rectangular.
Table 7.2 shows the proposed vertical discretization and straugraphy of the mod_e!. The
bottom of the lower aquifer 1, which represents the top of the aquitard Neocomian wag
selected as the base of the model. Hydraulically, the exch.ange of. groundyvater across the
lower aquitard is unknown. Layer 3 represents the lower aquifer, which consists of lower_and
upper Beitkahel formations. It is anticipated that lower and upper Ce?omamaa.q sub-aquifers
have similar hydraulic properties. Layer 2 represents the middle aquu_ard which has a low
permeability and consists of chalks and marls (Mount Scflupes) formz.ltmn& I_I Tepresents the
top of the confined aquifer. Layer 1 represents the phreatic upper aquifer, which consists the
sub-aquifers of Pleistocene, Neogene and Eocene.

Table 7.2 : The proposed vertical discretization and the stratigraphy of the model.

Sub aquifer aquifer system no. of layer
Pleistocene upper aquifer 1

Neogene upper aquifer 1

Eocene upper aquifer 1

Senonian aquitard] 2

upper Cenomanian lower aquifer] 8

lower Cenomanian lower aquiferl 3

Neocomian aquitard2 not considered
Albian lower aquifer2 not considered

7.9.3 Additional input parameters

A unique solution of the groundwater flow differential equation requires an accurate
definition of the boundary conditions, which describes the physical boundary of the
hydrogeologic system. The Albian formations under the third layer is assumed to represent the
impermeable base of the three dimensional model. The first and the third layer are separated
from each other by the impermeable strata of Senonian formation in the western and semi
permeable in the eastern parts of the basin, Therefore, downward and upward leakage from

the phreatic and confined aquifer and visa versa in the vicinity of the Jordan Rift valley may
oceur.

A conductivity in the form of K, , Ky and K, was defined for each layer which appear in
different clolo_red zones of K. Since there was no information available concerning
heterogeneity in any case K, was set equal to K. Following the general advice of the
Modﬂow manual K, was set to a tenth of K, Initially, the first ]aye': was defined by four
different zones of k values as follows: Focene western sub-aquifer of 21 m/day. N . sub-
aquifer of 24 m/day, Pleistocene sub-aquifer of e

m/day. The k of the second layer is given of 0.001 m/day and for the thj
The storage coefficient (Ss) was assumed with 0.002. The effectiy
total porosity is 0.03. The specific yicld (8y) is caleulated to be 669
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i . c

A recharge of the first layer was given according to Thiesen polygo
recharge categorics were given for the whole basin, The weswr)’g N methoy
recharge than the eastern regions. 1 regions a

d (chapter 3). Five
re defined of higher

The start and end points (N-S) of the Jordan river are -300 (x
(x =199300, y =161600) (DEM), respectively. The depth of
and conductivity of bed was set of 0.01. The conductance (
describe the ability of the river bed to conduct flow from the
and was calculated according to the equation;

K, *L*W
Conductance =——p——, where K. is the vertical conductance of the river bed, L is the

=199300, y =161300) and -31 |
he river is taken roughly of Im
Modﬂuw specific term) used to
river to the aquifer and visa versa

Jength of lhf? river, W is the wide of it and B is the thickness of the river bed. This
conductance is calculated to be 430 for the input parameters of this model. Discharge data of
springs was given as input of the inflow in this model.

7.9.4 Calibration

Different options were applied in order to select the best parameters set for this model.
Different scenarios of K were taken to simulate the groundwater flow. The best option is
shown for the first layer after subdividing the basin into two different zones; upper Faria in the
western part with high conductivity values and lower Faria in the eastern part with low
conductivity values. About 400 simulations were applied taking into consideration the
conductivity of well fields, faults, constant head boundaries for the first and the third layer in
the eastern part and river constant head. The values of conductivity and recharge were
changed during these simulation in order to simulate the groundwater flow for the first and the
third layer without generating dry cells, that had caused problems at the beginning. Some
problems occurred due to dry cells in the second layer (aquiclude). This is due to the lack of
data in this part, which has a large area without enough data that will cover all parts of it.
Figures 7.5 and 7.6 represent the simulated steady-state water level map for the phreatic and
confined aquifers. The contours are coinciding with the observed water Ieve.l values _(Chaplﬂ'
3). In the middle part of the Faria basin, there arc differences due to lI'IlCl’lSl"fe faulting. Thz
steady state velocity field is illustrated in Fig. 5.7 and 58 for the phreatic and confine
aquifers.

or inverse modeling (FREEZE and CEERRY
and the objective was to represent the situation
¢ aquifer system. The steady state cal!braqon
er tables to calculated ones. The calibration

Calibration may be done by trial and error
1979). This model was calibrated steady state
in the year 1960 (before utilization) for the ;vholt
Was based on a comparison of the measured Wi e :
principle consists ofp simultaneously adjusting the Pe"“w“fllﬂyr::'l;iz:fvz?:e: q\l;lT;‘/‘:;:J:z
vertical permeability of the aquiclude and the. subsur ace;tem e i
conductivity is the most important parametet b‘y ,‘thh flow Pz in Table 7.3. The conductivity
is controlled. The calibrated hydraulic conductivities are shQ\v bt adjucent catehments o P
value of the aquiclude was estimated to be 0.003 m/day in

. ording to Fig. 7.9.
Same formations. Recharge coefficients were calibrated according £ 555
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Fig. 7.5: The simulated equipotential lines of the phreatic aquifer.
7.10 Water flow budget

Considering the simulated calculations of the aquifer system, the in/out flows from the
groundwater reservoir can be defined as follows: The recharge to all aquifers in this model
was calculated to be 58 Mill. m¥year. The upward leakage to the Jordan river was calculated
to be 0.1 Mill. m¥%year. Recharge through constant head was found to be 0.4 Mill. m¥year.
Water was discharged as springs from the aquifers before their utilization through wells. The
discharge of springs was considered as outflow from the whole aquifer system and was
calculated to be 14.1 Mill. m*year. Table 7.4 shows the waler flow budget of the whole mode!
calculated on a yearly basis. The inflow - outflow = 44.4 Mil, m¥year which is flowing in the
Jordan river. The estimated recharge of the basin in this model (58 Mill, 10%) matches the
estimated one that was calculated in chapter 3 (60 Mill. 10%). The difference between the two
amounts is attributed to the calibration phase of the model.
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Fig.7.6: The simulated equipotential lines of the confined aquifer.

Table 7.3: The calibrated conductivity values of the hreatic and confind aquifers in m/day.

type region sub-aquifers calibrated K
phreatic upper Faria Eocene western and Neogene 11
aquifer lower Faria Eocene eastern and Pleistocene 0.06
aquiclude |upper Faria Senonian aquiclude 0.003

lower Faria 0.03
confined | upper Faria | lower and upper Cenomanian | 1.5
aquifer lower Faria ot |

7 S

L1 Sensitivity analyses

e quality of it's data and it's
th the data in accuracy and in sufficient knowledge of
10 be calibrated. During calibration, values of the
d until the caleulated results are in good agreement

Reliability of the predictions of a mode! dependent strongly on o

0 e |
{ eurll’da.y conditions. In order to cope Wl
Variooundmy conditions, the model has

US parameters are constantly change
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with the measured field data. The most important objective was l? give ﬂ.f'eglmf’ﬂ picture of
the potentiometric surface as well as the groundwater flow dllrecuons_ It is allso (;n:iponant to
delineate the hydrodynamic relationship between the twolaqulfers. The simulated data of the
confined aquifer shows that the potentiometric surface is above the simulated data of the

unconfined aquifer, especially in the eastern part of the study area.

o & R
C S S
3 5 R R
S R
TR S
R L Ul
i AR N AN S
g AR
g 5 o
o 0 i 1000 s 208000 sosach ol

Fig. 7.7: The direction of the simulated water leve] of the confined aquifer.

Table 7.4: Water budget of the whole model domain (Mill. m¥year).
In

River Icakage
Sum

] Discrepancy
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fferent options were taken by chanei . Gh
pifferent OPUIOnS Kl ie /e by CIANBINg o parameler and keepi =
in order 0 1€ est fit of simulated valyes : €eping other parameter const,
stivity parameters ar ralles to the stant
cundu:l;d v);atl;r llevel . ﬂ: ;!lﬁ. most effective parameters ; A
a irst layer is lower than (he UBSe: [TI calibration phase. The
ved level. However i
” er in
d observed values. el

simul h
places. there is some mismatching between the simulated ang

Fig. 7.8: The direction of the simulated water level of the phreatic aquifer.

mean error, main observed error and root

ows: the mean error of 16.8 , the main
t important error which

:1}::: types of error are taken into consideration: the ¢

obse s square error (RMS). The error is found as foll ‘

is rved error of 20.3 and the RMS of 29.1. The RMS error is the mos
€qual to the square root of the standard deviations SD:

RMS = Z( SD)?
actured rocks and crossed by faults may

The outcroppi

croppings of these aquifers are composed of fr (
Cause the RMS to be largecr( than 5% of the difference between the highest and the lowest
T.levation points in the area (Fig. 7.10)- The maximurm deviation is found 70 m in the first
afe" of the eastern part. The mass balance which reveals to inflow = outflow to be 44.4 Mill.
glyear matches the groundwater balance of this basin that was calculated through different

e :
thodologies in chapter 3.
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dition to obtain a mass balance of the unused water
e con

Applying this result of the sieady stat ation was used:

nowadays in this basin the following equ el discharges + runoff) = 44.4 l_Vlill‘ m’.lyear
el .:léi:filo;v i;l?ﬁfﬂm‘)";’;e)ar )((chapler 3) = 19.9 Mill. m*/year. This quantity of
(from the model) - ( . m the basin.

19.9 Mill. m¥year could be exploited fro

193000

195000 200000 05000

Fig. 7.9: Calibrated recharge zones for the phreatic aquifer (first layer) and the calibrated
wells.

7.12 Model results and discussions

The conductivity values which were obtained at the end of the steady state calibration appear
in Table 7.4. The calibrated conductivity of the second layer is 0.0(;,3 and 0.03 m/day in the

western and eastern parts, respectively. The calibrated conductivity 1.5 and
m/day for the western and eastern of the third layer, respectiveiy{my g
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The version of the model that represents this system showed a good water balance i.e. the
discrepancy in the calculations is about zero, Regarding to the model (steady state condition),
the following results appeared after more than 400 run:
o The best result is taken after the subdivision of the basin into zones of conductivities.

The calibration of the first layer shows that the observed data match the calculated data in
the eastern and western parts and does not in the middle of the basin (+/- 70 m).
The groundwater level of the third layer (confined aquifer) matches the observed data of

this aquifer. The calibration of the third layer shows that the observed data match the
calculated data with +/- 10m.

The dried cells within the second layer (aquiclude) in the western part and the eastern part
(Ky = 0.003 m/day) may be caused by the extreme thinness of this layer at some parts.
Calibration is not easy because of the heterogeneity of the aquifer due to the faults and
fractures which are spreading all over the area. These faults and fractures as well as the
sharp topography affect the hydraulic properties of the aquifers to be of spatial variability.

%)
or—
S

calculated heads (m)

observed heads (m)

Fig. 7.10: The calculated heads against observed heads in meters in reference to sea leyel.

It is difficult to obtain accurate results during calibration of this model, due to the following

reasons: 1

1- The geometry effect of the basin, which has a sharp slope (mnges from ?LSSO ,,the highest
point to -850 ,,the lowest point*). Additional hydrogeological cross sechons' are necessary
to cover the basin in order to avoid this effect. Modeling of small areas w:l!un the basin
like the well field, which represents one sub-aquifer may give accurate modell.ng res!xl_ls.

2- The intense of faulting in the area, especially in the castern parts and a highly _rom{ed
nature of the outcrops of both aquifers. The formalions consist .of limestone fmd dolonme;
(Karst), which will bring difficulties in calibrations according to the differences of
conductivity within one layer.

3- Visual Modflow assumes Darcyflow, which is not necessary by the case for karstic
aquifers. ‘ : .
4- T?m data were taken from 4 wells fields along the Faria wadi, which docs notimake the

extrapolations of data to be of a highly repres;ntgkive to Lh?sc regmntisl Whlc;l ?;:3:(:»::3
from the observed points. The scarcity and missing data will affec.td :h m?v :“ 2l
doesn’t make it to represent the nature, especially in the plﬂce.sbou‘l.m e y e el el d;\mof
5- There is no any obscrvation wells in the study area for the calil rlz‘“;m:‘pnm G
pumping wells were used for it does not reflect very accurate calibration processes.
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8 DISCUSSIONS AND CONCLUSIONS

Hydrogeological and hydrochemical studies were conducted in.thé Fa'rial rjat:hmem arel;l (320
Kkm2) in the north eastern part of the West Bank. Colored stratigraphical anc sfructura ‘maps
were done using TNT-mips in order (o define the recharge zones of the aquifer system in the

area.

A hydrological study was conducted to determine the vglume of_re_charge 1.0 the g.roundwate::
Thirty years data of precipitation, evapotranspiration, wind, hum_ldlty a_nd Iunoff records were
used to determine the recharge rate in these semi-arid to arid region. Using global and
hydrometeorological groundwater-balance equations as well as the s_all-balance method and
the numerical Modflow model, the annual recharge volume was estimated to be around 60
Mill. m?, The rate of infiltration was found to be 26 % of the rainfall, which varies between
598 and 196 mm per year in the western and eastern parts, rcspcctival)_f. The recently
discharge of the aquifers through wells and springs were calculated to be 32 Mill. 10% per year.
The unused groundwater is estimated to be +16.6 Mill. m? in the area and could be exploited.

The aquifer system consists of phreatic (upper) and confined (lower) aquifers. The phreatic
aquifer consists of Pleistocene, Neogene and Eocene sub aquifers with a saturated thickness of
3 10 82.9 m: while the thickness of the lower aquifer ranges from 131 to 440 m and consists of
Jower and upper Cenomanian sub aquifers. A total of three step - drawdown tests, five
constant rale - pumping tests and two recovery tests were carried out to determine the
hydraulic characteristics of the sub-aquifers and to evaluate their potentials. Using the
methods of Jacob, Theis and recovery, different values of transmissivities were calculated.
The Pleistocene sub-aquifer has a transmissivity range of 126 to 10000 m?/d and the Eocene
sub-aquifer has a range between 158 and 1960 m?/d; while the Neogene sub-aquifer shows a
range of 12 to 1138 m’/d, decreasing towards east. The Pleistocene sub-aquifer shows a wide
range of transmissivity within a small area, due to the fracturing caused by the complex
structure in the area that were formed during the formation of the Jordan Rift Valley. A trend
of increasing transmissivity towards the Jordan Rift is determined, which is due to fracturing,
faulting and also to the hydraulic connection of lower to upper Cenomanian as well as
karsuﬁt':auon phenon'_nenla, Values of transmissivity and specific capacity were used for
eval_uaulng' the pglenl]allty of the aquifers. The hydraulic conductivity of the Eocene sub-
aqu!fer is increasing l})\ivard the east with the increased density of faulting. The Neogene sub-
aqulil‘er has a'conduchvnly of 28.4 m/day ; while Pleistocene sub-aquifer shows 8 m/day. The
confined aquifer shows a ralzlqge of 0.23 to 25.7 m/day. The storativity of the confined aquifer
shows a range from 1.1 * 107 to 1 * 107,

A hydrcchgmical study was conducted to define water types in the study area and to determine
h)fdrf)chemlcal parameters of the aquifer system. More than 150 water samples were analysed
within two water sampling campaigns (before and after recharge), which covered all springs
and groundwater wells as well as surface water (wadies) in the area, The physical prc;perties
(temperature and EC), chemical properties (pH, dissolved oxygen, major ions, trace clements)
and microbiological properties (total and fecal coliforms) were determined. The maior ionS
are represented by four major cations (Ca™*, Mg™, Na* and K*) and four majo C_ ma}(HCO{
, CI', SO~ and NO3). The minor constituents are represented by SiO,. Fjoér?nll?:sd PO4‘i.
Th; tre:lce gler{lex]us Cu, Cd, Fe, Mn, Cr_, Zn, Pb were determined, Sta{isti’cal a{nalyscs of all
hydrochemical elements were used and interpretated on the 0.01 significance level, Indicators
for water quality were determined using salinity and soluble sodium percentage sh'owing that
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the confined aquifer is not polluted. The hydrogeochemical model PhreeqC was used to

calculate distribution of species and saturation indices. Ionic Strength, Electrical balance and
Electrical error were calculated.

Two calegpnes of groundwme:r were recognized according to the TDS i.e. fresh water within
the phfculn: western sup-aqucrs and the confined aquifer, and brackish water within the
phreatic eastern sub-aquifers. The water has a calcium - bicarbonate type in the western parts
and sodium-chloride type in the eastern parts. The ion concentrations of water show an
increasing trend towards the east. Two groundwater bodies were identified: a low salinity
groundwater originating from Cenomanian as well as Eocene sub-aquifers, and a high salinity
groundwater originating from Pleistocene and basalt sub-aquifers. The majority of the
groundwater were found to be of the calcium-sodium-cation type. Two anion types were
found: chloride-sulphate-bicarbonate for the eastern phreatic sub-aquifers and bicarbonate-
chloride-sulphate type for the western phreatic sub-aquifer as well as the confined aquifer.
The western phreatic sub-aquifers and the confined sub-aquifers are classified as calcium -
bicarbonate type. The eastern phreatic sub-aquifers are classified as calcium - chloride type
and some of them as calcium-magnesium-chloride type. The phreatic western sub-aquifers
and the confined aquifer show an increasing trend of Ca’"> Mg™* > Na* > K'. An increasing
trend of Ca> Na* + K* > ng' is shown for the eastern phreatic sub-aquifers. Three anions
increasing trends were observed HCO;>CL'>NO3>S04” (Eocene western and Neogene sub-
aquifers), HCO_{>CL’>5043'>N01' (the confined aquifer) and CL>HCO;> SO4*>NOy
(Eocene eastern and Pleistocene sub-aquifers). The chemical composition of the confined
aquifer is homogeneous in comparison with the phreatic aquifer. The latter shows increase
concentration of chemical constituents toward the east. Generally, the western phreatic sub-
aquifers and the confined sub-aquifers show the same distribution species and slightly
different from those of the phreatic castern sub-aquifers.

Environmental isotope analyses of Deuterium, Oxygen - 18 and Tritium were carried out in
the phreatic and confined aquifers in order to determine the origin of groundwater. The mean
of Deuterium values and Oxygen-18 was -24.4 %%y and -5.5 “/op respectively. The values of 2H
and "0 were used to identify the local meteoric water line in the area. The Tritium contents
show a variability of 1.3 to 2.2 TU for the lower aquifer and 2.6 to 7.6ATU for the upper
aquifer. The variability of *H content for the upper aquifer indicates, that its reqharge ranges
occurs from the year 1953 onwards. The Neogene sub-aquifer in the Faria basin has a low
values of *H (1 and 1.2 TU), this indicates that it has water older than the year 1953.

A digital elevation model was constructed for the Faria basin to be used for.a rainfall
distribution. It was concluded from the hydrogeological cross sections that formations of the
lower aquifer are not absolutely confined but acts as semi-confined in some places, especially
in the eastern parts of the Faria basin.

A 3-dimensional model of multi-layer system in the Faria basin o( Mogﬂow type was built.

More than 400 simulations runs were carried out during the calll?mllon procedure. :I‘hme

layers that represent the aquifer system of phreatic and confined a.qu&_ars as wcllha§ a%\‘uclu:e

were assigned using steady state condition . The best res_ull v\fere obtamec} by subdivi mg‘;\c
basin into two conductivity zones of cach layer. The cahbr'anon of lh? third layer shows that
the observed data match the calculated data and the calibration of the first layer shows that the
observed data match the calculated data in the eastern and western parts and does n'ot match
t0o good the middle of the basin. Calibration is difficult because of the hetf:rogenelty of !.he
rock formations of these aquifers which is due to the faults and fractures which are spreading
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all over the arca. These structural elements as well as the sharp lf)pography Ez!luse a high
spatial variability of the hydraulic properties of the aquifers. To avoid fhese problems a fault
model would be recommended, where all faults are represented by cells of high permeability.
The reasons that this model is of fairly good agreement between the méasured and CﬂlCl_l'ated
data may come from the geometry sharp slope effect of the basin, the intense of faults in the
area, the Karstic nature of rocks and the scarcity of data. This means that the model results are
in a good accordance with the field investigations.

The work could be considered as the first step to model the area lakin_g the sub-aquifers of
each major aquifer into account. Additional hydrogeological cross sections are necessary to
cover all the basin in order to define the geometry of each sub-aquifer in more detail,
Modeling of sub-areas within the basin like the well field, which represents one sub-aquifer
may give more accurate modeling results. For improving this model, more data are needed in
order to refine the grid of the model and to go forward to calibrate a transient model.
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Appendix 5.1
SpREE = M. Ghanem

Appendix 5.1b:- The statistical parameters of the field measurements of all sub - aquifers

Sub - aquifer
Eocene western (642) N i‘; f: 2'7' i ;3
T m::inan 215-5 536.5 7.2 27
e 50.0 581.0 72 21.4
! 340.0 210.0 7.0 19.3
Maximum 1077.0 860.0 et 282
z::lng[?eviali e ] i Bis
Variance - 49555'13 37;33; 8'2 22
Neogene (653) N 250 B s
Mean 5254 4523 74 239
Median 525.0) 561.0] 7.3 233
Minimum 111.0 2100 71 211
Maximum 815.0 623.0 st 334
Range 704.0 413.0 0.6 12.3)
Std. Deviation 209.3 177.0] 04 27|
Variance 43819.6] 31311.4] 0.0 73
Lower and Upper Cenomanian [N 7.0 50 7.0 7.0
western (654) Mean 4153 490.4 73 240
Median 420.0 589.0 7.2 237|
Minimum 100.0 210.0 6.9 233
Maximum 751.0 630.0 75 26.4
Range 651.0 420.0 0.6 31
Std. Deviation 2325 184.9 0.2 11
Variance 54068.6 34202.3 0.0 1.2]
Lower and Upper Cenomanian [N 6.0 6.0 6.0 6.0}
eastern (855) Mean 668.5 279.7 73 231
Median 430.5 298.0| 7.3 22.5|
Minimum 179.0 120.0 74 22.5
Maximum 2110.0 421.0 74 251
Range 1931.0 301.0] 0.3 2.6
Std. Deviation 739.8 146.4 0.1 i
Variance 547365.9|  21419.5 0.0 11
Pleistocene (670) N 8.0 7.0 8.0 8.0
Mean 37794 507.9 7 25.5
Median 4300.0 210.0 7 241
Minimum 135.0, 210.0 6.9 234
Maximum 5300.0] 2060.0 7.4 33-;
Range | 5165.0 1850.0 0.5 K
‘————‘gd?u_ewmn_ 1588.3] 686.7 0.2 35|
NVarance | 2522688.8| 4716155] 00 12.5)
Eocene eastern (671) N 2.0 1.0 20 20
Focene casten 671 Zool _zioo 71 2
ledian - > - -
—‘————%m—‘ [ 26000] 210.0 T 24.0)
Maximum 2600.0 2100 L 250
\—,—R;lg—e"_— ___p_[l 0.0' 0.0 ;3
[ |Std. Deviation 0.0 ‘——_—_OEI'—_UE'
| |[Variance 00]. 0 -

‘*E Digitized by Birzeit University Library



Appendix 5.1
|Aquifer EC]| Eh Ph Es
Eocene eastern (673) 3.0 2.0 3.0 3.0
Mean 258.3 332.5 7.0 24.9]
[T=rines & cegnenn veian 132.0) 3325 1.1 248
o e 113.0 3230] __ 6.8] 248
Maximum 530.0 342.0] f7_2_ 251
= Range 417.0 19.0 0.3 0.3|
= Std. Deviation 235.5 13.4 0.2 0.2
\/ariance 55442.3 180.5] 0.0 0.0
Total N 78.0 48.0 78.0 78.0]
Mean 935.4 457.3 7.3 23.3
Median 630.5' 421.0 7.3 23.3]
Minimum 100.0 120.0 6.8 19.3
Maximum 5300.0 2060.0 7.7 34.1
Range 5200.0 1940.0 0.9 14.8
Std, Deviation 1162.3 303.4 0.2 2.6
Variance 1350952.5 92068.6 0.0 6.6

‘* Digitized by Birzeit University Library



Appendix 9.1

M. Ghanem

Appendix 5.1c:- The statistical parameters of field measurements of the phreatic and confined aquifers

Aquifer EC| En| Ph T (°r:)|
Phreatic N 65) 37| 65, 65
Mesi 1016.1 481.6) 722 2322
Median 6500 534.0 72 231
Minimum 111.0 210.0 6.8 193
Maximum 5300.0 2060.0) 77 341
Range 5183.0 1850.0 0.9 14.8
Std. Deviation 1238.8 327.7 02 28
Variance 1534658.5 107405.0 0.0 7.7
Confined N 13.0 11.0) 13.0 13.0
Mean 532.2 375.5 7.3 23.6
Median 420.0 393.0 7:3 234
Minimum 100.0 120.0 6.9 22.5
Maximum 2110.0 630.0 7.5 26.4
Range 2010.0 510.0 0.6 3.9
Std. Deviation 521.9 1911 0.2] i
Variance 272365.8 36502.1 0.0| 1.3
Total N 78.0 48.0 78.0 78.0
Mean 935.4 457.3 7.3 23.3
Median 630.5 421.0 7.3 23.3
Minimum 100.0 120.0 6.8 19.3]
Maximum 5300.0 2060.0 7.7 34.1
Range 5200.0 1940.0 0.9] 14.8|
Std. Deviation 1162.3 3034 0.2 2.6
Variance 1350952.5 92068.6 0.0 6.6

‘* Digitized by Birzeit University Library
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AppeNEii=—
M. Ghanem

Appendix 5.1e:- The statistical parameters of the hydrocherical data (meg) of all sub - aquife
sub - aquifers

Sub-aquifer Ca| ™
T T - — aog 3:a K[HCO3| CI[ SO4] NO3| 7oI| T°C|
N | .0]30.0] 30.0[30.0] 30.0] 300 30.0] 30.0

Mean 44| 186
= 5 A 14| 0.
T R O 0| 46| 18] 04 0.7] 15.0] 218
W .7| 0.0 34| 098] 02 0.2
aximum| 7.0] 33| 24| 0 el 2l
= i 1| 56| 36] 09 29| 21.5| 282
ange 53] 30| 1.7] oo 24[ 27| o7 ; 7 ;
Neogene (653) N 200 290 50750 Z50[75 0 290|250l F50[ 750
T . . .0120.0{ 290 29.0f 29.0] 29.0
45| 17| 15 od] as| 18] o
7 B 8 i .5 0.8| 15.6| 23.6
nimum | 2.7| 05| 1.0] 00| 35| 14
e X i p 0.3 0.2] 12.8] 21.1
aximum| 7.5| 29| 28 01 51| 35
= 4 3 i . 11 3.1] 24.2] 334
nge 48| 25| 18[ 00 15[ 21] o8] 29| 11.4] 12.3
Lower and Upper N 70l 7.0/ 70| 7.0 7.0] 7.0] 7.0 7'0 7 .
Cenomanian western (654) [Mean 54| 23| 26| 01 5'1 4'6 0.6 0.3 Zgg 223
Minimum | 32| 07| 1.0] 0.0 44| 1.2 [):3 0:1 12.3 23’3
Maximum/| 14.1| 5.8 10.5] 0.5| 6.6]22.7] 1.4 0.5 62:0 26:4
Range 109 51| 95| 05 22/21.5] 1.0 04| 497 3.1
Lower and Upper N 90| 9.0/ 90| 90/ 9.0 9.0 80 9.0| Q-D 9.0
Cenomanian eastern (655) |Mean 55| 24] 23] 01] 53] 38| 08 0.4 20‘5 23‘3
Minimum | 40| 17 1.0] 01 49 23] 05 0.3] 17:0 22:5
Maximum | 10.6] 3.5 7.5| 0.1] 57|142| 14 08| 43.7| 25.1
Range 66| 19| 65 01 08]11.9] 09 05| 26.8] 2.6
Pleistocene 670 N 12.0| 12.0] 12.0[ 12.0] 12.0] 12.0] 12.0 12.0] 12.0] 12.0
Mean 13.7| 8.4 05| 6.0/256] 1.5 05| 67.1] 25.0]
Minimum | 8.1| 4.3 ki . 36.6| 234
Maximum | 18.3| 31.6 08| 66[59.5] 22 06| 133.5] 34.1
Range 10.2| 27.4 06| 1.3[496] 12 04| 96.9] 10.7]
Eocene eastern 671 N 2.0[ 20 d 20| 2.0
Mean 10.4] 6.0 03| 57|17.3] 12| 04 49.3] 245
Minimum | 88| 5.1 03] 54][16.6] 1.1 0.3| 485| 24.0
Maximum| 12.1| 6.9 04| 60[180] 12 0.4] 50.1] 25.0
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Range | 33| 1.9 04| 07| 14| o4 ool 17| 10
[Eocenc eastern 673N =5 70| 70[ 70 70| 70| 7o 7ol 7o 7.0
Wean [729] 55| 79[ 03] 60|68/ 14l 05l 534 24.6

53] 39| 07 04| 20.9] 24.0
90.7] 25.1
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2]
onN
W
=
Sl
olo
Gl=
o
(22
w
o
=
n
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5

Minimum

Ll A
Maximum
(et

I

B Tna . ) Nacu|RaEnce [510] 7.9] 9.2 05 13]322 01| 698 1]
LG N 55 0l 9.0 66,0/ 96.0] 96.0] 96.0] 960| 6.0] 6.0} %6
ot T e8| 0] a4 0 50/ eel 07 06 2 22
e[ 7] 03] o[ oo a4/ 0ol 02 At 5] 193

Viaximum| 256 31.6] 20.9| 08| 66595 25| 3.1| 1335 34.1
_E:_Range 738 313 203| 08 32[585 24| 50| 1240] 148
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Appendix 5.2: Correlation between h)’dfOChEm]cal parameters according to Sp
correlation. ]
#+ Correlation is signi
* (Correlation is significant at the 0.5 leve

ficant at the 0.1 level (2-tailed)
| (2-tailed)

Correlations

CA MG NA
W— 1 - -551_
rho Coefficient MG 298" 1.000 575
NA 652" 575" 1.000
K .500°* 563" 679"
HCO3 508" 7T 5961
cL 751 636" 854"
NO3 503" -109 3621
S04 735" 595 782
PH -112 -.469" 3
5102 -073 -443" -332
PO4 026 408" 370"
D.O -142 -230 -151
EC 641 672" 806"
FE 165 -107 200*
7 270* 578" .585*
BR 539" -151 297
cb 688" 219 498"
cu 41 -.035 234*
MN 554" 13234 484
PB 341* 104 A97*
ZN -139 -.006 -128
“Sig. CA K 1002 1000
(2-tailed) MG 002 ) 000
NA 000 .000
K 000 .000 .000
HCO3 000 .000 .000
cH .000 000 .000
NO3 .000 272 000
S04 .000 .000 .000
PH 256 000 001
sl02 462 .000 .001
PO4 794 .000 000
D.0 a1 143 341
EC .000 .000 .000
FE 094 281 042
F .006 .000 .000
gg .007 480 158
.000 025 .000
cu 155 722 .017
MN .000 001 000
PB .000 293 045
ZN 159 951 213
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Correlations

[ —Comemmr— O g — e 2, | P02 A

ipest Coefficient MG : : T2 S
-108 .595* -469" 4430 sl

NA . - 408 -230
K =352 782 -3 -as 370 -A51
Hco3 084 679" -200°|  -404'] 442 -270
-108 567" -496" -.365"1 4441 -289
cL 395+ 876 -214 - 397* 3171 266

NO3 d : -
1.000 .357 158 A11 -223" 159
S04 3571 1.000 -128 -.408"" 223° a7y

PH :
158 -128 1.000 188 =303 073
g&z AN -.408" 188 1.000 -.558° 153
5 fgg 228 -.303* -.558" 1.000 -156
o 250 g;1 -073. 153 -156 1.000
= 24 690 - 447 -334° A495%  -161
. 144 200* 435 -062 012
F -.085 i -.406" 366" -302
BR .394 321 -226 -207 168 .
cb 262 576" -.080 090 -032 395"
cu 251* 142 042 037 -070 148
MN 248" 537 021 -.024 046 e
PB 169 415 -124 419° -264"" 305*
ZN 095 -.059 -.033 .002 -.053 190
Sig. CA 7000 7000 256 462 794 Kl
(2-tailed) MG 212 .000 000 .000 .000 143
NA .000 1000 001 .001 .000 341
K .398 .000 033 .000 000 084
HCO3 276 .000 .000 000 .000 064
cL .000 .000 029 000 .001 089
NO3 i .000 109 266 023 315
S04 000 ” 194 000 023 016
PH 409 94 ] 057 .002 648
slo2 266 000 057 . .000 334
PO4 023 023 002 000 - 325
Do 315 016 648 334 325 ]
EC 1009 000 000 .001 .000 347
FE 004 143 042 A75 537 941
F 515 000 000 .000 000 052
BR 056 126 289 332 432 :
cb .007 000 422 364 747 010
cu 010 151 670 m 479 -349
MN 011 000 836 811 646 006
PB 086 246 .209 .000 007 .049
&5 339 550 738 984 597 228
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Correlations

O
pearman's orrefation pogee .104 -.006
rho Coefficient MG .323 S 123
NA el ke S
K 490 072 Ve
. 091 .
HCO3 318 - o3
oL 586" A Goe
. 169 -
NO3 248 . e
S04 537" :;i o
PH .021 :419" 002
slo2 -024 i e
PO4 046 -.264 o
D.O 417 .305° o
EC 4ssr] 07 =09
= ‘o7 308" -169
z 500° 1000 -054
BR 184 .025 .069
& 408" 559° -156
cu 100 .322* 118
MN 1.000 234" -090
PB 234" 1.000 .007
ZN -090 007 | 1000 |
7000 1000 159
MG 001 293 951
NA .000 .045 213
K .000 470 658
HCO3 .001 .356 225
cL .000 093 462
NO3 011 086 339
S04 .000 246 550
PH 836 209 738
si02 811 .000 984
PO4 646 .007 597
D.0 006 049 228
EC .000 294 -361
FE .046 001 085
F .034 996 586
BR 389 906 749
cD .000 .000 A14
cu 311 001 233
MN y 017 1362
PB 017 ) .940
ZN 362 940
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Correlations

| <eammans _ Conelaion  CA ECG“. it E ER 5] CU
peariAl i ! , (3 IR i B -5 e
ho GostieeniRRNG 6721 -107 578 st 219°|  -035
NA 806" 200 585 297 498" e
i 646" 135 629° 147 473+ 205
Hcos Sabs T 472 287 262" -107
CL 833" 144 503 597 508" 146
NO3 264" 279" -.065 394 262* 251"
S04 690" 144 o708 321 576" 142
PH -447" 200 -357* -226 -.080 042
slo2 -.334* 435 -.408* -207 090 037
PO4 495" -062 366" 168 -032 -070
D.0 -161 012 -302 : 395* 148
EC 1.000 048 475" 565" A7 .067
EE 048 1.000 -003 -184 338° 384
B 475 -.003 1.000 076 .300* 014
BR 565" -184 076 1.000 -.043 ‘055_
co 41741 3381 3001 -043 1.000 283
cu 067 384" 014 055 .283* 1.000
MN 488" A97* 208" 184 409" 100
PB 107 3081 1000 025 559 322
ZN -093 -.169 -.054 069 -156 : ;:
Sig CA 000 094 1006 1007 000 7
@a 281 000 480 025 722
(2-tailed) MG 000 e
NA 000 042 000 158 000 :
K 000 72 .000 492 000 036
HCOo3 1000 051 .000 .10;; .goD; gg
cL .000 143 .000 ! o =
.008 .004 515 056 / .
ggi 000 143 .000 126 .000 .;%
PH 000 042 000 .289 422 .7“
175 ,000 332 364 i
s102 001 : i
000 432 747 -
PO4 000 gﬂ 00 o i
DY <l 641 1000 004 000 513
S a1 i 975 389 1000 1000
e 2 : 723 002 885
F .000 975 . 843 798
BR 004 389 723 : =
: 2 843 -
000 -00:
cb .000 g 798 004 3
cu i 060 8 380 000 31
.000 .046 .034 : ‘001
MN %6 906 1000
PB 294 001 4986 745 114 233
ZN .361 .085 -5 :
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M. Ghanem

Appendix 5.3
Appendix 5.3¢: The field measurements of Groundwater, springs and surface water
in the Faria Basin for the second round (8.6-16.7.1997) after 9'°""d_wate_r jechiaige
Wellident__[aqui pleNo. [Ph T(C) [ECin r'"c““s’c"'saa
Ein Dulieb 642|G1 [Evcsm2islE
18-1612 542|G2 723 2091
E Faria 542|G3 72211 |20 BRI S [ GT)
18-18/4 642|G4 | T | I 754
18-1671 542(G5 s e[ e 4 1 1745
18-18/32 542|G6 203 2 I w1 000)]
18-18/25A 542|G7 icn [ ci2| I 1077
18-18/33 542|G8 724] 224 680
18-18/117 642[G9 72|10 235 1070
18-18/16 642|G10 747 23 1030
E Faria 542|G11 7.21 20 677
18-18/37 654|G12 748 264 751
18-18/38 §54/|G13 7.44] 235 654
E.H&Beida 642|G14 7.42] 193 503
E.Jeser 642|G15 7.5 19.3 503
E Abu Saleh 653|G16 7.36] 222 77
18-18/27 553|G18 7.42] 223 540
18-18/14 553|G19 7.45|  22.7 582
E Miska 553|G20 7.35| 216 815
16-18/61A 553|G22 761 221 702
18-18/13 553]G23 753 23.9 525
18-18/19A 553|Go4 7233 334 780
18-18/19 653|G25 734 225 621
18-18/11A 653|G26 736 229 713
18-18/23 553]G27 77| 233 111
E.AQD23 653|G28 741|210 719
E.Shibli 653|G30 747 259 737
191711 671/G33 7.12 25 2600
194717 673]G34 7.46] 254 530
19-17/28 670/Ga5 7.01 25 5300
1917134 655|G36 739] 225 550
15-17/34D 655|Ga8 739|225 550
19-17/8 670|G40 7.4 34.1 4500
[ETaban 542(G41 747 195 534

‘* Digitized by Birzeit University Library
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Appendix 5.3f:FTh_e gﬂd’measuren’nms of groundwater, springs and surface water in the
(18 e L aria asm. for the first round (23.8-1.12.1 996) before groundwater recharge
Well ident| aquifer no. EC 02 ST LT e
18-18/1 642] 598 5.08 T8 =
18-18/6 642 790 5.57 45| 544
E.Faria 642 692 3.92 47| 370
18-18/37 654 718 3.81 28 =
18-18/6 642 598 5.08 19 581
18-18/38 654 661 1.55 05 530
18-18/38 654 661 155 0.5[5,25mmol 530|
FE_Hamad &B 642 533 210
E.Taban 642 534 73
18-18/27 653 649 4.84 21 523
18-18/30 653 735 7.35 25 622
E.Dulib 642 480) 210
E.Abu saleh, 653 660 210
18-18/14 653 765 8.09] 23 572]
18-18/26 653 720 596
E.Miska 653 780 210
18-18/13 653 731 6.31 2.6 561
18-18/35 653 757 210
18-18/11A 653 700 4.83 2:3 : 1
18-18/11A 653 700 4.83 2.3 o
18-18/23 653 920 7.54 2.2 -
18-18/39 654 928 3.8 5|5mmol =
18-18/32 642 880 53 3 =
18-18/36 653 935 =
E.Shibli 653 732 4.9 -
W.Faria 1 333 =0
19-17/44 655 pe— 221
19-17/34 655 863] 65 a1
19-17/34 55| 663 65 | 2
\W Faria 2 333 . 570
\W.Faria 3 333 9’4——__——‘_—386
19-17/46 §55] 2510 4-5__4——-————-—2-15
19-17/56 670] 2060 ———/_E—’J—__—sm
18-18/4. 642|  718| 566 __-_%___ =
19-17/55 673 2650 67 09 3 210
1917727 T 70| 2600 | BT | S —
191712 670 3000 G —— 310
el 4.9 je———
19-17/1 671 3110 = 510,
19-17/21 670 Blmee_— ———— | 2}2
19-17/8 [ B0l i | ; g
[
19-17/6 ——ﬂ—_sTtﬁ—_Tf 78 e
19-16/1 673 L —————
659 874 e ——— 210
19-17/47 | oo [ o =
1917133 L 24 o
Ein Faria ___'eﬁg___gg____—”————" -
19-17/31 FEEEEEE
— 70| 3600 = 210
19-97/9 670 L—
— 670| [ —— 210
19-17/10 I = ol i
19-17/54 | B L e e 6.5
T9A7ES 570 3000 431 —



M. Ghanep

Appendix 5.3 I8
Well ident| aquifer no. EC 02 p-value|m-value _corrected Eh
1917723 873, 210
19-17/53 654 3900 77 T e [ 310
WFara 4 333 ) 210
18-18/14 653 | T
18-18/31 653 210
18-18/2 642 L AN 210
18-18/33 642 210
19-17/34 655 210
19-17/33 673 210
18-18/25A 542 908 6.12 22 651
18-18/17 542 054 43 31 639
18-18/33 542 835 53 19 630

‘* Digitized by Birzeit University Library



Appendix 5.4

Appendix 5.4:- Distribution of i e -
|ofp|EHREEQC species and saturation indicies calculated by means

]

western 642 in the well 18-18/1

lAPF’e“d“" 5.4a:- Distribution of species and saturation indicies in Eocene sub-aquifer l

Species  Nolality Activity
OH- 2.23E-07 1.88E-07
H+ 6.01E-08 5.25E-08
H20 5.65E+01 9.99E-01
C(4) 6.82E-03
HCO3- 5.90E-03 5.04E-03
co2 5.93E-04 5.97E-04
CaHCO3+ 2.00E-04 1.71E-04
MgHCO3+ 8.13E-05 6.90E-05
CaCO3 1.98E-05 2.00E-05
NaHCO3 1.88E-05 1.89E-05
CO03-2 8.39E-06 4.49E-06
MgCO3 4.96E-06 5.00E-06
NaCO3- 6.49E-07 5.51E-07
ZnCO3 6.57E-08 6.62E-08
ZnHCO3+ 5.53E-08 4.69E-08
FeHCO3+ 2.4TE-08 2.10E-08
CdHCO3+ 2.33E-08 1.98E-08
Ca 5.31E-03
Ca+2 4.97E-03 2.66E-03
(CaHCO3+ 2.00E-04 1.71E-04
CaS04 1.17E-04 1.18E-04
CaCO3 1.98E-05 2.00E-05
Cd 4.62E-07
Cd+2 2.39E-07 1.24E-07
CdCl+ 1.83E-07 1.55E-07
CdHCO3+ 2.33E-08 1.98E-08
Cl 1.55E-02
Cl- 1.55E-02 1.31E-02
CdCl+ 1.83E-07 1.55E-07
Cu(1) 3.24E-10
Cu+ 3.24E-10 2 71E-10
| Cu(2) 4.98E-08
‘ Cu(OH)2 3.89E-08 3.92E-08
Fe(2) 1.08E-07
Fet+2 7.64E-08 4.16E-08
FeHCO3+ 2 47E-08 2.10E-08
Fe(3) 1.09E-07
Fe(OH)3 7.21E-08 7.26E-08
| Fe(OH)2+ 3.51E-08 2.98E-08
H(0 3.87E-26
1 8 H2 1.94E-26 1.95E-26
K 33E-04
Kf 2 3.33E-04 281E-04
KS04- 5.16E-07 4.38E-07
M .30E-03
. M:+2 2.15E-03 1.17E-03
MgHCO3+  8.13E-05 5.90E-05
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Species _ Molality Activity

MgSO4 6.05E-05 6.09E-05

MgCO3 4.96E-06 5.00E-06
Mn(2) 4.92E-09

Mn+2 3.20E-09 1.74E-09
Mn(3) 2.28E-30

Mn+3 2.28E-30 5.23E-31
N(5) 4.26E-04

NO3- 4.26E-04 3.58E-04
Na 7.86E-03

Na+ 7.83E-03 6.66E-03

NaHCO3 1.88E-05 1.89E-05

NaS04- 8.76E-06 7.44E-06

NaCO3- 6.49E-07 5.51E-07
0(0) 3.13E-04

02 1.57E-04 1.58E-04
Pb 5.41E-09

PbCO3 4.82E-09 4.86E-09
S(6) 6.10E-04

S04-2 4.23E-04 2.23E-04

CaS04 1.17E-04 1.18E-04

MgSO4 6.05E-05 6.09E-05

NaS04- 8.76E-06 7.44E-06

KSO4- 5.16E-07 4.38E-07
Si 5.58E-04

H4Si04 5.56E-04 5.60E-04

H3Si04- 1.84E-06 1.56E-06
Zn 2.82E-07

Zn+2 1.40E-07 7.39E-08

ZnCO3 6.57E-08 6.62E-08

ZnHCO3+ 5.53E-08 4.69E-08
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M. Ghanem
Saturation indicies
Pnase_ SI log IAP Tog KT
Ang\elee -6.07 -13.86/ _@5@4
Anhyd({le -1.87 -6.23 -4.36|CasS04
[Aragonite 0.41 -7.92 78,33|Caco3
Calcite 0.56 -7.92 78.48|Caco3
Cd(OH)2 -6 7.65 13,65|Cd(OH)2
CdSi03 450 44 9,07|Casio3
CdSO4 -10.46 -10.56 ~0.09|Cds04
cerrusite -2.42 -15.55 ~13.13|PbCO3
Chalcedony 03 -3.25 -3.55|Si02
\ Chrysotile -3.84 28.38 32.23|Mg3S205(0H)4
| C02(g) -1.76 -19.91 -18.15(CO2
| Dolomite 0.88 -16.2 -17.09|CaMg(CO3)2
[ fFe(OH)Z’»(a) 0.54 18.46] 17.92|Fe(OH)3
Goethite 6.43 18.46| 12.03|FeO0OH
Gypsum -1.65 5.23 -4.58|CaS04:2H20
H2(g) -22.56 22.56 0[H2
Hausmannite -21.12 39.96 61.08|Mn304
Hematite 14.86! 36.92 22.06|Fe203
Jarosite-K 72 22.68 29.88|KFe3(S04)2(0H)6
Manganite -8.26 17.08 25.34|MnOOH
Melanterite -8.82 -11.03 -2.21|FeS04:7TH20
02(g) -0.84 -3.8 -2.96|02
Otavite -0.15 1225 12.1|cdco3
Pb(OH)2 -3.8 Pb(OH)2
Pyrochroite 9.4 Mn(OH)2 || R )
Pyrolusite -13.05 Mn02 |
Quartz 0.73 o5 deesioz L
Rhodochrosit -2.98 -14.11 _/11_13@0402'____—_
Sepiolite .26 135 16.77|Mig2Si307.60H:3H20 | |
Sepiolite(d) 5.16 135 18.66|Mg2SiB07.50H:3H20 |
Siderite T8a] 213 -1089lFeCO8
Si02(a) 0.54 -3.25 27si2
Smithsonite -2.48 -12.48 ’JM_———————————
Talc 0.46 2igs] 212[VgesdOTOOR2 |
Willemite 3,74 11.61 16.35[Zn25104
Zn(OH)2(e) 4.07 7.43 11.5|Zn(OH)2
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[Appendix 5.4b:- Distribution of sp ies and tion i in Neogene sub:
|aquifer western 653 in the spring Ein Miska
Species Molality Activity
OH- 265607  2.38E-07
H+ 398E-08  3.63E-08
H20 5.55E+01 1.00E+00
C(4) 4.90E-03
HCO3- 4.44E-03  401E-03
co2 335E-04  3.36E-04
CaHCO3+ 6.58E-05  5.96E-05
MgHCO3+ 376E-05  3.39E-05
CaCO3 965E-06  967E-06
C03-2 745E-06  4.99E-08
MgCO3 335E-06  3.36E-06
NaHCO3 243E-06  243E-06
NaCO3- 101E-07  9.08E-08
ZnCOo3 851E-08  B8.53E-08
ZnHCO3+ 481E-08  4.33E-08
FeHCO3+ 150E-08  1.35E-08
Ca 1.90E-03
Ca+2 179E-03  1.20E-03
CaHCO3+ 658E-05  5.96E-05
Caso4 279E-05  2.80E-05
CaCO3 965E-08  9.67E-06
cl 2.00E-03
Cl- 200E-03  1.80E-03
ZnCl+ 424E-10  3.82E-10
Cu(1) 231E-11
Cu+ 231E-11  2.07E-11
Cu(2) 7.06E-09
Cu(OH)2 6.34E-09  6.35E-09
Cu+2 595E-10  4.01E-10
CuOH+ 123E-10  1.10E-10
Fe(2) 7.01E-08
Fe+2 5.00E-08  3.37E-08
FeHCO3+ 1.50E-08  1.35E-08
Fe(3) 1.74E-07
Fe(OH)3 1.27E-07 1.27E-07
RelOH2 433E-08  3.90E-08
H(0) 1.87E-26
H2 9.35E-27  9.38E-27
K 6.40E-05
K+ B6.39E-05  575E-05
KSO4- 517E-08  4.66E-08
Mg 1.14E-03
Mg+2 1.08E-03  7.27E-04
MabiCO2y 376E-05  3.39E-05
MgS04 193E-05  1.93E-05
MgCO3 335E-06  3.36E-06
MgOH+ 6.79E-08 6.
N(S) 3.10E-04 1208
NO3- 3.10E-04  2.78E-
PbNO3+ 1.74E-13 1.53115.-?;
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Appendix 5.4

Species Molality
Na 1,20E-03
Na+ 1.19E-03 1.08E-03
NaHCO3 243E-06  2.43E-06
NaS04- 7.05E-07  6.36E-07
NaCO3- 101E-07  9.08E-08
0(0) 3.31E-04
02 166E-04  1.66E-04
Pb 3.57E-09
PbCO3 3.29E-09 3.30E-09
PbHCO3+ 135610 1.21E-10
| S(6) 2.27E-04
504-2 179E-04  1.19E-04
| CaS0O4 2,79E-05 2.80E-05
MgSO4 1.93E-056  1.93E-05
NasO4- 705607  6.36E-07
KSO4- 517E-08  466E-08
Si 6.08E-04
H4Si04 6.05E-04  6.07E-04
H3Si04- 2.56E-06 2.30E-06
Zn 2.82E-07
Zn+2 129E-07  B.57E-08
ZnCcO3 8.51E-08  8.53E-08
ZnHCO3+ 481E-08  4.33E-08
Saturation indicies
Phase S| log IAP log KT!|
Anglesite 6.54 14.34 7.8|PbSO4
Anhydrite 2.49 6.85 -4 35|CaS04
Aragonite 0.1 -8.22 -8.32|CaCc03
Calcite 0.25] 8.22 -8 47|CaCc03
Cerrusite 257 A5.72 1:;; : :poczos
0.36) 13122 -3.57|Si
g:?yliiﬁfe”y 3.65 28.79 32.44|Mg3Si205(0H)4
CO2(g) 2.03) 20.18 -‘18.150_02____2________
Dolomite 0.38 __ﬂ__ﬂEEM_S(EL______
Fe(OH)3(a) 0.89 12 gg Egg Ezg‘f |
i = &7 18, | |
g;sgﬂ: L Fm| 4sB[ces0szr0
H2(q) 22.89 2288 __Lmiz_(ja_’————
Hematite 15.43 37.69 ___zz_zlﬂm(—ok—)s——-—_'
Jarosite-K 8 22.13 _,_&EEL‘W—————
Melanterite -9.16 114 gig gﬁfcﬂ—’———-‘
| | -9.16] 4 - [
| 02 0.83 -3.78 L] (o S——
R e R
uartz ——— i H:3H20
gepiohte -1.98 13.83 ————@l%

o L —— 1383 18.66|Mg28i307.50H3TE
Sepiolite(d) —4183 [ eiCom e —
Siderite = e ——asios
sioz@) | ~0.49 _,’32_3, g;: EZ;nCOS —
Smithsonite 2.39 ‘_—;;TSF 1 63[Vg3SOT0[OH)2
Yot Y] 15.49|Zn25104
\Willemite -3.08 7’81 71.5|Zn(OH2
Zn(OH)2(e) 3.69 :

‘* Digitized by Birzeit University Library

M. Ghanem




M. Ghanery

Appendix 5.4 —
Appendix 5.4c:- Distribution of species and ~sturation indicies in L and U Cenomanian
|sub-aquifer western 654 in the well 18-18/37
Species Wolality Activity
OH- 5.09E-07  4.58E-07
H+ 219E-08  2.00E-08
H20 5.55E+01 1.00E+00
C(4) 529E-03
HCO3- 493E-03  446E-03
co2 203E-04  203E-04
CaHCO3+ 6.21E-05  5.62E-05
MgHCO3+ 533E-05  4.81E-05
CaCo03 169E-05  169E-05
c03-2 152E-05  1.02E-05
MgCO3 886E-06  B.88E-06
NaHCO3 245E-06  2.46E-06
NaCO03- 1.95E-07  1.76E-07
PbCO3 143E-08  143E-08
Ca 1.60E-03
Ca+2 1.50E-03  1.01E-03
CaHCO3+ 6.21E-06  5.62E-05
caco3 169E-05  1.69E-05
Cas04 165E-05  1.66E-05
Cl 1.54E-03
Cl- 154E-03  1.38E-08
MnCl+ 145E-11  1.30E-11
ZnCl+ 127611 1.15E-11
FeCl+ 112E-11  1.01E-11
Cu(1) 2.09E-11
Cu+ 209E11  1.88E-11
Cu(2) 1.97E-08
Cu(OH)2 1.89E-08  1.90E-08
Cu+2 535E-10  3.62E-10
CuOH+ 201E-10  1.81E-10
Fe(2) 1.19E-08
Fe+2 7.80E-09  527E-09
FeHCO3+ 260E-09  2.35E-09
FeCO3 129E-09  1.20E-09
Fe(3) 1.69E-07
Fe(OH)3 1.38E-07 1.38E-07
Fe(OH)2+ 250E-08  2.25E-08
H(0) 5.64E-27
H2 282E-27  2.83E-27
K 4.86E-05
bos 486E-05  4.38E-05
KSO4- 278E-08  251E-08
Mg 1.45E-03
Mg?2 1.37E-08  927E-04
MgHCO3+ 5.33E-05  4.81E-05
MgS04 1.75E-05  1.76E-05
MgCO3 8.86E-06  8.83E-06
MgOH+ 168E-07  151E-07
Mn(2) 6.37E-09
Mn+2 343E-09  2.32E-09
__/
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Appendix 5.4

M. Ghanem
Species Molality Activity
MnCO3 188E-09  1.88E.00
MnHCO3+ 102609  9.20E-10
| Mn(3) 1.52E-30
\ Mn+3 152E30  6.00E-31
N(5) 2.31E-04
NO3- 231E-04  2.07E-04
Na 1.09E-03
| Na+ 1.09E-03 9.80E-04
NaHCO3 2 45E-06 2.46E-06
NaS04- 4.50E-07 4.06E-07
NaCO3- 1.95E-07 1.76E-07
0(0) 9.38E-05
02 4.69E-05 4.70E-05
Pb 1.54E-08
PbCO3 1.43E-08 1.43E-08
Pb(CO3)2-2 5.57E-10 3.68E-10
PbHCO3+ 3.17E-10 2.86E-10
Pb+2 1.22E-10 8.07E-11
S(6) 1.59E-04
S04-2 1.25E-04 8.33E-05
MgSO4 1.75E-05 1.76E-05
CaS04 1.65E-06 1.66E-05
NaS04- 4.50E-07 4.06E-07
KSO4- 2.78E-08 2.51E-08
| Si 6.30E-04
H4Si04 6.25E-04 6.26E-04
H3Si04- 492E-06  444E-06
Zn 1.61E-08
ZnCO3 6.62E-09 6.64E-09
Zn+2 4.87E-09 3.25E-09
Zn(C03)2-2 2.19E-09 1.45E-09
ZnHC O3+ 2.03E-09 1.83E-09
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Appendix 5.4 S
Saturation indicies —
Phase Sl log IAP] log KT
Anglesite 538 a7 -7-8|Pbsod
Anhydrite 272 7.08 436lcasOd L ]
Aragonite 0.34 799 833 CaC03 e R
Calcite 0.49 79a|  -8.47/CaCO3 =
Cerrusite -1.94 -15.08] £ 3-1; %%;2,09_———4—————‘
Chalcedon 0.36 3.2 I Tl ———e e B
Chrysotile - 1.66 3069 _ 3205[Mg3si205(0H)4
CO2(g) 224 20.39 -18.15/CO2
Dolomite 1.05 16.01 i7.06|CaMg(CO3)2 | 1 |
Fe(OH)3(a) 0.88 18.82 17.94|Fe(OH)3
Goethite 6.76 18.62 12.06|FeOOH
Gypsum 2.5 -7.08 -4 .58|CaS04:2H20
H2(g) 234 234 0]H2
Hausmannite -17.63 43.69] 61.33|Mn304
t i 15.46 37.64 22.18|Fe203
Jarosite-K -9.18 20.85 30,03|KFe3(S04)2(CH)6
Manganite -6.88 18.48| 25.34|MnOOH
Melanterite -10.13 -12.36 -2.22|FeS04:7H20
02(g) 1.37] 433 2.05/02
Pb(OH)2 -2.88| 5.31 8.19|Pb(OH)2
Pyrochroite -8.44 6.76 15.2|Mn(OH)2
Pyrolusite -11.41 30.16 41.57|MnO2
Quartz 0.79 -3.2 -4|Si02
Rhodochrosit -2.5 -13.63 -11.13|MnCO3
Sepiolite -0.67 15.12 15.79|Mg2Si307.50H:3H20
Sepiolite(d) -3.54 15.12 18.66|Mg2Si307.50H:3H20
Siderite 2.39 1327 -10,88|FeCO3
Si02(a) -0.48 -3.2 -2.72|8i02
Smithsonite -3.49 -13.48 -9.99|ZnCO3
Talc 2.75 24.29 21.54|Mg3si4010(0H)2
Willemite 4.81 10.62 15.43|Zn2Si04
Zn(OH)2(e) 459 6.91 11.5|Zn(OH)2
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Appendix 5.4

[Appendix 5.4d:- Distribution of speci
and upper Cenomanian sub-aquifer L?sl".: ::t".' ation indicies in lower
Spocies WMol o t: in the well 19-17/34
OH-
ik ; ?g:g; 177607
H20 Sase01 100600
() 5.68E-03 o5
HCO3- 5.04E-03  4.54E-03
co2 4,92E04  4.93E-0
CaHCO3+ 8.24E-05 7‘425-0::,
MGHCO3* 40105  3.50E05
CaCo3 920E05  920E.06
C03-2 6.59E06  4.32E06
NaHCO3 41BE-06  417E-06
MgCo3 270E-06  2.71E-06
NaCO3- 129607  1.16E-07
ZnCO3 4.94E-08  4.95E-08
ZnHCO3+ 3.66E-08  328E-08
FeHCO3+ 349E08  3.13E-08
Ca 2.17E-03
Ca+2 204E-03  1.33E-03
CaHCO3+ 8.24E-05  7.42E-05
| CaS04 415E-05  4.16E-05
caco3 920E-06  9.22E-06
cd 1.34E-09
Cd+2 105E-09  6.75E-10
CdCi+ 147610 131E10
cI 2.30E-03
Cl- 230E-03  2.06E-03
ZnCi+ 318E-10  2.85E-10
FeGl+ 219E-10  1.96E-10
CdCl+ 147E-10 13110
cu(1) 3.48E-10
Cu+ 348E-10  3.10E-10
w cu(2) 6.83E-08
‘ Cu(OH)2 575E-08  5.77E-08
Cu+2 .{5E-09  B.04E-08
CuOH+ 1.44E-09 1.29E-09
Fe(2) 1.49E-07
Fes2 1.05E-07  6.90E-08
FeHCO3+ 340E-08  313E-08
Fe(3) 1.59E-07
Fe(OH)3 1.08E-07 1.08E-07
Fe(OH)2+ 4.90E-08 4,39E-08
H(0) 3.11E-26
Ho 1.55E-26 1.56E-26
K 6.40E-05
e gaoE05 572605
KSO4- 6.86E-08 6.15E-08
Mg 10E-03
Mg+12 8 104E08 ST
MQHW [
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Appendix 5.4
Species Molality Activity

MgSO4 240E-05  2.40E-05
MgCO3 2.70E-06 2.71E-06
MgOH+ 471E-08  4.23E-08

Mn(2) 2.73E-09
Mn+2 1.77E-09 1.17E-09
MnHCO3+ 5.26E-10 4.71E-10
MnCO3 3.99-10 4.00E-10

Mn(3) 6.68E-31
Mn+3 6.68E-31 2.49E-31

N(5) 3.95E-04
NO3- 3.95E-04 3.53E-04

Na 1.83E-03
Na+ 1.82E-03 1.64E-03
NaHCO3 4.16E-06 4.17E-06
NaS04- 1.44E-06 1.29E-06
NaCO3- 1.29€-07 1.16E-07

0(0) 1.38E-04
02 6.88E-05 6.90E-05

Pb 2.32E-09
PbCO3 2.11E-09 2.11E-09
PbHCO3+ 1.13E-10 1.02E-10
Pb+2. 4.36E-11 2.82E-11
Pb(CO3)2-2 3.55E-11 2.29E-11
PbOH+ 1.31E-11 1.17E-11

S(6) 3.13E-04
S04-2 2.46E-04 1.60E-04
CaSO4 4.15E-05 4.16E-05
MgSO4 2.40E-05 2.40E-05
NaS04- 1.44E-06 1.29E-06
KSO4- 6.86E-08 6.15E-08

Si 4.70E-04
H4Si04 4.68E-04 4,69E-04
H3Si04- 1.51E-06 1.35E-06
H2Si04-2 2.59E-12 1.67E-12

Zn 1.85E-07
Zn+2 8.81E-08 5.75E-08
ZnCO3 4.94E-08  4.95E-08
ZnHCO3+ 3.66E-08 3.28E-08
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Appendix 3.4

M. Ghanem

Saturation indicies

Phase SI log AP Tog KT

Anglesite -6.54 -14.35| j

[Anhydrite -2.32 B.67 _473'2 Ezssg:

Arag}jnl[e 0.08 -8.24 -8.32|CaC03

Calcite 0.23 -8.24 -8.47|CaC03

Cd(QH)Z -8.16 5.49 13.65]Cd(OH)2

cdsio3 -7 2.16 9.16|CdSiO3

CcdS04 -12.96 12.97 0.01/Cds04

Cerrusite -2.75 -15.92 -13.16|PbCO3

Chalcedony 0.25 -3.33 23.58|Si02

Chrysotile -4.69 27.83| 32.51|Mg3Si205(0H)4

cO2(g) -1.87 -20.02! -18.16{C0O2

Dolomite 0.26 -16.77] -17.03|CaMg(CO3)2

Fe(OH)3(a) 0.86 18.83 17.97|Fe(OH)3

Goethite 6.73 18.83 12.1|FeO0OH

Gypsum -2.09 -6.67 -4.58|CaS04:2H20

H2(g) -22.67 -22.66 0.01|H2

Hausmannite -21.82 39.84 61.65[Mn304

Hematite 15.31 37.66 22.34|Fe203

Jarosite-K -7.56 22,66 30,22 |KFe3(S04)2(QH)6

Manganite -8.28 17.06 25.34|MnOOH

Melanterite -8.72/ -10.96 -2.24|FeS04:7H20

02(g) -1.21 -4.18 -2.95(02
| Otavite 244 -14.54 -12.1[CdCO3

Pb(OH)2 8.24|Pb(OH)2

Pyrochroite 15.2|Mn(OH)2

Pyrolusite 41.78|Mn0O2 L e

Quartz -4.02[Si02 | il

Rhodochrosit ~11.12[MnCO3 s = T

Sepioiite TE.83|Mg2siB07.50H3H20 | |

Sepiolite(d) 18.66|Mg2Si307. 50H3H20 | |

Siderite -10.87, FQCOB e
l Si02(a) -'é g 5‘02;) E—
| - - — &
\ ?::hsomte STeo[MgIsHOEOZ [ |

Willemite 15.54 Z“ZS'O;
[ Zn(OH)2(e) 11.5|Zn(OH)
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Appendix 5.4
[Appendix 5.4e:- Distribution of sp ies and ndicies in Pleistocene
sub-aquifer eastern 670 in the well 19-17/27
Species Molality Activity
(OH- 2.48E-07 2.09E-07
H+ 511E-08  4.47E-08
H20 5.55E+01 9.99E-01
C(4) 6.73E-03
HCO3- 589E-03  5.04E-03
CO2 5,08E-04 5.12E-04
CaHCO3+ 1.98E-04 1.69E-04
MgHCO3+ 8.04E-05 6.83E-05
CaCO3 2.27E-05 2.29E-05
NaHCO3 1.87E-05 1.89E-05
CO3-2 9.70E-06 5.19E-06
MgCO3 564E-06  5.68E-06
NaCO3- 7.25E-07 6.15E-07
FeHCO3+ 561E-08 4.76E-08
CdHCO3+ 2.91E-08 2 47E-08
ZnCO3 2.55E-08 2.57E-08
ZnHCO3+ 1.85E-08 1.57E-08
FeCO3 1.17E-08 1.18E-08
Ca 5.33E-03
Ca+2 4.99E-03 267E-03
CaHCO3+ 1.98E-04 1.69E-04
CaSO4 1.18E-04 1.18E-04
CaCO3 227E-05 2.29E-05
Cd 5.77E-07
Cd+2 2.98E-07 1.55E-07
CdCl+ 2.28E-07 1.93E-07
CdHCO3+ 2.91E-08 2.47E-08
CdCI2 1.05E-08 1.05E-08
Cl 1.55E-02
Cl- 1.55E-02 1.31E-02
CdCl+ 2.28E-07 1.93E-07
CdCI2 1.05E-08 1.05E-08
Cu(1) 1.15E-10
Cu+ 145E-10  9.57E-11
Cu(2) 2.31E-08
Cu(OH)2 1.91E-08 1.92E-08
Cu+2 3.38E-09 1.84E-09
Fe(2) 2.48E-07
Fe+2 1.74E-07 9.46E-08
FeHCO3+ 581E-08 4.76E-08
FeCO3 1.17E-08 1.18E-08
Fe(3) 3.37E-07
Fe(OH)3 232E-07  2.34E-07
Fe(OH)2+ 9.92E-08  8.43E-08
H(0) 2.81E-26
H2 1.41E-26 1.42E26
K 3.33E-04
K+ 3.33E-04 2.81E-04
KsO4- 512E-07  435E-07
Mg 2.28E-03
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Appendix 5.4

M. Ghanem
Species Molality Activity
Mg+2 2.14E-03  1.16E-03
MgHCO3+ 8.04E-05  6.83E-05
MgS04 592E-05  5.96E-05
MgCO3 5B4E-06  5.68E-06
MgOH+ 1.03E-07  8.71E-08
Mn(2) 1.66E-08
Mn+2 1.06E-08  5.76E-09
MnHCO3+ 305609  259E-09
MnCO3 2.38E-09  2.38E-09
Mn(3) 6.79E-30
Mn+3 6.79E-30  1.56E-30
N(5) 4.73E-04
NO3- 473E-04  3.98E-04
Na 7.86E-03
Na+ 7.83E-03  6.66E-03
| NaHCO3 187E-05  1.89E-05
NaS04- 8.75E-06  T.43E-06
NaCO3- 7.25E-07  B.15E-07
0(0) 2.54E-04
o2 127604  1.28E-04
Pb 1,02E-08
PbCO3 9.16E-09  9.23E-09
PbHCO3+ 482E-10  4.09E-10
Pb(CO3)2-2 231E-10  1.20E-10
Pb+2 197E-10  1.02E-10
S(6) 6.10E-04
504-2 424E-04  2.24E04
CaS04 118E-04  1.18E-04
MgS04 592E-05  5.96E-05
NaS04- 8.75E-06 7.43E-06
KS04- 512E-07  4.35E-07
si 5 58E-04
H4Si04 5.56E-04  5.59E-04
H3Si04- 2.11E-06 1.79E-06
Zn 9.96E-08
Zn+2 469E-08  248E-08
ZnCO3 2556-08  2.57E-08
ZnHCO3+ 1.85E-08  1.57E-08
|
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Appendix 5.4
S - -
Phase SI___logIAP log KT
Anglesite 7585 -13.64 -7.79|PbSO4
Anhydrite -1.87] -6.22] -4.36|CaS0O4
Aragonite 0.47 -7.86) ~8.33|CaCO3
Calcite 0.62 -7.86 -8.47|CaCO3
Cd(OH)2 5.16 7.89 13.65[Cd(OH)2
CdSio3 4.46 4.64 9.1|CdSiO3
CdS04 -10.39 -10.46] -0.07|CdS0O4
Cerrusite -2.13 -15,28 -13.14|PbCO3
Chalcedony 0.31 -3.25 -3.56Si02
Chrysotile -3.52 28.79 32.31|Mg3Si205(CH)4
C0O2(g) -1.83] 19.98 -18.15|CO2
Dolomite 0.99 -16.08 17.07|CaMg(CO3)2
Fe(OH)3(a) 1.09 19.02 17.93|Fe(OH)3
Goethite 6.98| 19.03 12.05|FeO0H
Gypsum -1.64 -6.22 -4,58|CaS04:2H20
H2(g) 22.7 227 0[H2
Hausmannite -19.17 42.08 61.25|Mn304
t i 15.91 38.05 22.14|Fe203
Jarosite-K 581 24.17 29.98|KFe3(S04)2(CH)6
Manganite -7.53 17.81 25.34|MnOOH
M ite -8.46 -10.68 -2.22|FeS04:7H20
02(g) -0.94 -3.89 -2.96/|02
Otavite 0.01 -12.09 -12.1{CdCO3
Pb(OH)2 -3.47 4.71 8.18|Pb(OH)2
Pyrochroite -B8.74 6.46 15.2|Mn(OH)2
Pyrolusite -12.36 29.16 41.52|Mn0O2
Quartz 0.74] -3.25 -3.99(Si02
Rhodochrosit: 2.4 -13.52 -11.13|MnC0O3
Sepiolite -2.01 13.77 15.78|Mg2Si307.50H:3H20
Sepiolite(d) -4.89! 13.77 18.66{Mg2Si307.50H:3H20
Siderite -1.42 -12.31 -10.88|FeCO3
Si02(a) -0.53 -3.25 -2.72|Si02
|Smithsonite 2.9 -12.89 -9.99|ZnC0O3
LETS 079 2229 21,5|Mg3Si4010(0H)2
Willemite -4.47 10.94 15.4|Zn2Si04
Zn(OH)2(e) 441 7.09 11.5[Zn(OH)2
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Appendix 5.4

M. Ghanem
Appendix 5.4f:- Distribution of species and o indicies ]
|sub-aquifer eastern 671 in the well 19-17/1 LD
Species Molality Activity
S:i» 259E-07  2.17E-07
4.89E-08 4.27E-08
H20 5.55E+01 9,99E-01
C(4) 6.46E-03
HCO3- 5.64E-03 4.81E-03
cO2 4.64E-04 4 68E-04
CaHCO3+ 2.13E-04 1.82E-04
MgHCO3+ 8.52E-05 7.21E-05
CaCO03 2.55E-05  2.57E-05
NaHCO3 1.54E-05 1.55E-05
CO3-2 9.81E-06 5.18E-06
MgCO3 6.22E-06 6.27E-06
NaCO3- 6.22E-07 5.26E-07
ZnCO3 6.17E-08 6.21E-08
ZnHCO3+ 4.30E-08 3.64E-08
FeHCO3+ 4.03E-08 3.41E-08
MnHCO3+ 3.05E-08 2.58E-08
MnCO3 2.46E-08 2.48E-08
| PbCO3 2.41E-08 2.43E-08
Ca 6.04E-03
Ca+2 5.69E-03 3.01E-03
CaHCO3+ 2.13E-04 1.82E-04
CaS04 1.17E-04 1.17E-04
CaCO03 2.55E-05 2.57E-05
CaOH+ 1.38E-08 1.17E-08
Cd 3.03E-08
Cd+2 1.54E-08 7.88E-09
CdCH+ 1.24E-08 1.05E-08
CdHCO3+ 1.42E-09 1.20E-09
Cd(OH)4-2 2.07E-26 1.06E-26
\ Cl 1.67E-02
| CE 1.67E-02 1.40E-02
| CdClH+ 1.24E-08 1.05E-08
‘ cu(1) 1.37E-10
Cu+ 1.37E-10 1.14E-10
cu(2) 2 97E-08
Cu(OH)2 2.49E-08 2.51E-08
Cu+2 407E-09  2.19E-09
Fe(2) 1.86E-07
Fet+2 132607  7.08E-08
FeHCO3+ 403E-08  341E-08
Fe(3) 2 81E-07
Fe(OH)3 1.96E-07 1.97E-07
Fe(OH)2+ g0sE08 682608
2.56E-26
G H2 1.28E-26 1.29E-26
K 3.82E-04
K+ 3.81E-04 3.21E-04
KSO4- 547E-07  A37E07
L
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Appendix 5.4
Species Molality Activity
Mg 72 54E-03
Mg+2 2.39E-03 1.29E-03
MgHCO3+ 8.52E-05 7.21E-05
MgSO4 577E-05  5.81E-05
MgCO3 6.22E-06 6.27E-06
MgOH+ 1.18E-07 1.00E-07
Mn(2) 1.73E-07
Mn+2 1.12E-07 6.02E-08
MnHCO3+ 3.05E-08 2.58E-08
MnCO3 2.46E-08 2.4BE-08
Mn(3) 7.22E-29
Mn+3 7.22E-29 1.61E-29
N(5) 3.70E-04
NO3- 3.70E-04 3.09E-04
Na 6.78E-03
Na+ 6.76E-03 5.73E-03
NaHCO3 1.54E-05 1.55E-05
NaSO4- 6.67E-06 5.64E-06
NaCO3- 6.22E-07 5.26E-07
0(0) 2.32E-04
02 1.16E-04 1.17E-04
Pb 2.68E-08
PbCO3 2.41E-08 2.43E-08
PbHCO3+ 1.22E-09 1.03E-09
Pb(C0O3)2-2 6.15E-10 3.16E-10
Pb+2 5.25E-10 2.69E-10
PbCl+ 1.73E-10 1.47E-10
PbOH+ 1.45E-10 1.23E-10
S(6) 5.61E-04
S04-2 3.80E-04 1.98E-04
CaS04 1.17E-04 1.17E-04
MgSO4 5.7TE-05 5.81E-05
NaSO4- 6.67E-06 5.64E-06
KSO4- 517E-07  4.37E-07
Si 4.94E-04
H4Si04 492E-04  4.96E-04
H3Si04- 1.96E-06 1.66E-06
Zn 2.41E-07
Zn+2 1156-07  6.01E-08
ZnCO3 6.17E-08 6.21E-08
ZnHCO3+ 4.30E-08 3.64E-08
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Appendix 5.4
M. Ghanem
iSaturation indicies
Phase S| Jog IAP Tog KT
Anglesite -5.48 -13.27 -7.8|PbS04
':::g\f::ii ;2; 623 -4.36|CaS04
( ] 7.81 -8.33[Cac03
Calcite 0.67 -7.81 -8.47|CaC03
Cd(OH)2 -7.01 6.64 13.65|Cd(OH)2
CdSiO3 -5.77 338 9.1|CdSiO3
CdsSO4 -11.74 -11.81 -0.06|CdSO4
Cerrusite -1.71 -14.86 -13.14|PbC0O3
Chalcedony 0.26 =3.3 -3.56(Si02
Chrysotile -3.39) 28.94 32.33|Mg3Si205(0H)4
C0O2(g) -1.87 -20.03 -18.15[C02
Dolomite 1.08 -15.98 -17.07|CaMg(CO3)2
Fe(OH)3(a) 1.02 18.96 17.93|Fe(OH)3
Goethite 6.91 18.96 12.05[Fe00H
Gypsum -1.65| -6.23 -4.58|CaS04:2H20
H2(g) -22.74 -22.74 0|H2
Hausmannite -15.98 45.3 61.28|Mn304
Hematite 15.76 37.92] 22.16[?-:8203
Jarosite-K -6.13 23.87 30[KFe3(S04)2(0OH)6
Manganite -6.45 18.89 25.34|MnOOH
Melanterite -8.63 -10.86 -2.22|FeS04:7H20
02(g) -0.98 3.93 -2.96[02
Otavite -1.29 -13.39 -12.1[cdcos
Pb(CH)2 -3.01 517 8.18|Pb(0H)2
Pyrochroite -7.68 7.52 15.2|Mn(OH)2
Pyrolusite -11.28 30.26 41.54|Mn02
Quartz 0.69 -3.3 -4|8i02
Rhodochrosit -1.38 -12.51 -11.13[MnCO3
Sepiolite 2 13.79 15.79|Mg2Si307.50H:3H20
Sepiolite(d) 487 13.79 18.66|Mg2Sia07.50H:3H20
Siderite 155 12,44 ~10.88|FeC0O3
S o e—swinos
i i -2.52 -12.51 -9.99|Zn!
i;'j"“”"e s_sz 22.33 21.51|Mgasi4010(0H)2
Willemite -3.68 11.73 15.41|Zn25i04
Zn(OH)2(e) 3.98 7.52 11.5[Zn(0H)2
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evation model (DEM) of the Faria Basin computed with GIS

Appendix 7.1: The Digital el ¢
software package TNT-mips.

-300-0m
001 -200m

201 - 400 m
401 - 600 m

BRRCO0

601 m - 800 m
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‘,\ppendn .2: The rainfall mode of the Faria Basin comy ted with GIS software
1.2 he F Ba
i mpu t soft

0- 150 mm/year

| 1531 250 mm/year
[ 251 -350 mm/year
[ 351 - 450 mm/year

i 451 - 600 mm/year
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