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EXECUTIVE SUMMARY

Context and study area

The Upper Litani River Basin covers the central and south Bekaa Valley, a 60km-long by 20-km wide
valley which extends from Baalbeck in the north (at altitude 1000m) to the Qaraoun Lake in the
south (altitude 800m). It lies between Mount Lebanon to the west and the anti-Lebanon range to the

east and is drained by the Litani River and its tributaries (Figure 1).
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Figure | Study Area

It is an agricultural region with close to 400,000 inhabitants. Most surface waters have been
harnessed since the 1960s for hydropower (Qaraoun Lake) or direct irrigation (from springs and
rivers). Over the past 50 years, irrigation has expended significantly, from a few thousand hectares to
over 40,000 ha today of partially or fully irrigated croplands. This was chiefly achieved by farmers
drilling private (and often unlicensed) wells and increasingly tapping into groundwater resources.
Very limited groundwater monitoring occurred during this time, but interviews and limited
measurements show that groundwater tables and spring flows have significantly lowered as a
consequence.

Many small and mid-size industries also use groundwater in the basin area, the majority being agro-
food industries (such as dairy factories). Domestic water supply is provided by the Bekaa Water

Establishment, which operates about 100 public wells.



The USAID-funded Litani River Basin Management Support (LRBMS) program recently installed

fifteen observation wells for groundwater monitoring (quality and level) to be operated by the Litani

River Authority (LRA). In parallel, the LRBMS program also developed a groundwater model to:

Better understand the characteristics of the various aquifers;
Evaluate flow interactions between these aquifers and with surface water; and

Consider future development scenarios and assess their consequences in terms of
groundwater levels and availability.

Hydrogeology (study of groundwater)

The study area contains five main geological underground layers which all contain extractable

groundwater. These layers are also called aquifers. Going down from the surface these layers

correspond to older time periods (Figure 2 and 3):

The Quaternary aquifer is a layer of unconsolidated sediments (fine-grained silts and clays
with sand and gravel), which have mainly been eroded from the mountains and deposited by
the rivers in the center of the valley over the last 2.5 million years. These deposits cover the
center of the Bekaa valley and constitute most of the agricultural soils.

The Neogene (or Upper Miocene) aquifer lies below the Quaternary and consists of older
alluvial deposits and conglomerates (deposited over 20 Million years). This layer also
surfaces (outcrops) on both sides of the valley: at the foot of Mount Sannine up to Zahle,
and from Baalbeck to Rayak.

The Eocene aquifer is under, and separated from the Neogene and Quaternary aquifers by a
low transmissivity layer, the Upper (later) Eocene Marl. The Focene is made up of older
sediments (30 to 50 million years ago) which have been compressed into karstic limestone; it
surfaces mainly around Joub Jenine and in thin bands (less than 1 km in width) on the east
(north of Anjar) and west (north of Zahle) sides of the valley.

The Cretaceous aquifer is also made of karstic limestone, but even older (65 to 145 million
years ago); it covers all the eastern flank of the Anti-Lebanon range, and the north-western
flank of Mount Lebanon (Mount Sannine).

The Jurassic aquifer (145 to 200 million years old) surfaces on the western flank of Mount
Lebanon, from Chtaura to Lake Qaraoun.
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Figure 3 Hydrogeological Cross Sections of the Aquifer Units in the Study Area

Existing data and information

As mentioned earlier, limited information exists as to historical groundwater levels (before significant
groundwater abstraction started in the late 1960s), except to say that water levels were at the time
reasonably shallow (less than 20m) and at ground surface at places as evidenced from topographic
maps that show the presence of extensive wetland areas in the valley and drainage ditches to lower

the water table for agricultural use. The Litani River used to originally flow from springs next to




Haouch Barada, which have dried since. The main source of historical hydrogeologic information is
the 1970 UNDP Report on Groundwater in Lebanon.

More recent groundwater level and well use information was generated through two field surveys
carried out by LRBMS in November 2010 and May/June 2011. Each survey collected water level
information from more than 100 wells over the Upper Litani River Basin, in order to:

e Define current water levels after more than 40 years of extraction

e Assess the seasonal fluctuation (annual variation between winter and summer)

Conceptual model

Building a groundwater computer model is a complex endeavor as it is supposed to first represent a
3D volume with different aquifers. Good geological information is needed to know where these
aquifers are, how deep they are, where they meet, etc. Good groundwater information is also needed
to characterize how much water they can store and the rate of groundwater movement through
them.

Secondly, hydrological information is needed to assess how this volume exchanges water with the
surface (inflows through seeping from precipitations and rivers, losses through springs and well
abstraction).

Based on the level of accurate data for the Cretaceous and Jurassic aquifers, and also on the fact that
most (80% or more) of the current groundwater abstraction occurs from the superficial aquifers, the
model has been limited to the Quaternary, Neogene, and Eocene aquifers. As more information
becomes available, it will be possible to extend the model to the Cretaceous and Jurassic aquifers.

The boundaries of the model are:

e To the north, matching the river basin divide (the crest/line that separates waters flowing to
the Litani River to the south from those flowing to the Assi-Orontes River to the north) and
considered as a no-flow boundary;

e To the east and west, the foot of the two mountains ranges (boundaries of the valley
aquifers), with contributions from the mountains being from both the Jurassic and
Cretaceous aquifers; and

e To the south, the northern side of Qaraoun Lake, where the Quaternary, Neogene, and
Eocene Aquifers thin out and are underlain by a low permeability layer (called aquiclude) as

the two mountain rages converge, thus forming a low-flow boundary.
For each aquifer the conservation equation is:
Inflows - Outflows = DS (variation of storage)
Where inflows and outflows include (Figure 4):
e Recharge inflows (precipitations that seep through the ground where the aquifer surfaces);
e Exchanges (inflows or outflows) with the surface streams and between aquifers;

e Springs (outflows as resurgences of groundwater in the valley after seeping through the

mountains);



e Withdrawals (outflows) for irrigation, industrial and domestic purposes.

The table and graph below present the average annual outflows and inflows, as known from available
data and the water balance estimated for the upper Litani river basin (LRBMS - Dec 2011), and

confirmed by the model:

M m3/year Recharge Pumping Springs Transfers + to Balance
GW**
Quaternary- 80 -120 0 17 (-7 to Litani river, 21
Eocene +24 from lateral
aquifers

Cretaceous- 140 -30 -130 -24 (laterally to upper - 44

Jurassic aquifers)

Total 220 -150 -130 -7 -65
Inflows/Outflows for Quat. Recharge Recharge Inflows/ouflows for
Neogene/Eocene {from rain} {from rain) Cretaceous/Jurassic

. f 140 MCM
80 MCM Pumping mostly rumpln_fj unosIIy -
for irrigation) or water supply)
A 1T
Groundwater flows 120 MCM 30 MCM Springs

25 MCM  +25MCM 130 MCM
S Litani river

Quaternary

Cretaceous
+Neogene

Eocene Jurassic

Figure 4 Schematic cross-section of the annual groundwater flows between
aquifers of the Upper Litani Basin

Computer model: construction and calibration

The computer model that was used is called GMS (Groundwater Modeling System). The software
operates on the MODFLOW code which was developed by the U.S. Geological Survey to simulate
the flow of groundwater through aquifers. It is considered worldwide as the de facto standard code
for aquifer simulation.

The model of the Upper Litani River Basin was built using geological maps (scale 1/50,000),
topogtraphical maps (scale 1/20,000), hydrogeological maps (scale 1/100,000), and cross-sections for
the study area. The data were digitized using GIS (Geographic Information System) and merged to

produce a scatter point distribution of aquifer thickness and top elevation. The scatter points



generated by GIS were utilized to generate a 3D geological model using the GMS software for the
study area. The 3D model includes the aquifer boundary and thickness, and was built with a constant
grid size equal to 500 by 500 m. This was the best representation for the study area, taking into
consideration the limited amount of data, computational capacity, and resolution of the model. A
smaller grid would have increased the computational requirements but would have resulted in the
same resolution due the lack of available data; while a larger grid size would have decreased the
computational requirements to generate the model, but decreased the resolution of the model.

The representation, with limited data, of real life geological aquifers with a mathematical model

requires reasonable assumptions. Here the following assumtions were adopted:

e The elevation is constant for each grid cell (500m x 500m). The following assumption does
not represent localized hills or valleys;

e Bottom and south interactions are limited, and have here been neglected (these boundaries
are considered no-flow);

e Interactions along the east and west boundaries represent the interchange flows between the
Jurassic and Cretaceous aquifers and the Eocene, Quaternary and Neogene aquifers (this
assumption puts the interchange flows between aquifers all along the sides, while these flows
may be concetrated at faults/fracture areas;

e Regarding withdrawals, information is only available regarding the location of public wells
and licensed private wells, without their actual withdrawal rates (which have been estimated);
on the other hand, thousands of unlicensed private wells also exist, for whom no
information exist; information on on irrigated areas was used to locate and estimate the
abstraction rates of these.

Calibration is the next and most important step in constructing a computer model of a groundwater
system. It is the process of modifying the characteristics that are unknown (such as the porosity of
the aquifers) so that the model produces output data (such as water levels) that are very close to the
data collected in the field. If the model, fed with input data from the field, provides output data
similar to field measurements/data, the model is well calibrated, that is a faithful computer copy of

reality. It can then be used to extrapolate.

T'wo calibrations were cartied out:

e First a steady state calibration, adjusting aquifer parameters to get model results to match the
data from the November 2010 field survey; and

e Second a transient calibration, where these parameters were fine-tuned using the changes in
groundwater levels between the November 2010 and the April/May 2011 field survey.
The final results in both cases were considered satisfactory, with differences between observed and
calculated groundwater levels being within 10 m, and often within 5 m.
A final verification was made by using the limited data available from 1970 to represent the overall

evolution of groundwater levels over the past 40 years, and proved satisfactory as well (Figure 5).
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Figure 5 Changes in Water Level between 1970 and 2010

Future groundwater evolutions

The calibrated model was then used to envision future groundwater levels over a 20 year-horizon.
While the overall geography and geology of the model would not change, the model parameters that
were varied included:

e  Groundwater abstraction, for which two scenarios were modeled (Table 1):
o A “Business as usual” 30% increase (1.5% per year), which would continue the

current expansion trend; and



o A reduced 10% increase (0.5% per year), resulting from better groundwater

management, increasing pumping costs, better irrigation practices, decreasing land
availability, or a combination of these;

e Recharge, for which two scenarios were modeled:
o No change with precipitation and infiltration remaining the same; and
o A somewhat extreme 20% decrease (0.5% per year), reflecting a quite pessimistic
impact of climate change.

Four scenarios (1 to 4) were thus chosen, 1 being the most optimistic, 4 being the most pessimistic,

and 2 being the most probable (not much change in recharge, and significantly increased abstraction).

Table 1 Different Scenario Used

Groundwater
abstraction +10% +30%
Recharge
0 |
-20% 3 4

The modeled results show that 2030 water levels will be down another 5m to 25m, with the
maximum drawdown in the northeast and northwest parts of the study area (Chmistar, Ferzol and
Kfar Dane in the east; Britel in the west). The minimum drawdown will be in the southern part of

the study area with a minimum drawdown of 5m (Figure 6 to Figure 14).



LITANI RIVER BASIN #
i MANAGEMENT SUPPORT (LRBMS) PROGRAM |
ﬁ Ground Water Level Changes

gl

i

S

=

00
R
AR

Figure 6 Change in Water Level between 2010 and 2030 for Scenario 2 (most
probable)



Drawdown in Wells (2010 - 2030)

5-10m N
10—15m %
15<20m

n Above 20 m

Taanayel

Qabb Elias ¢—__

Mansoura \

L.

Kfar

Chmistar
Ferzol \

Q/ 4

Haouch En

>

—=

Douris
* Britel
e
Rayak
—»Kfarzabad

\Anj ar

Figure 7

Minimum Drawdown in Observation Points 2010-2030 (scenario 1)
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Maximum Drawdown in Observation Points 2010-2030 (scenario 4)
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Conclusion and Recommendations

The model developed here is a first attempt at modeling groundwater in the Upper Litani River Basin.
Due to the limited amount of available data, some assumptions were made and the model was
limited to the 3 topmost aquifers (Quaternary, Neogene and Eocene), with a resolution of 1 by 1 km
grid size. The model is well suited to be used for assisting in taking major strategic decisions;
however it should be revisited and refined for a better accuracy required for it to be used in detailed
planning and management of the water resources of the Upper Litani River Basin. This would
certainly require having a better grasp on the monitoring of its resources with respect to both
recharge and discharge for the groundwater and surface water systems. This would also necessitate
the improvement or establishment of a broader monitoring network that will help in better assessing
its resources. This monitoring system should include but not limited to: spring discharge,
groundwater level, surface water flow and quality, water extraction (or control the groundwater and
surface water), and meteorological monitoring.

As part of the LRBMS program, IRG has initiated the establishment/improvement of this set of
monitoring networks by installing a limited number of water-monitoring devices in several river
gauging stations and groundwater monitoring wells.

As more data become available, the following are recommendations to enhance the accuracy of the

groundwater model:

e Model grid refinement to represent more detailed effects of pumping wells.

e Refine model inputs such as evapotranspiration, recharge, interaction between aquifers,

discharge from springs, and river flows.

e Increase the frequency and coverage of groundwater level measurements to improve the

quality and resolution of potentiometric groundwater maps.
e Assess the impact of excessive abstraction on the water quality in the basin.

e Build a 4 layer model (including Jurassic and Cretaceous aquifers) when more data

becomes available.
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|. INTRODUCTION

ELARD was awarded by the International Resource Group (IRG) the task of constructing a
groundwater numerical flow simulation for the Upper Litani River Basin. This project is part of the
various activities of the LRBMS (Litani River Basin Management System) and aims at developing a
user friendly tool that can be used by the staff of the Litani River Authority (LRA) as a decision
support system. The quantities of water available in the area and its dynamics can be better assessed

and represented by a groundwater numerical model.

The model can/should be used as a management tool and should be updated as additional data
become available for more detailed representation. Accordingly, the model should serve the

tfollowing objectives:

e Evaluation of:
o aquifer interactions;
o the interaction between the groundwater and surface water systems;
o the hydraulic characteristics of the aquifers;
e FEvaluation and update of the water budget of the aquifers;
e An assessment tool for future policy making and abstraction regulation;
e Simulating predictions of groundwater levels based on various pumping schemes.

e The development of “Spring Protection Zones” to preserve and maintain spring flows.
Specific areas that might be addressed include:

o Set back distances from springs for production wells.

o Spring contribution area protection programs.

e Municipal well protection zones — set back distances from Municipal Wells for irrigation
wells.

e Groundwater allocation planning and regulation.

This document presents the final report for the groundwater modeling of the Upper Litani Basin. It
contains the data used to establish the conceptual model, the model setup, the calibrated model, and

the results for the different scenarios analyzed.

In addition to this introductory section, this report presents the modeling approach, description of

the study area, description of the hydrogeologic (Aquifer) units present in the study area, the
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conceptual model setup, the model geometry, the model parameterization, the model calibration for

steady state and transient state, and the results of past and future projections of the model.

2 GROUNDWATER MODELING WITHIN THE UPPER LITANI BASIN



2. MODELING APPROACH

The study area is an agricultural region with close to 400,000 inhabitants. Most surface waters have
been harnessed since the 1960s for hydropower (Qaraoun Lake) or direct irrigation (from springs
and rivers). Over the past 50 years, irrigation has expended significantly, from a few thousand
hectares to over 40,000 ha today of partially or fully irrigated croplands. This was chiefly achieved by
farmers drilling private (and often unlicensed) wells and increasingly tapping into groundwater
resources. Very limited groundwater monitoring occurred during this time, but interviews and
limited measurements show that groundwater tables and spring flows have significantly lowered as a
consequence.

The USAID-funded Litani River Basin Management Support (LRBMS) program recently installed
fifteen observation wells for groundwater monitoring (quality and level) to be operated by the Litani
River Authority (LRA) and provide essential groundwater information. In parallel, LRBMS also

developed a groundwater model in order to:

e Better understand the characteristics of the various aquifers;
e Evaluate flow interactions between these aquifers and with surface water; and

e Consider future development scenarios and assess their consequences in terms of
groundwater levels and availability.

The modeling activities were conducted using the MODFLOW 2005 Code model that was
developed by the United States Geological Survey (USGS). MODFLOW is a computer code that
solves the groundwater equation, to simulate flow of groundwater through aquifers. For our project,
GMS software was used for the graphical interface of MODFLOW. GMS was chosen because it is a
comprehensive program for groundwater modeling that is user friendly and easy to operate, with
abundant support for novice users with limited hydrogeological background. A dedicated copy of
GMS software package, with the developed models (steady state, transient state, and projections) will

be handed over to Litani River Authority, upon completion of the work.

To ensure a good representation of the groundwater flow regime, the construction of the model was

conducted in a 4- phase approach which is outlined below.

2.1 DATA GATHERING AND HYDROGEOLOGICAL MODEL
CONCEPTUALIZATION

This project phase is considered to be the most critical, as it constitutes the main basis upon which

the groundwater model is constructed. It involved intensive data gathering, and a comprehensive
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review and analysis of available pertinent information, that are required for a good understanding of

the hydrogeology and the initial characterization of the groundwater flow regime.

Topological, geological and hydrogeological information are critical for defining the basin model
domain (i.e., model boundaries and types), and defining the various hydrogeologic units, along with
their hydraulic characteristics. The detailed geological setting of the study area is described in detail in

Appendix A.

Potentiometric groundwater contour maps that were generated from recent data (IRG, April 2012
report) were used to assess the groundwater flow direction within the basin, and its seasonal
fluctuation. The UNDP 1970 water level contour lines show major discrepancies when compared
with the digital elevation model (DEM). Most of the contours indicate that the water level in the
system exceeds the actual ground elevation, implying therefore that the Upper Litani Basin is flooded.
Therefore, the potentiometric groundwater contour maps from the UNDP 1970 were disregarded

for model calibration.

Existing information on water supply wells is critical to estimate the quantity of groundwater being

extracted; this is discussed in Appendix B.
2.2 INITIAL MODEL SETUP

This task consists of setting up the initial MODFLOW model, using the conceptual hydrogeological
model and includes:

e Setting the model boundaries and conditions;

e Defining the MODFLOW grid pattern;

e Translating the hydrogeologic units into model layers;

¢ Defining River Flow and Stream Flow hydraulic parameters; and

e Setting the spatial distribution of the Aquifer hydraulic parameters and the hydrologic

parameters, within the Model Domain.

2.3 MODEL CALIBRATION AND SENSITIVITY ANALYSIS

Model Calibration is performed by assigning various model parameters that affect groundwater flow
to the different hydrogeologic layers. Calibration is achieved by varying spatially the different input

parametets.
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Sensitivity analysis of the calibrated model allows quantifying the influence of each of the model
parameters on groundwater flow and on the resulting groundwater level contours. Most of the

parameters used were varied within practical physical ranges.

The following parameters were considered in the calibration and sensitivity analysis: hydraulic
conductivity, recharge, extraction from wells, specific yield, and storativity. Other inputs (such as
River/stream flow parameters) that ate likely to affect the computed head and groundwater flow
rates were varied if appropriate, especially that the latter are not physically tested parameters. The
sensitivity of each parameter to the model solution was evaluated by computing residual errors

(between observed and simulated values).

2.4 MODEL SIMULATION AND PREDICTIONS

Upon completion of the model calibration and sensitivity analysis, a series of simulations were run to
predict the groundwater level behavior in the past and into the future. Model simulations were run
to simulate the groundwater levels in the 1970s, and also to simulate 20 year projections with four
different scenarios. The simulations were run to predict groundwater behavior under severe drought
conditions, as well as increased pumping scenarios to sensitize the LRA on the potential impacts to

the groundwater system under these extreme conditions.
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3. STUDY AREA

3.1 EXTENT

The Upper Litani River Basin (ULRB) as shown in Figure 3-1 extends over a 1,389km? area from
the eastern slopes of Mount Lebanon (Barouk—Niha range and Sannine Mountain) to the western
slope of Anti Lebanon (Jabal El Cheikh and Jabal Lemnar). The ULRB is bounded on the north by
the city of Baalbeck and the villages of Laat, El Saaide, Younine, Maqné and Deir El Ahmar in the

central zone of the Bekaa plain and in the south by the Qaaroun Lake.

The area comprises a surface water catchment drained by the Litani River and its tributaries and the
groundwater catchment area is underlying with the surface drainage system and comprised of five
principal aquifer systems. The Litani River, which is the largest and the longest river in Lebanon,
originates from the Olleiq springs, 10 km southwest of the city of Baalbeck, and flows 170 km in a
south-western direction, passing through the Bekaa valley and Qaaroun Lake before it reaches the
Mediterranean Sea. . Our study area stops at Lake QQaraoun, which represents the major part of the

river basin.

3.2 TOPOLOGY

The Upper Litani Catchment area lies within an average elevation of 1569 m asl (above sea level),
with a topographic high of 2620 m asl along the eastern boundary of Mount Lebanon and reaches a
topographical high of 2440 m asl along the western slopes of Anti-Lebanon. The Bekaa plateau
slopes towards the south, with a topographic high of 1150 m asl in the northern section and a

topographic low of 830 m asl in the southern section, along Qaaroun Lake (Figure 3-1).

3.3 LAND USE AND VILLAGES

The basin area comprises about 99 towns of small to medium size with a population ranging from
few hundred to more than 75,000 inhabitants. Domestic water is supplied mainly from the regional
water establishment, which operates about 107 public water supply wells in the basin area. The basin
area is characterized by intensive agricultural activities and most of the Bekaa plain is being cultivated.
The agricultural lands are being irrigated using surface water (mainly from direct extraction from
rivers, canals, and springs); and to a greater extent from groundwater, using irrigation wells most of

which are private wells. There are many industries in the basin area; the majority of which are agro-
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food industries (such as Dairy), of high water consumption. Most of these industries have private

water supply wells. A land use / Land cover map of the ULB is presented in Figure 3-2.
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Land Use/Land Cover Map of the Upper Litani Basin
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4. HYDROGEOLOGY

The geological and hydrogeological assessment of the study area was based on compiled maps by

Dubertret (1955) and UNDP (1970) and digitised using GIS software.

The geological setting of the basin is discussed in this section and a more comprehensive description

is provided in Appendix A.

The geological formations outcropping in the study area range in age from Middle Jurassic to recent
Quaternary, Figure 4-1 is the hydrostratigraphical log of the geological formations available. The
Jurassic formations span from Middle Jurassic to Late Jurassic and outcrop over 122 km? of the
catchment area, out of which 3Km? are Basalts and volcanic tuff, while 119 km?are composed
mainly of limestone rocks. The four (4) outcropping formations belonging to the Jurassic period are
Kesrouan Formation (J4), Bhannes Formation (J5), Bikfaya Formation (J6), and Salima Formation
(J7) all of which are sedimentary limestone formations except for the Bhannes formation which is

formed of basalts and volcanic tuffs.

The Cretaceous formations span from Early Cretaceous to Late Cretaceous, cover an area of 633
Km? of the catchment area and are comprised of sandstone, limestone, and shale. The catchment
area has six (6) outcropping formations of the Cretaceous period; they are the Chouf Sandstone
Formation (C1), the Abieh Formation (C2a), Mdairej Formation (C2b), Hammana Formation (C3),
Sannine-Maameltein Formation (C4-C5), and Chekka Formation (CO0).

The Tertiary and Quaternary formations span from Eocene to Recent deposits. The Quaternary and
Neogene formations cover an area of 600 Km? of the catchment area, while the Eocene formation
composed of limestone covers an area of 111 Km?2. The catchment area has three (3) outcropping
formations of the Tertiary and Quaternary period, they are the Eocene Formation (e2a-e2b),

Neogene Formation (mlL-mIL.1), and Quaternary Deposits.

Structurally the Upper Litani River catchment area is bordered in the west by the main Yammouneh
Fault system and its associated highs and the Barouk-Niharange and the Sannine Mountains. The
beds forming these highs dip towards the Bekaa plain. Small-scale folds such as anticlines and
synclines in Hadath Baalbeck and Chlifa villages, at the foothills of those ranges, plunge into the
Bekaa valley below the Quaternary deposits.
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From the east, the catchment is bordered by the main Rachayya and Hasbayya fault systems and their
associated Anti-Lebanon Range (Jabal El Cheikh and Jabal Lemnar). The general inclination of beds
on the western slopes of the Anti-Lebanon Mountains is towards the Bekaa valley, that is, towards

the west.

Secondary faults trending in an E-W direction are also present in the study area. These faults act as
passageways for groundwater from the highlands or source areas to the lowlands, which is mainly the

Bekaa plain where outlets exist as springs and where the Quaternary deposits are being replenished.

4.1 HYDROSTRATIGRAPHY

The following sub-section describes the hydrogeological characteristics of the principal geological
(aquifer units) formations. A simplified hydrogeological map showing the various aquifers and the

tectonic structures, as well as a representative distribution of wells that were surveyed as part of the

project is presented in Figure 4-2, and Figure 4-3 is a hydrostratigraphical cross-section of the study

area.

The Upper Litani Basin is underlain by five aquifers. A detailed 3D hydrogeological model for the
basin was developed based on geological maps developed by Dubertret 1/50,000, and geological

cross-sections generated across the basin. The aquifer units are:

1. Quaternary Deposits (QQ) — Composed of alluvium and colluviums deposits (415 km? — more

than 500m)

2. Neogene (mL & mL1) — Composed of conglomerate, alluvium, and colluviums deposits (186

km? — up to 300m)
3. Eocene (e2a & e2b) Aquifer Unit — Composed of Karstic Limestone (110 km2 — up to 250m)

4. Cretaceous (Sannine — Maameltain) aquifer units — Composed of Karstic Limestone (564

km?2 — up to 900m)

5. Jurassic(Kesrouan) Aquifer Units— Composed of Karstic Limestone (124 km? — up to 1000m)

4.1.1 AQUIFERS

The main aquifer units along with their hydrogeological properties (transmissivity, hydraulic
conductivity, storage coefficient) are described below from youngest to oldest, and presented in

Table 4-1:
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Table 4-1 Major Aquifers in the Upper Litani Basin Along With their
Hydrogeological Characteristics

Aquifer Lithology Thickness % of
Units Transmissivity Transmissivity Surface Infiltration
(m?/s) —=UNDP  (m?/s) - Pumping Area from
1970 Tests (km?2) Precipitation
(UNDP, 1970
Quaternary  Alluvial deposits
Aquifer (Q)  (gravel, sand, silt ;"O%re than 04 ¢ 103 3.4x104t0 2.0x104 415 ~5
and clay)
Sand,
Neogene conglomerates
Aquifer ~ong ’ Upto 300  Less than 10-3 1.3x10-6—2.2x 104 186 ~5
limestone and
(mcg/mL) marls
Nummulitic and
Eocene cherty limestone
Aquifer Y ’ Up to 250 10-4—10-2 3.9x106-2.9x10-3 110 38
(e2ble2a) marly limestone
and chalky marl
Alternating
Cretaceous Sequence of finely
Aquifer bedded limestone, 755 999 g2 | 3x104-9.15x103 564 41
marly limestone
(C4-C5) and dolomitic
limestone
Jurassic Limestone-
. Dolomitic ~1000 103 — | 2.35x104—1.6x10-' 124 41
Aquifer (J4) Li
imestone
4.1.1.1 QUATERNARY AQUIFER

Most of the wells completed in the Quaternary aquifer are located in the center of the Bekaa plain
and have variable yields. The higher the content of fine grained materials of these deposits, the lower
the well yield. Based on a field survey IRG April 2012) the reported well yields from drillers in the
area ranged from less than 51/sec to a maximum 15 1/sec, while the UNDP 1970 teported a
maximum well yield of 10 1/sec. Three pumping tests were performed in the Quaternary deposits
by ELARD in AREC, Forzoul, and El Marjin 2012. The calculated transmissivity ranged 3.4x10-4
m2/sec to 2.0x10-4 m2/sec. According to the UNDP 1970 reportt, the transmissivity values range
between 10-4 and 10-3 m2/s. The UNDP (1970) reported a very low infiltration rate for the
Quaternary Aquifer of 5%. Estimated infiltration rates of the various aquifers presented in the
UNDP Study of 1970, tend to be significantly underestimated. Based on a current national study
that was also launched by UNDP with a grant from the Italian Government, and executed by
ELARD to update the 1970 UNDP study and re-assess the groundwater resources of the entire

country, infiltration rates for the various groundwater basins were estimated to be higher than what
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was reported in the old study of 1970. The rate was calculated from the hydrological water balance
equation:

Precipitation = Infiltration + Evapotranspiration + Runoff
The method calculated the evapotranspiration was calculated in two methods Turc and FAO
Penman-Montheith methods, while the runoff was calculated based on the Curve Number and
validating the results from gauging stations. The calculation was done for four consecutive years
(2008 through 2012), and the infiltration rate of the Quaternary aquifer in the Bekaa was estimated at
about 15%.

4.1.1.2 NEOGENE AQUIFER

The Neogene aquifer underlies the Quaternary deposits, which is also known as the Upper Miocene
deposits and also outcrops in northeast; west and southwest areas of the study area. Based on a field
survey (IRG April 2012) the reported well yields from drillers in the area ranged from less than 5
1/sec to as much as 30 1/sec, while the UNDP 1970 reported a yield of less than 30 1/sec. According
to the UNDP 1970 report, the transmissivity values are less than 103 m2/s. One Pumping test in the
Neogene aquifer was reviewed by IRG April 2012 report (which reported a transmissivity value of

1.3x10-*m2/s. The UNDP (1970) reported infiltration rate for the Neogene Aquifer of 5%.

4.1.1.3 EOCENE AQUIFER

The Eocene aquifer outcrops in thin bands (generally 1 km and less in width) on both the east and
west sides of the Bekaa valley and in a broader area in the southern part of the Valley in the Joub
Jannine and Kamed El Louz areas down to Lake Qaaron. The Eocene underlies the Quaternary and
Neogene aquifers. The reported well yields in the UNDP 1970 report reached more than 100 1/sec.
According to the UNDP 1970 report, the transmissivity is relatively high, and ranges between 10-4
and 102m?/s. Eighteen pumping tests in the aquifer resulted in transmissivity values ranging
between 3.9x10-6m?2/s to 2.9x10-3m?2/s (IRG April 2012 report). The UNDP (1970) reported

infiltration rate for the Eocene Aquifer of 38%.

4.1.1.4 CRETACEOUS (SANNINE - MAAMELTEIN) AQUIFER

The Sannine — Maameltein aquifer is one of the most important aquifers in Lebanon, and is formed
of developed karst with high secondary porosity. The Sannine — Maameltein aquifer is characterized
by extremely high infiltration rates, whereby a great portion of the groundwater source of the basin
comes from these mountains (snow melt, and high precipitation rates). The aquifer is highly

karstified and is in direct contact with the Quaternary and Tertiary aquifers, at the base of the
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mountain flanks, acting as a source of groundwater recharge to these bounding and overlying
aquifers. The well yields in the Sannine — Maameltein aquifer are reported to yield up to 150 1/sec,
while the UNDP (1970) report indicated that the upper 100m which is in direct contact with the
Eocene aquifer has low well yield and low transmissivity, while the lower strata has higher
transmissivity and well yield values. Twenty five pumping tests were analyzed and the transmissivity
values ranged between 3x104 to 9.15x10-3 m2/s (IRG April 2012), while the transmissivity values
indicated in the UNDP (1970) report ranged from 102 m2/s to 1 m?2/s for the lower part of the
aquifer. The UNDP (1970) reported infiltration rate for the Cretaceous Aquifer of 41%.

4.1.1.5 JURASSIC (KESROUAN) AQUIFER

The Kesrouan aquifer is one of the most important aquifers in LLebanon, and is formed of developed
karst with high secondary porosity. The Kesrouan aquifer is characterized by extremely high
infiltration rates, whereby a great portion of the groundwater source of the southwest part of the
basin comes from these mountains (snow melt, and high precipitation rates). The aquifer is highly
karstified and is in direct contact with the Quaternary and the Tertiary aquifers, at the base of the
mountain flanks, acting as a source of groundwater recharge for these bounding aquifers. The well
yields in the Kesrouan formation are up to 120 1/sec. The UNDP (1970) report indicated
transmissivity values for the Kesrouan ranging from 10-> m?/sec to 1 m?/sec with 5.2 x 102 m2/sec
as an average, with storage coefficients (storativity) ranging between 3.2x10-2 to 4.2x10-2. Fourteen
pumping tests for the Jurassic aquifer were analyzed and the transmissivity values ranged from 2.35 x
104 to 1.6x10! m?/sec IRG April 2012). The UNDP (1970) reported infiltration rate for the
Jurassic Aquifer of 41%.

4.1.2 LOW TRANSIMISSIVITY AQUIFERS AND AQUICLUDES

The catchment area has two (2) low transmissivity aquifers: the Chouf Sandstone Formation (C1)
and the Mdairej Formation (C2b). The Chouf Sandstone formation contains substantial amounts of
water but has a very low transmissivity estimated between 104 to 10->m?2/sec by UNDP 1970. The
Mdairej formation contains high secondary porosity and developed karstic system, but due to its
limited thickness, and location between two aquitards, its groundwater contribution is considered to

be minimal.

The catchment area has five (5) impervious layers, the Bhannes formation (J5), the Abieh formation
(C2a), the Hammana Marl (C3), the Chekka formation (C6), and the Lower Eocene (e2a). The
following formations are low transmissivity and afford very low transmission of water across their

boundaries.
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4.2 SPRINGS

Based on the Army Topographic Maps 1/20,000, there are about 502 springs in the study area, some
of which have dried up and no longer flow. Table 4-2 summarizes the number of springs emerging

from the geological formations in area; Figure 4-4 shows the location of springs in the study area.

Table 4-2 Total Number of Springs Emerging from Different Types of
Hydrostratigraphic Units

Geological Formation Number of Springs
Kesrouan Formation (J4) 58
Chouf Sandstone (CI) 50
Abeih Formation (C2a) 26
Mdairej Formation (C2b) 42
Hammana Marl Formation (C3) 43

Sannine — Maameltein Formation (C4-C5) 40

Chekka Marl Formation (Cé) 54
Lower Eocene (e2a) 5
Upper Eocene (e2b) 4
Neogene Deposits (mL & mL1) 66
Quaternary Deposits (Q) 50
Total Number XXXXX

Most of the springs are located on the boundary between Quaternary and Jurassic formation (Amiq
Spring) or Cretaceous formations (Anjar and Chamsine Springs), or along fault boundaries
(Berdouni). The available discharge data for springs dates back to the UNDP (1970) report, with

limited new data since that time.

On the east side of the basin, there are three major springs, Anjar Spring, Chamsine Spring, and
Yahfoufa/El Gaida Spring that all emerge from the Cretaceous Aquifer. Based on the UNDP (1970)
report, the Eocene Aquifer on the eastern side of the basin used to be the source for major springs,
three of which (Ras El Ain (Turbol), El Faouar, and Ain El Beida) have dried up. On the western
side of the basin there are five major springs, Berdaouni, Chtaura, Jdita, Ammiq, and Kab Elias. Out
of the five springs, four discharge from the Jurassic aquifer and only the Berdouni Spring discharges

from the Cretaceous aquifer.

There are no recent comprehensive continuous discharge measurements of springs and the available

spring discharge measurements are limited to a single yearly measurement or bi-yearly measurements,
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and most of the measurements are performed by Litani River Authority (LRA), Figure 4-4 shows the
location of the springs with discharge data. The most reliable and continuous measurements date
back to the UNDP 1970 report, where continuous measurements were taken and the values. The
recorded values by UNDP will be considered as an indication of the groundwater level in the 1970.
Table 4-3 presents measured springs in the ULRB and their relative values. Figure 4-5 shows the
location of the UNDP (1970) springs. The three springs (Ras El Ain, Faouar, and Ain El Beida) that
used to flow in the 1970’s from the FEocene aquifer, no longer flow due to decrease in groundwater

levels caused by excessive irrigation pumping from the Eocene Aquifer in the eastern side of the

basin between the ICARDA Farm and Anjar.
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Table 4-3 Discharge of Springs (UNDP 1970)
West Side Aquifer Discharge East Side Aquifer Discharge
Springs (MCM/Yr) Springs (MCM/Yr)
Berdouni Cretaceous (C4) 4451 Chamsine 14.5 Cretaceous
(C4)
Chtaura Jurassic (J4) 14.5 Anjar 63.5 Cretaceous
(C4)
Jdita Jurassic (J4) 4.14 Ras el Ain 7.04 (presently  Eocene
dry)
Ammiq Jurassic (J4) 22.44 Faouar 3.64 (presently  Eocene
dry)
Kab Elias Jurassic (J4) 21.51 Ain el Beida 8.21 (presently  Eocene

dry)
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5. GROUNDWATER DATA

5.1 GROUNDWATER MEASURMENTS

Limited historical groundwater level data are available for the proper generation of groundwater level
contour maps. Prior to 2011, there was no groundwater monitoring network in the basin. The first
groundwater monitoring network was recently installed by IRG as part of the Litani River Basin
Management Support Program and consists of a network of 14 wells, in which pressure transducers
probes, with built in data loggers were installed for continuous groundwater level measurements in

the Upper Litani Basin.

The available historical data dates back to the UNDP 1970 report, where groundwater level contour
lines for the Upper Litani River were mapped with a 5m contour interval. When the contour lines
drawn by the UNDP were compared to the recent topographical maps, it was found that the
groundwater levels in parts of the basin are a few 10’s of meters above the ground elevation,

indicating flooding in the basin..

Two field surveys was conducted in November 2010 and June 2011, under the supervision of Litani
River Basin Management Support Program on over 200 wells in the Quaternary, Neogene, Eocene,
Cretaceous and Jurassic Aquifers in the study area. In addition, local drillers were interviewed
regarding historical changes in groundwater levels in the basin. The field survey resulted in the

following observations:

e In the northern part of the basin, in the Quaternary Aquifer, water levels in two wells
were measured and were found at 7m and 14m below ground surface. According, to the
local well owners and the drillers, the water levels have not changed significantly, since

the construction of the wells.

e In the central part of the basin near Talia in the American University of Beirut (AUB)
Farm, in the Neogene Aquifer, two wells were measured and the water levels were 21m
and 26m below ground surface. According to the local drillers, the water level has
dropped almost 20+ meters since 1970’s. The local drillers also indicated that the water

level in some areas in the Neogene have seen a water level drop of more than 50m since

the early 1980’s.

e In the central part of the basin, in the Quaternary aquifer, close to the Litani River, the

drillers reported low well yields and shallow water levels.
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Figure 5-1 Comparison Between UNDP 1970 Ground Water Contour Lines and
Ground Elevation

e In the eastern part of the basin near Terbol and South of Anjar it is reported that there
has been extensive development in the Eocene and Cretaceous aquifers. The water level
in an irrigation well at the International Center for Agricultural Research in the Dry
Areas (ICARDA) has dropped more than 30m in the past 10 years. The drop in water
level has dried up the nearby Ras el Ain Spring. Two other nearby springs (the Faouar
and Ain el Baida Springs) have also dried up.

e In the southern part of the basin near Joub Jannine and Lake Qaaroun, in the Eocene

and Cretaceous aquifers, the water levels have not changed significantly since the area is
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being supplied by the Canal 900. The water level was measured in one well and was

found to be 33m below ground surface, which is almost at the same level as the Qaaroun

Lake.

e In the southwest side of the basin near Ammigq, in the Jurassic and Cretaceous aquifers,
the water level was reported by drillers to be around 50m to 60m below ground surface,

with limited knowledge about historical water levels.

Two field water level measurement surveys were conducted, the first in October/November 2010 at
the end of the dry season, and the second in June 2011 at the end of the wet season. The water level

measurements were used to:
e Map the groundwater flow direction in the aquifer systems.
e Record the change in water level between the dry and wet seasons.
e Map the cone(s) of depression that are caused from extensive pumping.
e Understand the interaction between aquifers.

Figure 5-2 and Figure 5-3 show the interpolation of the groundwater levels measured in November
2010 and June 2011 respectively. As the maps show, groundwater in the basin is moving from the
eastern and western flanks towards the center of the basin, towards the Litani River, and from north
to south to reach the lowest elevation near Qaaroun Lake. The groundwater level maps were
developed for the Quaternary, Neogene, and Eocene Aquifers only (there are wells completed in the
Cretaceous that were measured and used in the maps). The water level in the eastern flanks of the
mountain near Baalbeck reaches a high of 1100m above sea level; while on the western side of the
basin the water level reaches a high of 1070m. The water level in the center of the basin decreases in

the southern direction, from a high of 1025m in the northern part to reach 850m near Qaaroun Lake.
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Figure 5-2  Generated Ground Water Contour Lines for November 2010
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Figure 5-3 Generated Ground Water Contour Lines for May/June 201 |
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5.2 OVERVIEW OF PREVIOUS HYDROGEOLOGICAL
INVESTIGATIONS

Apart from the current project and the supplementary reports prepared by the Litani River Basin
Management Support Program, three projects focused on the hydrogeology (groundwater) of the
ULRB. In chronological order, the projects are the UNDP nationwide assessment of the
groundwater (1970), DAI Groundwater vulnerability Mapping (2003 & 2005), and the JICA (2003)
study.

The UNDP (1970) groundwater study was the first nationwide evaluation of the groundwater
resources. The study is considered the baseline for any hydrogeological study in Lebanon, with
valuable data collected from 1960 until 1970. The collected data ranged from springs discharge,
rivers discharge, groundwater level measurements, chemical analysis of groundwater, and

groundwater basin delineation.

One of the most valuable contributions of the UNDP (1970) to our current study is the springs
discharge measurements. In the UNDP (1970) report, ten major springs were identified in the
ULRB and their respective discharges were measured. Out of the ten springs identified, three (3)
springs do not flow anymore. The estimated discharge from the ten springs in the 1970 timeframe
accounted for 205 MCM/ Y, while small springs wete estimated to discharge 10 to 20MCM/year.
The ten springs that were identified by the UNDP (1970) all discharge from the carbonate aquifers

(Eocene, Cretaceous, and Jurassic Aquifer Units).

The DAI groundwater vulnerability mapping (2003 & 2005); also known as the BAMAS project;
identified and assessed, and suggested the water quality and pollution extent for the ULRB and Lake
Qaaroun, and provided different scenarios for the remediation for the ULRB. The DAI project also

provided an environmental plan to solve the spread of the pollution.

The DAI/BAMAS project developed a groundwater vulnerability model to assess the effects of land
use practices and contamination sources in the basin. The model did not simulate groundwater level
or groundwater flow direction, but rather delineated the basin based on extent of the spread of the
pollution in the basin. The study also extended the model domain beyond the physical basin
boundaries of our current project in the east-south boundary, to include a part of the Hasbani Basin.
The following has been proven wrong by the LRBMS work through the development of

potentiometric surface maps, constructed from field derived water-level measurements.

The DAIT (2003 & 2005) project estimated that groundwater recharge to the basin is in the order of
388 MCM/yeat.
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The JICA (2003) study developed a water balance for the upper basin and estimated the groundwater
recharge to be 484 MCM/yr.

Table 5-1 presents the estimated recharge calculated by the mentioned studies.

It should be noted that a national project is being implemented currently by UNDP, and executed by
ELARD with a Grant from the Italian Corporation, which consisted of updating the UNDP study of
1970 and re-assessing the groundwater resources of the entire country, in light of the new data,

studies, research, conducted since that time.

Table 5-1 Estimated Recharge to the Upper Litani Basin by Different Studies
Report Estimated Groundwater Recharge
(MCM)
UNDP 1970 220
DAI/BAMAS (2003 388
& 2005)
JICA (2003) 484
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6. CONCEPTUAL MODEL
OF THE STUDY AREA

This section presents the conceptual model of the Upper Litani Basin based on an assessment of
available data and information. The conceptual model development is the exercise that precedes the
numerical simulation (model run) and comprises the delineation of the model geometry (main
aquifers units and boundary conditions) and the parameterization of the model (data series and initial
hydraulic parameters). Due to the complexity of the hydrogeological system and limited available
data for some of the aquifer units, a simplified equivalent model representing only the Quaternary,

Neogene, and FEocene aquifers has been constructed for practical purposes.

Based on the adopted geometry of the aquifer and the available data, it is possible to develop

estimates of the magnitude of inflow and outflow within the basin.
6.1 MODEL GEOMETRY AND PARAMETERIZATION

The Model Geometry is mostly defined by the different layers that represent the modeled system.
These include the topography, the types of aquifer units (mainly the bottom to aquifers; thicknesses
of units subtracted from topography) in the study area, and the delineation of boundary conditions.
The main aquifer units in the Upper Litani Basin are listed in section 4, Hydrogeology. The
Quaternary, Neogene, and Eocene aquifers were represented in the model. as most of the
groundwater abstraction is from these three aquifers The detailed geological description of all of the

layers is found in Appendix A.

6.1.1 BOUNDARY CONDITIONS

Boundary conditions were delineated based on the extent of the Quaternary, Neogene, and Eocene
Aquifers. The boundary of these three aquifers is limited from the east and west to the flanks of the
mountainous structures, and from the north by a no flow boundary condition - the groundwater-
divide between the Litani and Orontes river basins. From the south the boundary was delineated by
the thinning of the Quaternary and Eocene Aquifers, at the contact with the outcropping Cretaceous
formations. The underlying boundary, Chekka Matl, does not transmit water and was considered to

be a no-flow boundary
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6.1.2GRID

The modeled area was represented by a 3D grid, where the grid size is 500m by 500m cell in the
horizontal direction and varies in the vertical direction based on the layer thickness. The grid was
rotated 27degrees from the north in the direction of the groundwater flow. The modeled area was

represented by 148 columns and 72 rows, with 2801 active cells.

6.1.3HYDROGEOLOGICAL PARAMETERS

The main parameters that were input into the model consist of data series and fixed physical

parameters as follows:

e Hydrogeological Parameters:
They consist mainly of Hydraulic Conductivities which are estimated based on the transmissivity
values for each aquifer and the aquifer thickness that is to be modeled (note that hydraulic
conductivity is equal to transmissivity divided by aquifer thickness). The initial values for hydraulic
conductivity were adjusted during the calibration phase of the model based on the groundwater head
distribution in a steady state condition. Values for Storativity and specific yield were adopted from
literature values (Johnson, 1967).

e Data Time Series:
Data time series consists of time series input data, such as annual recharge to aquifer (computed
based on percentage from precipitation), groundwater head distribution for calibration purposes,
annual averages of abstraction from pumping wells, and annual averages of discharge from springs in
spite of the scarcity of spring flow measurement data, especially for the monitored time interval.

Other time series included infiltration from rivers and irrigation return flows.

6.2 PRELIMINARY WATER BALANCE

Different hydrogeloglical studies of the Upper Litani River Basin resulted in different water balance
for the basin. The difference in the infiltration rate to the basin ranged from as low as 220
MCM/year in the UNDP 1970 study to 480 MCM/year based in the JICA (2003) report. The
following difference is attributed to the approach adopted for calculating the infiltration rate
especially due to the complexity in quantifying the recharge rate in the karstic systems.. The water
balance for the following model is based on the recent study done by ELARD 2012 for the UNDDP,
to assess the national groundwater system. In the study the water budget calculation and infiltration
rate to the aquifers is based on the conservation of mass, where Inflow to the system minus the

Outflow from the system should be equal to the change in storage.
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Inflow — Outflow = £AS

6.2.1 INFLOW

Inflow to the aquifer includes infiltration from precipitation (I) and other components that are
significant in the study area including irrigation return flow (RF); infiltration from the Litani River

and its tributaries (RI); and input or flux from other aquifers (Al).

Inflow =1 + RF + RI + Al

6.2.1.1 INFILTRATION

Based on the on-going UNDP study, conducted by ELARD (2013), to update the UNDP Study of
1970, the infiltration rate for the national groundwater basins are being updated, including the
Quaternary, Neogene, and Eocene Aquifers in the Upper Litani River Basin. . The on-going study is
based on a detailed investigation of the different water budget factors for the last four (4) years.
Based on the new study, the average value for the infiltration rate for the Quaternary and Neogene
was found to bel4 to 15%, with a total estimated infiltration of about 49.4 MCM for the hydrological
year 2010/2011. The infiltration rate for the Eocene aquifer in the Upper Litani Basin was divided
into two (2) sections, the western section (near Zahle) and the eastern section (near Joub Janine). The
infiltration rate for the western Eocene section was found to be 24%, while the infiltration rate for
the eastern Eocene section was found to be 57%. The change in infiltration rate for the Eocene is
attributed to the level of development of the karstic systems, slope, vegetation cover, and
undeveloped atea.. For the hydrological cycle 2010/2011, the total infiltration for the Eocene
aquifers was estimated at about 3.6 MCM in for the western basin, and 29.7 MCM/year for the

eastern section with a total infiltration of 33.3 MCM.
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Table 6-1 Infiltration Rate

Aquifer Infiltration Rate (%) Total Infiltration (MCM)
Quaternary/Neogene |5 494
Aquifer
Western Eocene 24 3.6
Aquifer
Eastern Eocene 57 29.7
Aquifer
Total 82.7

6.2.1.2 RETURN FLOW (RF)

The return flow (the excess water seeping from pumping)to the system will be considered as a
percentage of the water used for irrigation in the study area. Since the irrigation is usually done
during summer months when evapo-transpiration is high, the return flow is estimated to be 10% of

the abstraction from wells.

6.2.1.3 RIVER INFILTRATION (RI)

The Litani River acts to either recharge to the underlying aquifer system or receive discharge from
the aquifer systems, depending on which section of the Litani is being studied. There are no studies
that dissect the Litani River into sections where it acts as a “losing stream” (recharges the aquifer) or
as a “gaining stream” (is receiving discharge from the aquifer), but with the current abstraction rates
from the wells in the Upper Litani Basin and the drop in the groundwater levels, it is expected that
the Litani River is generally acting as a losing stream and recharging the underlying aquifer(s).
Accordingly, the Litani River and its tributaries were estimated to provide a net income to the aquifer
systems of 5% of the total discharge of the river. The cumulative discharge from the Litani River is
estimated to be 200 MCM/year. Therefore, the recharge from the river infiltration is estimated to be

in the range of 10 MCM/Yeat.

6.2.1.4 AQUIFER INTERACTION (Al)

The interaction between aquifers is limited to the mountain flanks, where there is a direct contact
between the Quaternary/Neogene/Eocene aquifers and the Cretaceous or Jurassic Aquifers. No
detailed studies have quantified groundwater flux from the bounding carbonate rock aquifers to the
Quaternary, Neogene and Eocene aquifers, and their recharge contribution to the Quaternary,

Neogene and Eocene aquifers was estimated for model calibration.

6.2.20UTFLOW
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The outflow includes abstraction from wells and spring flow as follows:

Outflow = Qs + Qw
Since the model only represents the Quaternary, Neogene, and Eocene aquifers; the outflow from
springs will be minimal and was not a consideration in the modeling. The Quaternary and Neogene
do not have major springs The springs emerging from the Eocene (as per the UNDP 1970 report)no
longer flow due to the drop in groundwater levels in the Eocene Aquifer on the east-central side of

the basin.

The only abstraction from the aquifer systems is from wells. According to a detailed survey of all
public and licensed private wells in the study area, 107 public wells, and 1102 private licensed wells
were surveyed in the study area. In addition to the licensed private wells, it is estimated that the
unlicensed wells may be 5 times more; however, no detailed studies were done to map the unlicensed
wells. The expected abstraction from wells was estimated to be in the range of 110 MCM/year

which was used as a benchmark when calibrating the model.
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/. MODEL CALIBRATION

7.1 STEADY STATE

The model was calibrated based on the November 2010 groundwater level measurements. The
calibration was done by adjusting the hydraulic conductivity, recharge from precipitation, and river-
aquifer interchange. During the calibration, an error of =5m was considered acceptable and the
calibration resulted in a root mean square error of 4.4m. Figure 7-1 shows the locations of
observation wells used in the calibrated model. The bar next to the wells indicates the error in each
well, a bar that is colored green indicates an error of less than 5m, while a bar that is yellow indicates
and error between 5 and 10m. The measured and computed heads for the used observation wells are

found in Appendix C.

The hydraulic conductivity ranged from a maximum of 10 m/day to minimum of 0.002 m/day and
Figure 7-2 shows the distribution of hydraulic conductivity values in the basin used in the model.
The hydraulic conductivity was highest in the southern part near Joub Jannine where the area is
mainly composed of the Eocene formation, while the hydraulic conductivity is lowest in the northern
section where the Neogene is present. The change in hydraulic conductivity is attributed to the
difference in lithology. The Neogene contains more matl than the Quaternary, and is more

compacted resulting in a lower hydraulic conductivity.

Three zones of recharge were delineated. The zones were based on the outcropping geological
formation where the Eocene, Neogene, and Quaternary Aquifers had respective values 0.0006
m?3/day, 0.0004m3/day, and 0.00025 m3/day respectively. The recharge rate is multiplied by the area

of each zone, and then multiplied by the number of days in the year to give the annual water budget

of MCM/year. Figure 7-3shows the distribution of the recharge rates in the modeled area.

The total river — aquifer interaction is estimated to be in the range of 10 MCM/year. Accordingly, the
river conductance was calibrated to reach the following value. The Litani River conductance was
modeled at 0.2 m3/day. The river recharges the groundwater in the upper section of the ULRB (at a
rate of 8.3 MCM/yr.) , while in the lower section of ULRB the river is being recharged by the
groundwater (at a rate of 14.5 MCM/yr.). Figure 7-4 shows the location of the Litani River and its

tributaries in the model.

The water budget for the steady state model is presented in Table 7—1. As per the simulated model

the abstraction from wells is expected to be around 112 MCM, while the total recharge from

34 GROUNDWATER MODELING WITHIN THE UPPER LITANI BASIN



precipitation to the system is expected to be 85 MCM. The income from other aquifers, such as

Jurassic and Cretaceous, is expected to be 24 MCM.

Table 7-1 Woater Balance for the Steady State Model

Source Input (MCM) Output (MCM) Total (MCM)
Wells 0.0 1123 -1123
River 1.7 18.7 707
Recharge 854 0.0 85.4
Return Flow 10.2 0.0 10.2
Aquifer 237 0.0 237
Interchange
Total 131.0 131.0 0.0
Computed Head (m asl) N
— 14100
= 1360.0 i %
= 13100
— 1260.0 .ﬁ{‘
1210.0 ‘
1160.0 ]
— 1110.0 ; b4

1060.0

LN

Figure 7-1 Generated Ground Water from Model and Error in Observation Wells
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Figure 7-4 Digitization of the Litani River and its Tributaries

7.2 TRANSIENT FLOW

The model was also calibrated in transient flow to depict the response of the model under variable
conditions and calibrate the values of specific storage and specific yield. The model was given the
starting head calculated upon steady state for November 2010. The model was run on a monthly
periods until May 2011 to simulate the effect of recharge and abstraction in different seasons. The
recharge was simulated from November until the end of Match. The abstraction/pumping was

estimated to be 10% in the wet/winter season and 90% in the dry/summer season.

Specific storage and specific yield were varied to check the model’s sensitivity to these parameters.
The literature values for specific storage ranges from 10-3m to 107 m''. The specific storage in the
model was changed to check the sensitivity of the model to this parameter. The specific storage in
the model was varied from 10-' m to 10 m", and the model had a minimal response to the change,
accordingly the specific storage was considered to be 10-4 m-!, which is an average value as reported

in Batu, V. (1998).

The model’s sensitivity to specific yield was also tested, where simulations with specific yield ranging

from 0.3 to 0.05 were conducted. The response of the model to the specific yield was also limited,
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where the water level barely changed. Accordingly the specific yield was given the literature value of

0.1.

The root mean square error in calibrating the transient model using the literature values for the
specific storage was achieved by dividing the abstraction between 10% in the wet/winter season, and
90% in the dry/summer season resulting in an RMS error of 7.9m. The following error is considered

acceptable due to the limited information.

7.3 SENSITIVITY ANALYSIS

The aim of the sensitivity analysis of a model is to track the affect of each parameter on the model
results. Each parameter was increased and decreased by 20% with respect to the values reached after
calibration in the steady state run. The parameters that were varied included: hydraulic conductivity,
recharge, and pumping rates. The reaction of the model was measured using the root mean square
error (RMSE) - the RMSE for the calibrated steady state was 4.42m which is taken as a bench mark

for comparing other values.

Table 7-2 shows the affect of each parameter on the model which was based on the RMSE. E.g., a
change in a parameter resulting in an error less than 10m was considered as a low affect parameter,
an RMSE error of 10 to 20 m was considered medium affect parameter, and an error above 20 m as
high affect parameter. Accordingly, the hydraulic conductivity has a medium affect, and the

pumping rate and recharge has a high affect.

Table 7-2 Parameters Used in the Sensitivity Analysis and the Response of the

Model

Parameter Range RMSE (m) - Increase in RMSE (m) - Effect of

20% Decrease in 20% Parameter
Hydraulic 10 — 0.002 11.28 17.03 Medium
Conductivity
(m/day)
Recharge 0.0006 — 0.00025 21.51 34.63 High
(m3/day)
Pumping Rate 110 - 250 4241 22.6 High
(m3/day)
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8. PROJECTIONS

The model was utilized to simulate historical groundwater levels (from the 1970’s) and projected

groundwater levels, based on four (4) different scenarios.

8.1 HISTORICAL WATER LEVELS - 1970

The historical water level trend of 1970 was reproduced using the model to simulate the water levels
in the 1970s. This simulation also aimed at assessing the water budget at that time (Table 10-1). Due
to the lack of data, and the inaccuracy in the water levels generated by the UNDP 1970, two (2) types
of controlling factors were used. The first was to simulate the groundwater level in the three
monitoring wells measured in the 1970s that are located in the north, eastern, and middle of the
model area. The second was to simulate the past measured discharge (1970) of the three springs in
the Eocene that have dried up since then. This would indicate that the groundwater levels generated
are close to the historical groundwater levels in the 1970’s. Figure 8-1 shows the location of the
wells and springs used for the calibration of the historical water levels. The wells used for the
calibration are located in the north (Quaternary Formation), the east (Eocene Formation), and the

middle (Neogene Formation) of the modeled area.

The 1970 model condition was reproduced by gradually decreasing the extraction rate from private
wells, while keeping the other parameters fixed (such as recharge, river/aquifer interchange, income
from other aquifers, etc). The model was considered to be matching the hydrological condition of
1970 when the difference between the observed and calculated water levels in the three observation
wells were less than 2 m, and the difference between the calculated discharge rates of the three
Eocene springs and those measured in the UNDP study of 1970 were within 20%. The matching
was achieved with a simulated total extraction rate of 36.7 MCM for 1970. In comparing the total
extraction rate obtained from the model that simulated the 1970 condition, with that of 2010 (110

MCM/yt.), a total increase of about of 200% is noted, with a yeatly average increase of 1.8%

The decrease in the extraction rate from wells also affected the river — aquifer interchange, due to an
increase in the water levels in the aquifer systems. The increase in water levels resulted in the Litani
River and its tributaries becoming a gaining river (i.e. the aquifer is recharging the river) . The

following would result in a higher base flows in the Litani River.

The change in the water levels between 1970 and 2010 was monitored in 13 observation points (wells)

in the model. The observation points were dispersed to be representative of the modeled area.

Figure 8-2 shows the location of the 13 points and Table 8-2 and Figure 8-3 indicate the amount
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of drawdown in each observation point, and Figure 8-4 is a map showing the change in water level
from 1970 till 2010. As the table and figure show, the drawdown in the aquifer system reached up to

40m from 1970 till 2010 with an average drawdown in the entire basin equal to 14m.

The maximum drawdown in the basin occurred along the north western boundary near Temnine and
along the north eastern boundary near Britel and Saraain. The following two areas were highly
affected due to the low hydraulic conductivity. The minimum drawdown occurred in the middle of
the basin, along the Litani River, and in the southern part of the modeled area. The limited
drawdown in middle of the basin is attributed to the presence of the Litani River which acts as a
stabilizing parameter for groundwater levels due to recharge. As for the southern section of the
study area, the drawdown was minimal due to the limited groundwater abstraction as the area is
supplied by the LRA through the Project Canal 900, in addition to wells supplying water from the

nearby Jurassic aquifer.

It should be noted that the projected groundwater levels are a first attempt to generate previous
water levels, the results are based on available data and reasonable assumptions, and additional data

and a more refined model would allow more accuracy.

Table 8-1 Woater Balance for the 1970 Model
Source Input (MCM) Output (MCM) Total (MCM)
Wells 0 36.7 -36.7
River 74 43.0 -35.6
Recharge 85.2 0 85.2
Return Flow 33 0 33
Springs 0 18.7 -18.7
Aquifer 237 0 237
Interchange
Storage 0 21.2 -21.2
Total 119.6 119.6 0
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Table 8-2 Computed Water Level in Observation Points in the Model Between
1970 and 2010

Source Computed WL 1970 (m) Computed WL 2010 (m) Drawdown in WL (1970 - 2010)
Kfar Dane 1044.5 1035.3 9.2
Douris 1068.0 1051.6 16.4
Chmistar  |185.7 1145.4 40.3
Britel 1020.5 1005.0 15.5
Ferzol 1226.1 1200.9 25.2
Rayak 935.9 920.0 15.9
Taanayel 8783 864.1 14.3
Kfarzabda 88l.1 869.0 12.0
Bar Elias 900.9 8925 83
Aouch

Nabi 9734 967.9 5.5
Qabb

Elias 873.6 866.2 74
Anjar 876.2 866.9 9.3
Mansoura 8672 862.5 48
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Figure 8-1
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8.2 PROJECTION OF WATER LEVELS -2030

The model was also utilized to project groundwater levels for the coming 20 years and to study the
affect of over pumping and global warming on the basin. Four scenarios were considered which
studied the affect of increase in extraction from wells due to urbanization and development of

agricultural land; and/or decrease in recharge due to global warming. The four (4) Scenarios are

presented in Table 8-3.

The first scenarios considered that in the coming 20 years groundwater extraction might increase by
10% or 0.55 MCM/yr increase (i.e. 0.5%/year) as a conservative value compared to the increase of
5%/ year from 1970 till 2010, while keeping the recharge at the same rate. The second scenatio
considered an increase of 30% (or 1.5%/year at a 1.65 MCM/yr increase) as an extreme value while
keeping the recharge the same. The third and fourth scenarios used the same change in extraction as
the first and second scenarios, but with a decrease in the recharge by 20% (0.85 MCM/yr) as an

extreme case of adverse global warming effects.

Table 8-3 Different Scenarios Used for Projection
Name Increase in Well extraction by 10% Increase in Well extraction by 30% in 20
in 20 Years Years
No Change in Scenario | Scenario 2
Recharge in the
coming 20 years
Decrease in Scenario 3 Scenario 4

Recharge by 20% in
the coming 20
years

For the purpose of assessing the results of the simulations, the water level and drawdown, in the

same 13 observation points were calculated.

The simulated water levels in the 13 observation points for the four (4) scenarios are presented in
Table 8—4. The relative drawdown were calculated by subtracting the simulated water level values to

the values of the steady state model simulated for the November 2010 and are presented in Table 8—

5.

The minimum drawdown between the scenarios was in the first scenario, while the maximum
drawdown was found in the fourth scenario. Nonetheless, both scenarios indicate a drastic decrease
in the water level, reaching up to 37 m of drawdown in some areas in the extreme scenario (i.e.,

scenario 4).

The maximum drawdown in the first scenario reached up to 27m (observation Ferzol), with a

minimum drawdown of 6m (observation Mansoura). The following, if incorporated with the
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seasonal fluctuations in the water level between dry and wet season (which ranges from 1 to 15m),
might result in a drop of up to 40m in water level in some areas along the northeastern and

northwestern boundaries, near highly populated areas such as Temnine and Britel.

Figure 8-3 shows the minimum drawdown (first scenario) in the 13 observation points selected. In
the first scenario the maximum drawdown was along the northeastern and northwestern sections of
the study area, where the drawdown ranged from 15 up to 25m, while the center of the model

indicated a drawdown of 10 to 15m.

The fourth scenario simulates the extreme drawdown in the water level. Figure 8-6 shows the
drawdown in the observation points in the fourth scenario. The maximum drawdown in the
observation points in the fourth scenario was in the northwestern section of the model reaching a
drop of 37m, and if seasonal fluctuations in water level are accounted for, the drawdown in the dry
season might reach up to 52m. The minimum drawdown was in the southern section and was equal

to 7m.
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Figure 7 Minimum Drawdown in Observation Points between 2010 and 2030
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Figure 8 Maximum Drawdown in Observation Points Between 2010 and 2030

The projected drawdown, will have significant impacts on the water resources of the Upper Litani
Basin. The Litani River will become an entirely losing stream, resulting in a lower flow and might
cause the river to dry completely in the dry season, while currently it flows in a low discharge in the
summer season. The water level in the southern section is also expected to drop, even in the most

conservative scenario, by at least 5m causing the Amiq Wet Land to dry completely.

A comparison between the historical and future projections of the drawdown in the water level is
plotted in Figure 8-7 through Figure 8-19 for the 13 observation points. The rate of increase in
drawdown for the coming years (i.e., 2010-2030) will be significantly higher than the past years (i.e.
1970 to 2010), as illustrated by the steep portion of the curve after 2010. Although the percent
increase in abstraction between 1970 and 2010 is higher as compared to the percent increase between
2010 and 2030, the aquifer systems post 2010 are not availing of recharge from the Litani River and

tributaries and are pumping from aquifer storage.
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Table 8-4 Computed Water Level in Observation Points in the Four Scenarios

Source Computed WL WL Scenario | WL Scenario 2 WL Scenario 3 WL Scenario 4
2010 (m) (m) (m) (m) (m)
Kfar Dane 1035.3 1014.8 1011.1 1012.9 1009.2
Douris 1051.6 1031.9 1028.0 1029.8 1025.8
Chmistar 11454 1119.6 I111.6 1116.6 1108.6
Britel 1005.0 984.4 980.7 982.0 9783
Ferzol 1200.9 1178.9 1173.6 1176.6 1171.3
Rayak 920.0 900.6 897.0 898.5 894.8
Taanayel 864.1 854.2 851.0 852.7 849.6
Kfarzabda 869.0 860.0 856.8 858.8 855.6
Bar Elias 892.5 882.1 878.9 880.8 877.6
Aouch
Nabi 967.9 960.9 958.7 959.8 9574
Qabb
Elias 866.2 859.3 8574 8584 856.4
Anjar 866.9 859.0 856.4 857.9 855.3
Mansoura 862.5 857.3 856.1 856.5 8553
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Table 8-5 Drawdown®* in Observation Points in the Four Scenarios of 2030

Source Drawdown in Drawdown in Drawdown in Drawdown in Difference
WL Scenario | WL Scenario 2 WL Scenario3 WL Scenario 4 Between Max and
(m) (m) (m) (m) Min

Kfar Dane 20.5 24.2 224 26.1 5.6

Douris 19.7 23.6 21.8 25.8 6.1

Chmistar 258 338 28.8 36.8 11

Britel 20.6 243 23 26.7 6.1

Ferzol 22 27.3 24.3 29.6 7.6

Rayak 19.4 23 21.5 25.2 5.8

Taanayel 9.9 13.1 1.4 14.5 4.6

Kfarzabda 9 12.2 10.2 13.4 4.4

Bar Elias 10.4 13.6 1.7 14.9 45

Aouch

Nabi 7 9.2 8.1 10.5 35

Qabb

Elias 6.9 8.8 7.8 9.8 29

Anjar 79 10.5 9 1.6 37

Mansoura 5.2 6.4 6 7.2 2

*Drawdown calculated by subtracting the simulated water level values by the calibrated values of Nov 2010
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Figure 8-5
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Figure 8-7 Historical and Projected Drawdown for Observation Kfar Dane

Douris

1120 Ground Elevation (m asl)
=
©
€ 1100
g ——1970 - 2010
3 1080
= =li—Scenario 1
-
g 1060 Scenario 2
-]
S 1040 Scenario 3
o
[} ==ie=Scenario 4

1020

1960 1970 1980 1990 2000 2010 2020 2030 2040
Time
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Figure 8-14 Historical and Projected Drawdown for Observation Kfarzabda
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Figure 8-19 Historical and Projected Drawdown for Observation Mansoura
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9. CONCLUSIONS &
RECOMMENDATIONS

Based on the model’s projection (past and future), the drawdown in groundwater levels from 1970 to
2010 ranged from 4.8m up to 40.3m with an average decrease of 14.2m over 40 years, at an average
rate of 0.35m/year. This decline in groundwater levels is expected to increase in the coming years as

more wells are being drilled and the only available water source to the area is from groundwater.

The generated model was used to predict the groundwater levels in 2030 when subject to the four
different scenarios, that simulate an increase in extraction rate, and a decrease in recharge rate. Based
on the results of the simulation, the groundwater resources within the upper Litani River Basin will

be subject to extreme stress and are being depleted at a rate that will be increasing through time.

In the most conservative scenario (scenario 1), which simulates an overall increase in extraction of

10 %, with the same recharge rate, the average drop in the water level in the system was14m, with a
maximum drawdown of 27 meters. In the most extreme scenario (scenario 4), with a decrease of 20 %
in recharge and an increase of 30 % in groundwater extraction, the predicted average drop in water

levels was estimated at about 19 m, with 2 maximum of about 37 meters

This initial model that was developed as part of the LRBMS program should be considered as a first
step for the simulation of groundwater flow and an initial estimate of the water balance in the Upper
Litani Basin. It demonstrates the overall continuous trend in the depletion of the groundwater
resources of the upper Litani River, irrespective of any scenario adopted. The model is well suited to
assist in taking major strategic decisions, however it should be revisited and refined for a better
accuracy required for it to be used in detailed planning and management of the water resources of
the upper Litani Basin. This would certainly require having a better grasp on the monitoring of its

resources with respect to recharge and discharge of the groundwater and surface water systems.

This would necessitate the improvement or establishment of a set of monitoring network that will
help in better assessing the resources. It should include but not limited to: spring discharge
monitoring, groundwater level monitoring, surface water flow and quality monitoring, water
extraction monitoring/or control the groundwater and surface water), and meteorological monitoring.
As part of the LRBMS program, IRG has initiated the establishment/improvement of this set of
monitoring networks by installing a number of water monitoring devices in several river gauging

stations and groundwater monitoring wells.
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As more data become available, the following are recommendations to enhance the accuracy of the

groundwater model:
e Model grid refinement to represent more detailed affects of pumping wells

e Refine estimates of evapotranspiration, recharge, interaction between aquifers, discharge

from springs, and river flow

e Increase of the frequency and coverage of groundwater level measurements to improve
the quality and resolution of potentiometric groundwater map on an annual or seasonal

basis.
e Investigation of the effect of excessive abstraction on the water quality in the basin.

e Build a 4 layer model when more data becomes available.
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APPENDIX A - GEOLOGICAL SETTING

The following section describes the geological characteristics available in the basin, in terms of
lithology and structural geology. The geological characteristics dictate the boundary conditions for

the model.

Formations ranging from Mid-]Jurassic to recent Quaternary deposits are exposed in the study area.
Figure 11-1 is a geological map (Dubertret L., 1949) showing the various geological units
outcropping in the Upper Litani Basin, while Figure 11-2(Dubertret L., 1949)presents two cross
sections along the NE-SW direction showing the extent of the geological formations below the

Quaternary Litani plain in the subsurface.

JURASSIC

The Jurassic formations span from Middle Jurassic to Late Jurassic. It cover an area of 122 km? of
the catchment area, out of which 3km? are Basalts and volcanic tuff, while 119 km2are composed
mainly of limestone rocks. The four (4) outcropping formations belonging to the Jurassic period are

described below.

KESROUAN FORMATION (J4)

The Kesrouan Formation is of Batholian age, it mainly outcrops at the flanks of Mount Lebanon
South West of the catchment area and in small patches North East of the study area along the flanks
of Anti-Lebanon. The Kesrouan Formation is composed of massive dolomitic limestone and
limestone that is highly karstified and contains some marly horizons. This formation is the oldest
exposed formation in Lebanon, and until now the exact thickness is still unknown, but it is expected

to be more than 1000m. The Kesrouan formation covers 116 km? of the catchment area.

CRETACEOUS

The Cretaceous formations span from Early Cretaceous to Late Cretaceous. The Cretaceous
formations cover an area of 633 km?in the catchment area, composed of sandstone, limestone, and
shale. The catchment area has six (6) outcropping formations of the Cretaceous period, they are

described below.

CHOUF SANDSTONE (CI)

The Chouf Sandstone formation is the base of the Cretaceous, and is exposed in small patches west
of the catchment area on the Mont Lebanon flanks and North East of the study area on the Anti-
Lebanon flanks. The Chouf sandstone is composed of cross-bedded or thin to thick bedded and
massive sandstone with intercalation of siltstone, clays and shales, and is highly jointed. The
ChoufSandstone reaches a maximum thickness of 75m in the study area. The Chouf Sandstone

covers 12 km? of the study area.
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ABIEH FORMATION (C2A)
The Abieh formation is of Barremian — Lower Aptian age, and is exposed in small patches west of
the catchment area on the Mont Lebanon flanks and North East of the study area on the Anti-
Lebanon flanks. The Abieh formation is composed of clastic limestone, thin to thick bedded jointed.
The Abieh formation reaches a maximum thickness of 50m in the study area. The Abieh formation

covers 6.6 km? of the study area.

MDAIRE) FORMATION (C2B)

The Mdairej formation is of Upper Aptian age, and is exposed in small patches west of the
catchment area on the Mont Lebanon flanks and North East of the study area on the Anti-Lebanon
flanks. The Mdairej formation is composed of stylolitics, partly dolomistised, medium to thick
bedded and massive, partly jointed and karstified. The Mdairej formation reaches a maximum

thickness of 50 m in the study area. The Mdairej formation covers 13.5 km? of the study area.

HAMMANA FORMATION (C3)

The Hammana formation is of Albian age, and is exposed in small patches west of the catchment
area on the Mont Lebanon flanks and South East of the study area on the Anti-Lebanon flanks. The
Hammana formation is composed calcareous shales interbeded with highly fossiliferous and clastic
limestone, thin to medium beds and jointed. The Hammana formation reaches a maximum thickness

of 50 m in the study area. The Hammana formation covers 15.2 km? of the study area.

SANNINE - MAAMELTEIN FORMATION (C4-C5)

The Sannine — Maameltein formation is of Cenomanian - Turonian age, and is outcrops along the
bottom of the Mont Lebanon flanks and Anti-Lebanon flanks. The Sannine — Maameltein formation
is composed well bedded limestone and dolomitic limestone with occasional calcareous shale
intercalation, marly horizons and marly limestone, highly jointed and karstified. The Sannine —
Maameltein formation reaches a maximum thickness of 700m in the study area. The Sannine —

Maameltein formation covers 517.5 km? of the study area.

CHEKKA FORMATION (C6)
The Chekka formation is of Senonien age, and outcrops North West of the catchment area on the
Mont Lebanon flanks and East of the study area on the Anti-Lebanon flanks. The Chekka formation
is composed of chalky marl, chalky marly limestone, and sometimes siliceous limestone, thin to
medium bedded, highly jointed. The Chekka formation reaches a maximum thickness of 50m in the

study area. The Chekka formation covers 65.8 km? of the study area.

TERTIARY AND QUATERNARY

The Tertiary and Quaternary formations span from Eocene to Recent deposits. The Tertiary and

Quaternary formations cover an area of 712 km?in the catchment area, composed of limestone,

GROUNDWATER MODELING WITHIN THE UPPER LITANI BASIN 6l



andalluvial/fluvial deposits. The catchment area has three (3) outcropping formations of the Tertiary

and Quaternary period, they are described below.

EOCENE FORMATION (E2A - E2B)

The Eocene formation is of Lutetian age, and mainly outcrops east of the catchment area on base of
Anti-Lebanon flanks, and North of the catchment area along the bottom of Mont Lebanon flanks.
The Eocene formation is divided into two section the Lower Eocene (e2a) and Upper Eocene (e2b).
The e2a is located on top of the Chekka Formation and is composed of marly limestone. The e2b
ovetlies the e2a and is composed of brecciated limestone. The Eocene formation reaches a maximum
thickness of 250 m in the study area. The e2a formation covers 42 km? of the catchment area; while

e2b covers 68 km? of the catchment area, with a total of 110 km?.

NEOGENE FORMATION (ML - MLI)

The Neogene formation is of Miocene and Pliocene epoch. The Neogene Formation underlies the
Quaternary deposits, which is also known as the Upper Miocene deposits. The Neogene Formation
outcrops on the west side near Chtaura and Chmistar, and on the northeast from Rayak to Baalbek,
in addition to small outcrops southwest of the basin. The Neogene Formation consists of
unconsolidated deposits of mainly sands and gravels with marls and lacustrine limestone, in addition
to lacustrine marls (continental succession). The Neogene formation reaches a maximum thickness

of 300 m in the study area. The Neogene formation covers 186.1 km? of the study area.

QUATERNARY DEPOSITS (Q)

The Quaternary unconsolidated deposits cover most of the Bekaa plain within the Litani River Basin.
In the center, the basin consists of a mixture gravels, sands, silts, and clay of various concentrations
depending on the areas. The Quaternary deposits reach a thickness of more than 400 m in the study

area. The Quaternary deposits cover 414 km? of the study area.
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Structurally the Upper Litani River catchment atea is bordered from the west by the main
Yammouneh Fault system and its associated highs: the Barouk-Niha range and the Sannine
Mountain. The beds forming those highs dip towards the Bekaa plain. Small-scale folds such as
anticlines and synclines in Hadath Baalbeck and Chlifa villages, at the foothills of those ranges,
plunge into the Bekaa valley below Quaternary deposits. Those structural elements mainly dictate
the groundwater flow direction in this aquifer, which is mainly in the direction of the general

inclination of beds.

From the east, the catchment is bordered by the main Rachayya and Hasbayya fault systems and their
associated Anti-Lebanon Range (Jabal El Cheikh and JaballLemnar). The general inclination of beds
on the western slopes of the Anti-Lebanon Mountains is towards the Bekaa valley, that is, towards
thewest. The general inclination and the structural elements in that area mainly dictate the

groundwater flow direction in this aquifer.

From the north, the catchment is bordered by a minor anticline forming a hill separating the

groundwater flow and surface drainage system. The anticline is trending in the east west direction.

Secondary faults trending in an E-W direction are also present in the study area. These faults act as
passageways for groundwater from the highlands or source areas to the lowlands, which is mainly the

Bekaa plain where outlets exist as springs and where the Quaternary deposits are being replenished.
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APPENDIX B-WELLS

The wells in the catchment area are divided into three categories: public wells, licensed private wells,
and unlicensed private wells. A field survey of all public wells and licensed private well was done as
part of an ongoing project for the national assessment of groundwater resources in the association
with the UNDP. The catchment area comprises 107 public wells and 2195 licensed private wells. The

number of unlicensed wells is not known and expected to be relatively important.

PUBLIC WELLS

The public wells in the area are either operated by local municipalities or the Bekaa Water
Establishment and water supply. Seven (7) wells are tapping into the Abeih Formation with a minor
discharge. Eleven wells are tapping the Jurassic Formation (J4), 40 wells are tapping into the Sannine
— Maameltien Formation (C4-C5), 21 wells are tapping the Upper Eocene Formation (e2b), six (6)

wells are tapping the Miocene Formation (mL), and 22 wells are tapping the Quaternary deposits (QQ).

Neither the municipalities nor the Bekaa Water Establishment have information about the exact
extraction rate for the public wells. The extraction volume was communicated by well operators,
estimated based on tank capacities, or estimated based on number of users multiplied by 180 1/day
which is the water usage per capita from the last estimate by the MoEW. The number of users is
calculated based on number of households connected to the water network (which was
communicated by the water establishments) and multiplied by four (4; the average household is

estimated to have 4 persons). Figure 11-3 displays the location of the public wells in the study area.

Table I1-1 Total Discharge(m3/day) from Public Wells Per Well and Per Aquifer
Aquifer Number of Wells  Average discharge (m3/day) Total discharge (m3/day)
J4 I 930 10,230
C2b 7 97 679
C4-C5 40 572 22,880
e2b 21 916 19,236
mL 6 373 2238
Q 22 426 9,372
Total 107 3314 64,635

PRIVATE WELLS

There are about 2195 private wells, based on the database of private wells provided by the Ministry
of Energy and Water (MoEW). After a field survey of all 2195 wells, 1093 wells appeared to be

registered under misplaced coordinates or were not originally drilled. Accordingly, a total of 1102
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operational licensed private wells exist on the study area. Those wells are tapping vatrious aquifer
units in the study area. The extraction rate for the surveyed private wells could not be calculated due

to lack of information. A lump-sum value will be given to the private wells.

The unlicensed wells in the area are spread all over the basin, and are mainly concentrated in the
northern part of the study area. The unlicensed wells are expected to be at least 5 times more than
the licensed wells and are expected to be condensed in the central part of the modeled area, and the
eastern and western flanks. Accordingly, both licensed and unlicensed private wells will be distributed

evenly for the middle and upper part of the modeled area to reduce the effect of lumped wells.
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APPENDIX C- MEASURED WATER LEVEL IN WELLS

Table 11-2 Coordinates of the Measured Observation Wells and Their Relative
Computed and Observed Water Levels

Name Easting Northing Measured Water Level Computed Water Difference
(m asl) Level (m asl) (m)
Obs 5 7844252 3764410 989.23 988.4178 0.8122
Obs 6 783794.5 3764776 1002.27 996.9386 5.3314
Obs 7 786990. 1 3760257 995.8 9978111 -2.0111
Obs 8 788358.7 3761862 1039.2 1034.226 4.974
Obs 9 787029.6 3762262 980 986.8691 -6.8691
Obs 11 776204.1 3756574 1166.99 1167.018 -0.028
Obs 12 775899.1 3756557 1186.17 1189.28 -3.11
Obs 14 786686.5 3757342 98591 989.0047 -3.0947
Obs I5 7844343 3757944 987.3 977.3552 9.9448
Obs 16 781663.9 3757883 954.85 958.7579 -3.9079
Obs 17 780876.3 3758954 993.1 996.5643 -3.4643
Obs 19 787796.1 3756976 992.97 992.401 | 0.5689
Obs 20 772652.7 3750444 917.78 915.7603 2.0197
Obs 21 773960.1 3752110 944.61 949.1981 -4.588l1
Obs 22 777158.8 3749126 892.5 889.9872 25128
Obs 23 778699.8 3749965 91047 900.9777 9.4923
Obs 24 7739213 3748475 8894 884.5467 4.8533
Obs 25 771626 3747908 875 8703217 4.6783
Obs 27 772496.9 3746399 875.25 870.1511 5.0989
Obs 29 769265.7 3747178 870.1 869.1792 0.9208
Obs 30 774565.6 3746264 867.15 871.408 -4.258
Obs 31 7738383 3746367 866.25 870.7875 -4.5375
Obs 32 773819.2 3745369 867.4 870.2098 -2.8098
Obs 33 776392.7 3745521 8724 8725162 -0.1162
Obs 34 776229.2 3747853 883.75 880.4971 3.2529
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Name Easting Northing Measured Water Level Computed Water Difference
(m asl) Level (m asl) (m)

Obs 35 766970.3 3739379 863.5 866.3451 -2.8451

Obs 37 768286.1 3738201 872.49 866.2449 6.2451

Obs 39 759324.1 3738408 869.58 865.6851 3.8949

Obs 40 761535.7 3737164 869.69 864.7883 49017

Obs 41 762528.7 3736914 864.29 864.7004 -0.4104
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APPENDIX D - COMPARISON BETWEEN WELLS SURVEYED IN 2010- 2011 AND WELLS USED FOR

CALIBRATION
Ground
Depth to Woater Depth to Ground Water
w Dept Water Level in | Level in Water Level | Level in
ell North | Easti | El h June/july 2011 June/july in June/july June/july 2010 Surface Aquife
ID | ing ng ev | (m) Town Survey 2011 Survey | 2010 Survey | Survey Formation | r Remarks
H2- | 33613 | 3582 | 10 Kamed el
6 35 075 10 303 | laouz 0 0 178.87 831.13 | Eocene Eocene | Not Used
C3- 3607 | 10 Siriine el
7 33.874 865 | 35 350 | Tahta 173.23 861.77 198.57 836.43 | Neogene Eocene | Not Used
F2- 33713 | 3589 | 87 Majdel
7 97 153 7 101 | Anjar 27.86 849.14 39.77 837.23 | Quaternary | Eocene | Not Used
G2- | 33.695 | 3587 | 87
I 53 12 0 85 | El Dakwe 21.83 848.17 32.74 837.26 | Quaternary | Eocene | Not Used
H2- | 33.627 | 3579 | 92
5 3 897 6 150 | Jibb Jinnine 59.03 866.97 70.48 839.55 | Eocene Eocene | Not Used
H2- | 33.627 | 3580 | 89 Kamed el
8 57 85 6 200 | laouz 44.05 851.95 55.7 840.3 | Eocene Eocene | Not Used
H2- | 33.650 | 3584 | 88
9 6 27 2 0 | Loucy 28.12 853.88 38.82 843.18 | Quaternary Eocene | Not Used
E2- 33.806 | 3599 | 89
6 68 31 9 150 | Terbol 23.36 875.64 548 844.2 | Eocene Eocene | Not Used
F2- 33.722 | 3590 | 87 Majdel
9 92 135 9 100 | Anjar 22.02 856.98 33.98 845.02 | Quaternary Eocene | Not Used
H2- | 33.651 | 3583 | 89
I I 468 3 150 | Loucy 0 0 42.75 850.25 | Eocene Eocene | Not Used
H2- | 33.625 | 3582 | 93 Kamed el
7 72 522 0 200 | laouz 66.67 863.33 78.61 851.39 | Eocene Eocene | Not Used
H2- | 33.649 | 3584 | 90
10 37 558 0 150 | Loucy 36.77 863.23 47.8 8522 | Eocene Eocene | Not Used
E2- 33813 | 3598 | 89
4 8 593 I 225 | Terbol 233 888.67 9.6 881.4 | Quaternary | Eocene | Used
C3- | 33865 | 3604 | 97 Ali el
I 52 585 5 300 | Nahri 55.46 919.54 75.24 899.76 | Neogene Eocene | Not Used
B2- | 33933 | 36.10| I0
I 38 732 | 40 600 | Talia 38.95 1001.05 62.55 97745 | Neogene Eocene | Not Used
A3- | 34012 | 36.19 | Il
5 3 445 | 06 152 | Baalback 38.76 1067.24 504 1055.6 | Eocene Eocene | Not Used
HI- | 33643 | 3572 | 95 Khirbit Miocen
7 18 777 4 0 | Qanafar 27.54 926.46 16.96 937.04 | Miocene e Not Used
D2- | 33865 | 36.02 | 95 Ali el Neogen
6 48 313 0 230 | Nahri 0 0 72.1 877.9 | Neogene e Not Used
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Ground

Depth to Water Depth to Ground Water
w Dept Woater Level in | Level in Woater Level | Level in
ell North | Easti | El | h June/july 2011 June/july in June/july June/July 2010 Surface Aquife
ID ing ng ev | (m) Town Survey 2011 Survey | 2010 Survey Survey Formation | r Remarks
C3- | 33875 | 36.06 | 98 Siriine el Neogen
2 63 613 2 0 | Tahta 30.37 951.63 32.09 949.91 | Neogene e Used
C2- | 33933 | 3603 | 99 Beit Neogen
6 6 86 5 70 | Chama 8.8l 986.19 13.9 981.1 | Neogene e Used
DI- | 33869 | 3594 | 99 Neogen
I 9 628 0 25 | Fourzol 9 98I 8.3 981.7 | Neogene e Not Used
C2- | 33917 | 36.10| 10 Neogen
3 52 085 | 46 90 | Sifri 51.93 994.07 60.09 985.91 | Neogene e Used
C3- | 33901 | 36.11 I Neogen
4 43 808 | 12 0 | El Khodr I11.64 1000.46 119.97 992.03 | Neogene e Not Used
C3- | 33913 | 36.11 10 Neogen
3 92 272 | 69 150 | El Khodr 75.5 993.5 76.03 992.97 | Neogene e Used
B2- | 33962 | 36.12 | 10 Neogen
4 23 398 | 54 80 | El Taibe 57.05 996.95 60.38 993.62 | Neogene e Not Used
B2- | 33.952 | 36.11 10 Neogen
6 2 533 | 45 60 | Britel 42.97 1002.03 42.6 1002.4 | Neogene e Not Used
B2- | 33.952 | 36.11 10 Neogen
6 2 533 | 45 60 | Britel 36.99 1008.01 42.6 1002.4 | Neogene e Not Used
A2- | 34011 | 3617 | 10 Neogen
I 08 317 | 80 150 | Baalback 35.07 1044.93 55.7 1024.3 | Neogene e Not Used
B2- | 33957 | 36.12| 10 Neogen
3 77 04 | 55 80 | Britel 28.89 1026.11 27.8 1027.2 | Neogene e Used
A2- | 34014 | 36.16 | 10 Neogen
2 I 943 | 66 100 | Baalback 25.24 1040.76 30.28 1035.72 | Neogene e Not Used
A2- | 34014 | 36.16 | 10 Neogen
3 82 443 | 6l 80 | Baalback 2047 1040.53 41.05 1059.95 | Neogene e Not Used
B3- 33922 | 36.13 I Haour Neogen
I 02 867 | 37 100 | Taala 0 0 398 1097.2 | Neogene e Used
Neogen
e-
Cl- | 33913 | 3598 | Il Neogene - Miocen
| 4 737 | 8l 0 | Qsarnaba 4.68 1176.32 14.01 1166.99 | Miocene e Used
Neogen
e-
Cl- | 33913 | 3598 | 12 Neogene - Miocen
2 33 407 | 29 0 | Qsarnaba 39.18 1189.82 52.83 1176.17 | Miocene e Used
F2- 33731 | 3589 | 87 Quater
5 18 138 6 0 | El Rawda 13.3 862.7 27.45 848.55 | Quaternary | nary Used
GIl- | 33.739 35.83 86 Tall el Quater
5 8 377 I 9.5 | akhdar 1.73 859.27 6.71 854.29 | Quaternary | nary Used
F2- 33.764 3587 | 86 Quater
2 57 935 0 10 | El Marj 1.31 858.69 23 857.7 | Quaternary | nary Used
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Ground

Depth to Water Depth to Ground Water
w Dept Woater Level in | Level in Woater Level | Level in
ell North | Easti | El | h June/July 2011 June/july in June/july June/July 2010 Surface Aquife
ID ing ng ev | (m) Town Survey 2011 Survey | 2010 Survey Survey Formation | r Remarks
H2- | 33.638 | 3577 | 87 Khirbit Quater
2 42 132 2 80 | Qanafar 10.22 861.78 9.68 862.32 | Quaternary nary Used
F2- 33.760 | 35.88 | 87 Quater
I 9 24 2 8 | El Marj 4.82 867.18 85 863.5 | Quaternary nary Used
E2- 33822 | 3595 | 88 Quater
2 08 863 2 50 | Dalhamiye 1.65 880.35 25.75 866.25 | Quaternary nary Used
E2- 33.820 | 3596 | 89 Quater
I 97 645 0 50 | Dalhamiye 3.85 886.15 22.85 867.15 | Quaternary | nary Used
E2- 33813 | 3595 | 88 Quater
3 I 812 7 45 | Dalhamiye 1.95 885.05 19.6 8674 | Quaternary | nary Used
HI- | 33.637 | 3575 | 87 Khirbit Quater
9 18 623 5 50 | Qanafar 2.57 87243 3 872 | Quaternary | nary Used
F2- 33749 | 3589 | 87 Quater
3 95 623 5 4.5 | El Rawda 2.06 872.94 251 87249 | Quaternary | nary Used
El- 33848 | 3593 | 92 Quater
5 53 165 4 180 | El Karak 0 0 50.3 873.8 | Quaternary | nary Not Used
D2- 33.846 35.99 92 Haouch Quater
2 07 533 0 130 | Hala 16 904 27.5 892.5 | Quaternary | nary Used
D2- | 33853 | 3601 | 93 Quater
3 22 223 0 125 | Rayyak 23.89 906.11 36.53 893.47 | Quaternary | nary Used
D2- | 33863 | 3598 | 90 Quater
I 92 51 3 25 | Ablah 3.3 899.87 493 898.07 | Quaternary | nary Not Used
C2- 33.923 36.04 95 Haouch el Quater
5 75 677 2 10 | Rafqa 5.78 946.22 7.15 944.85 | Quaternary | nary Used
C2- | 33923 | 36.07 | 99 Quater
4 55 672 5 55 | Sifri 1.1 983.9 24.7 970.3 | Quaternary nary Used
B2- | 33.966 | 36.09 | 99 Quater
7 52 592 8 95 | Hizzine 533 992.67 19.99 978.01 | Quaternary nary Not Used
B2- | 33961 | 36.10 | 10 Quater
5 73 617 | 20 80 | Britel 27.22 992.78 40 980 | Quaternary nary Used
BI- | 33981 | 3607 | 99 Quater
2 78 872 3 40 | Tarayya 4.04 988.96 8.38 989.23 | Quaternary nary Used
BI- | 33985 | 3607 | I0 Quater
3 25 202 | 08 0 | Hadath 25 1005.5 5.73 1002.27 | Quaternary nary Used
Quater
nary -
GIl- | 33.742 | 3582 | 86 Tall el Neogen
4 3 313 2 250 | akhdar 2.07 859.93 231 859.69 | Quaternary | e Used
Quater
nary -
El- 33832 | 3595 | 88 Neogen
4 15 237 5 215 | Maalaqa 0 245 860.5 | Quaternary | e Used
El- 33.836 35.93 89 125 | Zahle 0 29 864 | Quaternary Quater | Used
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Ground

Depth to Water Depth to Ground Water

w Dept Woater Level in | Level in Woater Level | Level in

ell North | Easti | El | h June/july 2011 June/july in June/july June/July 2010 Surface Aquife

ID ing ng ev | (m) Town Survey 2011 Survey | 2010 Survey Survey Formation | r Remarks

I 53 523 3 nary -
Neogen
e
Quater
nary -

El- 33.803 | 3594 | 87 Neogen

2 42 033 6 80 | Zahle 0 0 6.57 869.43 | Quaternary | e Used
Quater
nary -

El- 33.830 | 3590 | 9l Neogen

6 57 953 2 125 | Zahle 18.59 89341 41.9 870.1 | Quaternary | e Used
Quater
nary -

D2- | 33849 | 3601 | 93 Ali el Neogen

5 17 523 5 130 | Nabhri 51.42 883.58 62.2 872.8 | Quaternary | e Not Used
Quater
nary -

El- 33822 | 3594 | 89 Neogen

3 72 417 0 65 | Zahle 3 887 14.75 875.25 | Quaternary | e Used
Quater
nary -

D2- | 33841 | 3596 | 88 Neogen

7 05 018 7 85 | Fourzol 0 0 10.6 8764 | Quaternary | e Used
Quater
nary -

D2- | 33.851 36.02 | 95 Hayy el Neogen

4 05 735 2 140 | Fikani 48.61 903.39 53.15 898.85 | Quaternary | e Not Used
Quater
nary -

DI- | 33859 | 3594 | 93 Quaternary Neogen

2 12 71 3 120 | Fourzol 9.69 92331 15.22 917.78 | - Neogene e Used
Quater
nary -

BIl- 34010 | 36.06 10 Neogen

4 37 88 | 24 0 0 0 97.05 926.95 | Quaternary e Not Used
Quater
nary -

DI- | 33873 | 3596 | 96 Quaternary | Neogen

3 78 173 5 50 | Ablah 9.36 955.64 21.09 94391 | - Neogene e Used
Quater
nary -

Al- | 34.021 3608 | 10 Quaternary | Neogen

I 92 o013 | 13 0 | Saaide 1.75 1011.25 33.83 979.17 | - Neogene e Not Used
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Ground

Depth to Water Depth to Ground Water

w Dept Woater Level in | Level in Woater Level | Level in

ell North | Easti | El | h June/July 2011 June/july in June/july June/July 2010 Surface Aquife

ID ing ng ev | (m) Town Survey 2011 Survey | 2010 Survey Survey Formation | r Remarks
Quater
nary -

C2- | 33929 | 3608 | 10 Haouch Quaternary | Neogen

I 02 9I5| 14 120 | Sneid 20.25 993.75 322 981.8 | - Neogene e Not Used
Quater
nary -

BI- 33980 | 36.08 | 99 Quaternary | Neogen

I 83 52 0 0 | Hizzine 0 0 7.17 982.83 | - Neogene e Not Used
Quater
nary -

A2- | 34040 | 36.15 10 Quaternary Neogen

7 63 333 | 10 100 | laat 26.37 983.63 25.89 984.11 | - Neogene e Not Used
Quater
nary -

B2- 33943 | 36.10 10 Neogen

2 68 508 | 35 70 | Talia 38.25 996.75 39.2 995.8 | Quaternary | e Used
Quater
nary -

A2- | 34.031 36.15 10 Quaternary Neogen

6 6 oI5 | 22 0 | laat 15.06 1006.94 17.44 1004.56 | - Neogene e Not Used
Quater
nary -

C2- | 33918 | 3607 | 10 Quaternary Neogen

2 93 768 | 06 60 | Sifri 13.48 992.52 25.02 1004.8 | - Neogene e Used
Quater
nary -

A2- | 34.025 | 36.14 10 Haouch Quaternary Neogen

4 68 057 | 21 130 | tall safiye 3.38 1017.62 6.9 1014.1 | - Neogene e Not Used
Quater
nary -

A2- | 34.026 | 36.14 10 Haouch Quaternary Neogen

5 64 605 | 23 0 | tall safiye 2.36 1020.64 4.82 1019.18 | - Neogene e Not Used
Quater
nary/ or

H2- | 33.633 | 3578 | 86 Cenom

3 02 258 4 0 | Jibb Jinnine 13.5 850.5 26 838 | Quaternary | anian Not Used
Quater
nary/ or

HI- | 33.641 | 3575 | 87 Khirbit Cenom

10 23 643 7 0 | Qanafar 18.05 858.95 30.37 846.63 | Quaternary | anian Not Used
Quater

E2- 33834 | 3598 | 90 nary/ or

5 85 49 4 140 | Terbol 7.77 896.23 20.25 883.75 | Quaternary | Eocene | Used
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Ground

Depth to Water Depth to Ground Water
w Dept Woater Level in | Level in Woater Level | Level in
ell North | Easti | El | h June/july 2011 June/july in June/july June/July 2010 Surface Aquife
ID ing ng ev | (m) Town Survey 2011 Survey | 2010 Survey Survey Formation | r Remarks
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