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0 Executive Summary

This report presents preliminary results of hydrogeological investigations of
the Technical Cooperation (TC) Project Protection of Jeita Spring
(implemented by BGR and CDR) relevant for the site selection of wastewater
facilities in the Nahr el Kalb catchment (to be implemented by KfW and CDR
as well as other donor agencies).

Most important in this respect are the results of two tracer tests conducted in
April and August 2010. These tests show that mean groundwater flow velocity
in the saturated part of the aquifer system in the Nahr el Kalb catchment is
relatively fast (up to 800 m/h). Both tracer tests showed flow velocities in the
unsaturated zone of around 30-45 m/h. The tests proved that there is a direct
and fast hydrogeological connection between the initially proposed
wastewater treatment plant in Nahr es Salib and Jeita spring. Previous tracer
tests conducted at different places in the Nahr el Kalb catchment confirm
these results.

The main consequence of these investigations is that decentralized
wastewater treatment at locations in the river beds near the villages to be
serviced will pose a severe risk to the water supply of the Greater Beirut area,
based on Jeita spring, Kashkoush spring and several wells near those
springs. The same is valid for a centralized wastewater treatment at the coast
with wastewater conveyors constructed in the river beds. The risk of leakage
from those pipelines and subsequent infiltration of insufficiently treated
wastewater into the aquifer is very high and would most likely result in an
bacteriological contamination of the drinking water resources even worse than
it is now.

Based on these findings the TC project suggests to establish three main
wastewater schemes in the Keserwan part of the Nahr el Kalb catchment,
comprising :

Scheme 1 (Jeita, Shaile, Ballouneh, Daraya, Aajaltoun, Qleyyat, Rainfoun,
Ashkout and Faitroun): conveyance of untreated wastewater
largely by gravity to the coast at Zouk, construction of a WWTP at
Zouk (pumping needed in some parts of villages ~ 15%).

Scheme 2 (Kfar Debbiane): construction of collector lines to the currently
lowest point in the village, construction of a WWTP W of Kfar
Debbiane on the mountain ridge; conveyance by gravity; local
reuse of wastewater possible (requires pumping: > 150 m).

Scheme 3 (Mayrouba, Hrajel, Faraya): completion and repair/modification of
existing collector lines to the lowest point of the village;
establishment of WWTP there and reuse of treated WW (requires
pumping: ~200 m) or no treatment plant but construction of
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pipeline from Mayrouba to Faitroun; linkage with pipeline of
scheme 1 (requires pumping: 150 m).

The proposed schemes would keep untreated wastewater at topographically
high positions and thus reduce the pollution risk.

The areas most critical in terms of pollution risk for the Jeita spring are those
overlying the underground course of the Jeita cave. A preliminary high-risk
area has been delineated (later to be replaced by protection zone 2). Water
resources protection in this area is most important. Therefore wastewater
schemes in this area should have highest priority.

This pertains especially to the villages of Jeita, Shaile, Ballouneh, Aajaltoun,
Daraya, Raifoun and Qleyyat (scheme 1).
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1 Introduction

The work presented in this report was conducted in the framework of the
German-Lebanese Technical Cooperation project Protection of Jeita Spring.
The tracer tests were carried out and interpreted together with the Georg-
August University Goettingen, Department of Applied Geology.

The German-Lebanese Technical Cooperation (TC) Project Protection of Jeita
Spring is funded by a grant of the German Government (Ministry of Economic
Cooperation and development, BMZ). Its aim is to "reduce important risks for
the drinking water supply of Beirut through measures implemented in the Jeita
catchment". On the German side, the project is implemented by the Federal
Institute for Geosciences and Natural Resources (BGR). The project partners
on the Lebanese side are the Council for Development and Reconstruction
(CDR), the Ministry of Energy and Water (MoEW) and the Water
Establishment Beirut Mount Lebanon (WEBML). Important components of the
TC project are:

1. Integration of water resources protection aspects into the investment
planning and implementation process in the wastewater sector;

2. Integration of water resources protection aspects into landuse planning and
improved spring capture and water conveyance,;

3. Establishment of a monitoring system.

Further details to the TC project are laid down in Annex 1.

The TC project commenced on 17.07.2010. Its first phase will last until
31.05.2012.

In parallel to the Technical Cooperation Project "Protection of Jeita Spring" a
Financial Cooperation (FC) Project under the same name is implemented by
KfW on the German and CDR on the Lebanese side. This project is funded
by a loan of the German Government (BMZ). In the framework of this project,
wastewater collection and treatment facilities will be established in the Nahr el
Kalb catchment with the aim to reduce the pollution risk for the main source of
drinking water supply for Beirut, the Jeita spring. Currently three phases for
this project are planned with a financial volume of around 22.5 Mio EUR.
According to the current planning the FC project is likely to commence in
March 2011.

Both, the TC and the FC project will closely coordinate their activities to find
the best possible solution for wastewater collection and treatment in the Nahr
el Kalb catchment.
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Concerning component 1, important tasks of the TC project are to:

1. Support CDR and other institutions concerning the concept and
implementation of wastewater projects (location of WWTPs, design, collector
lines, effluent discharge locations) in the Nahr el Kalb catchment and

2. Support CDR in the preparation of EIAs for wastewater projects, with
regards to their impact on the water resources.

The intention of this report is to serve as a basis for decisions to be made by
CDR and KfW concerning the concept and implementation of wastewater
projects in the Nahr el Kalb catchment and to facilitate the work of the
consultant of the FC project in this respect.

Most environmental impact assessments (EIA) for wastewater facilities do
either not cover at all or insufficiently the issue of water resources protection,
even though they should be designed to do exactly that. Also many areas lack
a holistic approach and a clear concept for wastewater treatment. Often
neighboring areas are not considered because of political or sectarian issues.

The wastewater schemes the TC project proposes are based on a holistic
approach and look at the entire catchment. Their main aim is to provide
sufficient protection for the water resources used for drinking purposes not
only in the Greater Beirut area but also in the catchment itself. Therefore the
people living in the catchment should have an interest themselves to protect
"their" water resources.
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2 General Characteristics of and Data Sources
used for the Nahr el Kalb Catchment

2.1 Topography

The most current topographic maps date from 2005. The contour interval
commonly is 20 m and is therefore not suitable for establishing a digital
elevation model (DEM).

A preliminary DEM has been established, based on SRTM data (Shuttle
Radar Topography Mission, February 2000; http://www2.jpl.nasa.gov/srtm/)
with approx. 90 m * 90 m grid raster. This DEM (Figure 1) was e.g. used to
delineate the surface water catchment area of Jeita spring using ArcGIS and
to make initial proposals to KfW for WW facility site selection in 2008.

Another DEM wused by the project is the ASTER GDEM (Advanced
Spaceborne Thermal Emission and Reflection Radar; launched by NASA in
1999; http://www.gdem.aster.ersdac.or.jp/) with a horizontal resolution of 30 m
* 30 m. However, despite the higher ground resolution, evaluations of the
ASTER GDEM show a lower accuracy compared to the SRTM DEM
(JACOBSEN, 2010).

Currently new, more precise topographic data are acquired using the
TerraSAR-X (launched on June 15, 2007) — TanDEM-X (launched on June
21, 2010) radar satellites (http://www.dIr.de/eo/en/). BGR has applied to
obtain and use these data for the entire project area. The new DEM will have
a horizontal resolution of approx. 12 m * 12 m with a vertical accuracy of
around 2 m. The new data would, among others, enable the project to
determine the snow-water equivalent (SWE), thereby allowing an improved
estimation of groundwater recharge and facilitate the establishment of a
hydrological model. It is currently unknown when the new DEM will be ready
for use. Due to its more accurate elevation this DEM could also be used to
make a pre-planning of WW facilities in the Nahr el Kalb catchment.

Figure 2. exhibits the slope angle (gradient), derived from the SRTM DEM.
Both, the DEM and the slope angle could be used for preliminary WW facility
planning.

The map projection most widely used in Lebanon is:

Lambert conformal conic (Levant Lambert Zone or Syrian North Lambert
Zone; in ArcGIS: Deir ez Zor Syria Levant, type 2). This projection was

introduced by the French army for mapping of the Middle East. The ellipsoid
used is: CLARK 1880 (IGN).

This map projection will be used in all maps prepared by the project together
with geographic grid reference (DMS lat/long) or UTM Zone 36N.
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2.2 Climate

There are only few reliable meteorological assessments for Lebanon. The
most trustworthy appears to be that prepared by the Hydro-Agricultural
Development Project for South Lebanon, prepared in 1973 in the framework
of UNDP and FAO assistance to the Litani River Authority (LRA). It covers the
period 1939 to 1970.

Currently there are only four stations in or near the Nahr el Kalb catchment
(at: Kaslik, Hemlaya, Faqra, Qartaba; Figure 3). The TC project will establish
another 6 stations (Table 1) so that rainfall distribution maps would become
more reliable in the future, which will allow a more exact hydrological
modelling. The new network will also cover snow fall and snow height
measurements. The new stations are scheduled to be installed until June
2011.

Rainfall reaches from 900 mm/a at the coast to probably up to around
2,000 mm/a on the mountain plateau. According to the UNDP/FAO rainfall
distribution map (Figure 4) average rainfall in the Nahr el Kalb catchment is
1,500 mm/a.

It is intended to transfer responsibility for the management of the new
meteorological station to the National Meteorological Service.

Table 1: Proposed Meteorological Stations of Jeita Project

Name E N Alt Parameters

Full Weather Station W1 | 35.840144° | 33.965300° 2425 Precipitation

/ LBC Antenna Air temperature
Wind velocity
Wind direction
Relative humidity
Global radiation
Barometric pressure
Snow height

Rainfall Gauge R1/ 35.680333° | 33.957428° 800 Precipitation

Antonine International Air temperature

School (AIS)

Rainfall Gauge R2 / Mar | 35.801642° | 33.941925° 1275 Precipitation

Sassine Monastery, Air temperature

Baskinta

Rainfall Gauge R3 / Kfar | 35.771154° | 33.986143° 1285 Precipitation

Debbiane Air temperature

municipality

Rainfall Gauge R4 / Dour | 35.708116° | 33.909213° 1263 Precipitation

Choueir water storage Air temperature

cistern

Rainfall Gauge R5 /| 35.83437° | 34.02580° 1562 Precipitation

Chabrouch Dam Air temperature
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BG Bundesanstalt fur German-Lebanese Technical Cooperation Project

Geowissenschaften : ; .
M ammmm. und Rohstoffe Protection of Jeita Spring

Site Selection for Wastewater Facilities in the Nahr el Kalb Catchment
General Recommendations from the Perspective of Groundwater Resources Protection

2.3 Geology

The geology of the area has been mapped in the 1940s by French geologists
(DUBERTRET 1955; Figure 6). This old map does not show all geological
subunits of the Jurassic and Cretaceous and is not precise enough. A new
geological mapping by the project is currently underway in the greater Nahr el
Kalb catchment with the aim to present all geological units and subunits on
the new map. At the same time tectonic features and karst features will be
mapped. Based on the new geological map and additional geophysical
soundings, structure contour maps for the main aquifer units are aimed to be
prepared.

Both, the Cretaceous and the Jurassic limestones are highly karstified. The
Jurassic, which is more karstified than the Cretaceous, is exposed in the
lower part of the Jeita surface water catchment.

The standard lithostratigraphy used in Lebanon is shown in Figure 5.
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WALLEY, 2001)

page 12



¢] obed

auoysacu||
BMSTRL [UBPUBTLIOH R P00
- UEING|E D UEIUDMEE HESEINT) 4T

SUBSPUES ‘|

BUSPUES ‘BUCIS)FS
‘suctsARD ‘sumsai) {uendy) 2o

suopsaau pue pew uzeal (usgp) £

SO SaLL)| {UEILun | =umuBLoua) ¢

DuUOEw A
pue suoksauy (uRiLaInL) 5o

1ESEG JSSEM

(

GG61 13d1838aNQA woyy pejdope) jnileg jesys
ot b

deyy [eo1bojoas) :9 ainbi

UONJ08]01d S8DIN0SBY IBJEMPUNOIS) JO BAIJ08dSISd BY} WOJ) SUOIIEPUBLILLIOIBY [BISUSS)
JUBWIYDIED glEY| (8 JYEN BU) Ul SONI|IDe JSJEMBISEAN JO) UOIOBISS BYIS

buldg eyar jo uonosjold
J08f01d uonesadoo) [edluyds ] 9sdUBGST-UBWISS)

SYUOVELOE PUN Tl

:ﬂh_ esUTERpUng =un



BG Bundesanstalt fur German-Lebanese Technical Cooperation Project

e E:;";Eﬁ:tgﬁg‘a“e” Protection of Jeita Spring

Site Selection for Wastewater Facilities in the Nahr el Kalb Catchment
General Recommendations from the Perspective of Groundwater Resources Protection

2.4 Hydrology

Surface water runoff is currently monitored by Litani River Authority at four
locations in the Nahr el Kalb catchment (blue symbols in Figure 7). The
locations of those stations are not ideal and profiles, if ever existing, have
never been cleaned over the past few years. The TC project aims to establish
three new stations for continuous monitoring of water level and will establish
correlation (rating) curves for runoff determination.

The TC project aims to determine where losses in streamflow occur along the
Nahr es Salib/Nahr el Kalb by means of dilution tests.

Figure 7: Existing (blue) and Planned (green) Surface Water Gauging Stations

2.5 Hydrogeology

Based on the spring discharge measurements of the Jeita spring documented
in the UNDP/MHER (1972) report 'Jeita — the famous karst spring of
Lebanon', ACE (1988) and other related reports, the discharge of Jeita spring
is assumed to be in the order of 160 MCM/a (80 — 290 MCM/a; Figure 8).
During the water years 1966/67 — 1973/74 (the only time period for which flow
records are available) monthly average discharge varied between 0.9 and
29.5 m3/s. End of the relatively dry year 2010 (end of November) a discharge
of 1.0 m?*'s was recorded by the BGR project (first significant rainfall/snow on
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December 6, 2010). Highest discharge recorded until now reached 80 m3/s on
February 21, 2011.

It is difficult to assess the level of accuracy of the previous flow records since
it is not mentioned how exactly flow was measured. Under current conditions
it is fairly difficult to measure flow continuously because of the lack of a
suitable section or a well designed and calibrated weir where flow could be
measured. It is strongly recommended to install a structure for
measuring spring discharge. This would allow to more correctly assess the
total flow of Jeita spring and address management options. Presently only
less than one third of spring discharge can be used. Also much of spring
discharge from Kashkoush spring is not being used.

Currently the project assesses flow of Jeita spring by means of continuous
water level recordings (using an InSitu TROLL 9500 multiparameter probe
with pressure transducer) at a fixed station, located 480 m upstream of the
boat mooring (started beginning of August 2010). In order to correlate water
level with flow, uranine dilution tests are conducted on average every two
weeks. This is done in a similar way at all major springs in the Nahr el Kalb
catchment: Jeita-Daraya tunnel (end of explored part of the Jeita cave;
Figure 10), Kashkoush (Figure 11), Nabeh al Assal and Nabeh al Labbane.
Water level responds immediately, i.e. within a few hours, to rainfall events at
Daraya and Kashkoush.

In the upstream direction the Jeita cave has been explored to the Daraya
tunnel. Flow at this location is assumed to be less than at Jeita. It is therefore
inferred that Jeita spring receives some contribution between Daraya and
Jeita from the northeast (Ballouneh, Aajaltoun, Raifoun, Qleyyat). This needs
to be confirmed by dilution tests all along Jeita cave between Daraya and
Jeita.

The mechanism of groundwater discharge from the Cretaceous aquifer is not
yet fully understood. There are two main springs discharging from the
Cretaceous, Nabeh al Assal and Nabeh al Labbane. While Nabeh al Labbane
dries up at the end of the dry season (in 2010 at the beginning of September),
flow at Nabeh al Assal is more constant (approx. around 6 MCM/a). It is
assumed that there is a considerable amount of direct leakage through the
Lower Cretaceous aquitard to the Jurassic aquifer because discharge of those
two springs is relatively low. Compared to Assal spring, the lower temperature
at Labbane spring indicates that its recharge area must be on average slightly
higher than that of the former. This will be verified by isotope analyses.

The extent of the groundwater contribution zone to the Jeita spring has yet to
be determined. Until now it is assumed that it might be similar to the surface
water catchment of the Nahr el Kalb (Figure 6) but probably extending beyond
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it to the north and east, while the area to the south of Nahr el Kalb probably
contributes to Kashkoush spring.

Correlation Rainfall - Discharge Jeita 60

350 2500
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Figure 8: Average Annual Discharge of Jeita Spring during Water Year
1966/67 — 1973/74 correlated with Rainfall at Qleyyat (1070 m asl)
(modified after ACE, 1988)
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Figure 9: Monthly Average Discharge of Jeita Spring during Water Year
1966/67 — 1973/74
(modified after ACE, 1988)
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Jeita - Water Level
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Figure 10: Water Level Fluctuations and Measured Spring Discharge in the
Jeita Grotto
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Figure 11: Water Level Fluctuations at Kashkoush Spring and Rainfall at
Beirut Airport
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2.6 Pollution Risk

Various mappings of hazards to groundwater have been undertaken over the
past two decades:

- Bahzad HAKIM (1993)

- Mark SAADEH (1994)

- Lina ABD EL NOUR (1998)
- AVSI (2009)

Besides wastewater, which is by far the most serious environmental threat,
important hazards to groundwater are:

- uncontrolled waste dumping
- leakages of hydrocarbons from gas stations and fuel tanks for generators
- animal farms and

- quarries.

The project aims to update and improve the inventory of hazards to
groundwater and assess the risk of groundwater contamination (Figure 12).

3  Current Planning for Wastewater Facilities

One part of the above mentioned project is to provide assistance to the
Council for Development and Reconstruction (CDR), as one of the partners of
BGR, as well as other relevant national institutions or donor agencies, among
others the main German implementing agency for financial cooperation, the
KfW Entwicklungsbank (KfW), the European Investment Bank (EIB) and the
Italian Protocol, concerning the site searching for wastewater collection and
treatment facilities in the groundwater contribution zone of the Jeita spring,
herein referred to as the project area.

In this report we are focusing on the wastewater facilities to be implemented
by CDR and KfW in the Financial Cooperation (FC) project also called
Protection of Jeita spring. The first two phases of the FC project Protection of
Jeita spring have already jointly been agreed upon, a third phase is currently
negotiated.

In the framework of this FC project wastewater treatment plants and collector
lines will be established in the project area. The project is scheduled to
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commence at the beginning of 2011. A consultant will carry out the detailed
planning for the related facilities.

The current planning (BCT, 2008; KfW, 2008a, 2008b; Figure 14, Table 1)
foresees three phases during which this project will be implemented (total
duration 43 months; KfW, 2010):

1% phase (10/2010-12/2014):

First stage of a modular biological wastewater treatment plant (WWTP) and
completion of the partially already completed secondary and tertiary
(household) collector lines for the village of Jeita (5,000 inhabitants). The
serviced area would cover 70% of the population of the village. Reuse of
treated wastewater and sludge reuse are optional. According to current
planning the WWTP would be located at the former hydroelectric power plant
Hashash (Figure 13). The outcropping geological units in this area are the J6
(limestone), covered to the west by C1 (sandstone). The capacity of the first
stage of the WWTP would be 480 m3/d.

4 3
proposed ‘Nﬁ.ﬁ.fileita = former Hachache \
Va

-
{ric power plant oil tanks

hydroe

orchards

~ .

i

ot
river
underpass

. W
—t1
e Ex_Kashkoush-spring S5
&
Kachkoush
monitaring
station Kachkoush
spring

0 100 m

-

Figure 13: Proposed location of Jeita WWTP, also showing Jeita-Dbaye water
conveyor and Kashkoush spring with water conveyor
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2" phase (10/2010-12/2014):

First stage of wastewater treatment plant Kfar Debbiane, primary, secondary
and tertiary collector lines for the village of Kfar Debbiane (10,000-15,000
inhabitants). [the high variation of the number of inhabitants is related to
summer and winter tourism]

The proposed location of the WWTP would be SW of Kfar Debbiane and E of
Daraya, in Nahr es Salib (Figure 15). The outcropping geological unit in this
area is the J4 (limestone). The capacity of the first stage of this WWTP would
be 2,600 m3/d.

"n.'__ 0 r
3 > ’
WWTP  Kfar-Deabbians {uraning)

LRA surface

.
water moniloring ~
station
WWTP ifisldar Debbians

Google

0 100 m

Figure 15: Location of WWTP-2 Kfar Debbbiane and injection site 1 (uranine)

3" phase (10/2010-12/2014):

Second stage of wastewater treatment plant Kfar Debbiane, primary,
secondary and tertiary collector lines for the villages of Kleyyat (5,000-15,000
inhabitants) and Daraya (2,000 inhabitants); decentralized wastewater
treatment measures in the villages of Bgaatouta (2,000 inhabitants), Bogaata
(1,500 inhabitants) and Kfartai (1,500 inhabitants).

page 23



BG Bundesanstalt fur German-Lebanese Technical Cooperation Project

Geowissenschaften ; : .
M ammmm. und Rohstoffe Protection of Jeita Spring

Site Selection for Wastewater Facilities in the Nahr el Kalb Catchment
General Recommendations from the Perspective of Groundwater Resources Protection

The WWTP of the first phase of the KfW project, destined for the village of
Jeita, is planned to be located downstream of Jeita spring and can therefore
not have an impact on the Jeita spring. This site is herein referred to as
WWTP-1. The currently proposed location is near the former Harache
hydroelectric power plant, adjacent to Nahr el Kalb (Figure 13). This plant was
established in the 1950s. The Kashkkoush spring, also providing raw water for
drinking purposes to the Dbaye treatment plant is located to the south of the
river (400 m W of Jeita spring). The catchment of this spring has recently
been improved (Gibb Cons./Kuwait Fund) so that now the water of the
Kashkoush spring is diverted into the canal leading from Jeita to Dbaye.

Currently six drinking water supply wells (Kashkoush wells) are located next
to Kashkoush spring. These wells are artesian during the rainy season.

The proposed WWTP-1 could have an impact on the water supply insofar as
during certain times water from Jeita and Kashkoush is released into Nahr el
Kalb and then again collected further downstream at the Mokhada dam.
Furthermore there is fairly little space to safely establish a WWTP without
putting the water supply at risk. The Water Establishment therefore opposes
the plan to establish a WWTP near the former Hachache hydroelectric power
plant.

The WWTP of the second phase of the KfW project, destined for the villages
of Kfar Debbiane, Kleyyat and Daraya, is planned to be located near the
confluence between hysic Salib and Nahr el Hardoun (Figures 15 and 16).
This site is herein referred to as WWTP-2. The effluent of this WWTP would
be discharged into the surface water, either into Nahr el Kalb or hysic Salib
(tributary of Nahr el Kalb). There are three options for this effluent discharge
(Figure 17):

Option 1: effluent discharge immediately downstream of the WWTP;

Option 2: effluent discharge at the confluence of hysic Salib and Nahr el
Hardoun (pipeline 1 in Figure 16: 1.9 km);

Option 3: effluent discharge downstream of Jeita spring, e.g. at the Hachache
hydroelectric power plant or further downstream (pipeline 2 in Figure 17: 8.2
km).
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Figure 16: Proposed location of WWTP-2 Kfar Debbiane and tracer injection
site 1
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Figure 17: Options of effluent discharge from WWTP-2 Kfar Debbiane
(WWTP-2 is located at option-1)

Tracer Tests 1 and 2 focused on determining the suitability of the then
envisaged sites. However, based on the results of the hydrogeological
investigations other options will need to be pursued. Therefore the current
report not only documents the results of these investigations but also lists
some of those options from the perspective of groundwater protection.

Option 3 is not feasible because the Nahr el Kalb is already a declared
protection zone and would destroy the natural environmental habitat, apart
from being overly costly.

4 Wastewater Master Plan

The overall objective of (ground-)water resources protection in a (ground-)-
water catchment area, which is the objective of both, the TC and the FC
project, can only be achieved if all individual sources of wastewater in the
catchment area are covered by wastewater schemes so that no wastewater-
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related pollution risks remain. Due to the high degree of karstification, the
rapid infiltration and the very fast travel times in the groundwater contribution
zone of the Jeita and Kashkoush springs, wastewater pollution risks for all
water sources used for drinking water supply in the entire groundwater
catchment must be addressed. Because of the complexity of the matter it is
suggested to prepare a wastewater master plan.

The wastewater master plan needs to provide all required base data and
information concerning wastewater management in a catchment, by

- specifying the amounts of wastewater available at present and in the
future (planning horizon), including their seasonal and spatial variability
as well as their hysic-chemical composition;

- providing feasible options for wastewater schemes;

- establishing (investment) priorities concerning wastewater facilities (in
order to minimize pollution risks; highest pollution risks first);

- addressing the issue of wastewater reuse (where, when, acceptability);

- addressing the issue of sludge management (feasibility and
acceptability); and

- integrating environmental protection and conservation aspects, among
others the need for water resources protection.

The purpose of the wastewater master plan is to help decision-makers taking
the right investment decisions. The wastewater master plan has to integrate
all other landuse planning aspects which might affect it, such as future
infrastructure projects, residential, commercial and industrial zones and
extensions thereof, mining areas, as well as nature or water protection or
conservation zones. By adopting such an integrated wastewater planning in
an entire catchment area investment needs in the wastewater sector can best
be prioritized and overall investment costs be reduced.

It is emphasized that there may be considerable differences between the
extent of the surface water catchment and the groundwater catchment (herein
referred to as the groundwater contribution zone).

The objective of both, the TC and the FC projects “Protection of Jeita Spring”,
is to protect the drinking water resources of the Greater Beirut area in the
Nahr el Kalb catchment. These are covered by the:

- Jeita spring (33°56'37.17°N, 35°38'30.78”E);
- Kashkoush spring (33°56‘33.98°N, 35°3820.45°E);
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- (currently) 11 wells in the Nahr el Kalb Valley near Jeita and Kashkoush
springs; and

- (currently) 3 wells near the Mokhthada diversion station (33°56'43.93"N,
35°37°23.80”E; approx. 1.9 km downstream of Jeita spring).

The groundwater contribution zones of those sources have not yet been
determined, however preliminary results of investigations conducted thus far
indicate that:

The groundwater contribution zone of the Jeita spring probably extends over
the northern part of the Nahr el Kalb surface water catchment and possibly
beyond said zone to the north and east. The TC project will try to confirm this
hypothesis by means of tracer tests.

The groundwater contribution of the Kashkoush spring probably extends over
the southern part of the Nahr el Kalb surface water catchment area. The TC
project will conduct tracer tests to confirm this hypothesis. Since Kashkoush
spring provides up to 25% of the water supply of the Greater Beirut area, it is
included in the investigations of the TC project.

The (currently) five wells near Jeita spring are drilled to up to 200 m into the
J4 horizon of the Jurassic. It is assumed that the related groundwater
contribution zone is more or less identical with that of Jeita spring.

The (currently) six wells near Kashkoush spring are drilled to up to 200 m into
the J6 horizon of the Jurassic. It is assumed that the related groundwater
contribution zone is more or less identical with that of Kashkoush spring.
During the rainy season these wells become artesian.

Currently three wells near the Mokhtada diversion station are used for
drinking water supply. They are drilled to depths of up to m and exploit the C4
aquifer of the Cretaceous.

Another important water source in this context is the Faouar Antelias spring
(33°54’34.03"N, 35°36'41.18”E). Since 2009, water from this spring is
conveyed to the Dbaye drinking water treatment plant. The extent of the
Faouar Antelias groundwater contribution zone is currently unknown. It is
assumed that is covers part of the southern surface water catchment (Metn
side) of the Nahr el Kalb. If this hypothesis is confirmed, it might be included
in the work of the TC project. Faouar Antelias spring currently contributes up
to around 20% of the water supply of the Greater Beirut area. The spring
emerges from the J4 aquifer of the Jurassic.

It is suggested to draft the wastewater master plan in cooperation with the
Ministry of Energy and Water (MoEW), the Water Establishment Beirut and
Mount Lebanon (WEBML), the Department of Landuse Planning (under the
Ministry of Public Works) and the municipalities in the catchment.
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5

Selection Criteria for Wastewater Facilities in
Karst Areas

Generally a number of selection criteria need to be considered in the site
selection and design of wastewater facilities. They have to encompass all
components of the facilities, namely the collector lines, the treatment plant
and the discharge facility. A comprehensive wastewater management plan
needs to address the following issues:

Wastewater management in those areas which cannot be serviced by
the planned wastewater facilities;

Sludge management; and
Wastewater reuse.

The special conditions in the Mount Lebanon area are highly problematic with
respect to water resources protection. Problems especially arise from
elevated risks associated with :

landslide and rockfall formation;

soil stability;

tectonic movements and earthquakes;
open karst, i.e. direct infiltration and;

high degree of karstification, i.e. rapid infiltration and fast flow in
unsaturated and saturated zone;

flooding.

A matrix of criteria suggested by the TC project Protection of Jeita Spring to
be used for site selection and design of wastewater facilities in the Nahr el
Kalb catchment and elsewhere in Lebanon is attached as ANNEX 2.

The matrix is divided into :

General criteria;
Geological and hydrogeological criteria; and
Cost related criteria.
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6 Aspects to be covered by the BGR-Project
Protection of Jeita Spring

According to the operational plan and the agreement with CDR and KfW, the
involvement of BGR in the selection and design process for wastewater
facilities will focus on all relevant geological and hydrogeological aspects.

Those are:

Table 3: Aspects to be covered by the TC-Project and Means of Investigation

Issue Means Subject of investigation
Geology, DEM, geological rock type, dip direction/angle:
tectonics, karst | mapping, - suitability of underground as a
features mapping of tectonic geological barrier (— reuse areas),
existing faults, - landslide risk
direction/dip of faults, - rockfall risk
mapping of karst - risk of vertical/horizontal movements
features/degree of causing rupture of WW conveyor lines
karstification or damages to WWTP structures (sites
on active faults bear an elevated risk of
damage)
Hydrogeology | Tracer tests, hydrological | - GW flow direction, flow velocity in
model, water balance, saturated zone (travel time/path; — GW
DEM, geological vulnerability, pollution risk)
structure contour maps - thickness of unsaturated zone, travel
(top/base of geol. Units), | time through unsaturated zone (— GW
maps of GW vulnerability | vulnerability, pollution risk)
and GW hazards, - infiltration, GW recharge (— GW
delineation of GW vulnerability, pollution risk)
protection zones - GW vulnerability
- GW hazard inventory/map
(wastewater and other hazards)
- assessment of pollution risks
- GW protection needs (— delineation
of protection zones)
Hydrology DEM, meteorological - risk of flooding

stations, surface water
runoff stations,
hydrological model (flow
accumulation)

Those investigations are underway and will be completed at the end of the
first phase of the TC project. It must therefore be clearly stated that not all
results of the BGR investigations (TC project) will be immediately available for
the selection and design process for wastewater facilities, needed for the first
and second phase of the KTW/CDR FC project. A close coordination of the TC
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project with CDR, KfW and the FC consultant concerning the FC project is
therefore needed.

Most of the above-mentioned investigations are also required for the EIAs of
the WW facilities.

In order to proceed with the FC project in a timely manner, the TC project will
have to work with scientifically based assumptions, sometimes using worst-
case scenarios.

Issues, which cannot be addressed by the BGR project but should be covered
by the KFW/CDR consultant are:

Table 4: Aspects to be covered by the KIW/CDR Consultant and Means of
Investigation

Issue Means Subiject of investigation

Earthquake analysis of previous - likelihood to affect the facilities (sites

probability earthquake events near zones with high probability of
(location, depth, earthquakes bear an elevated risk of
strength/effect), DEM damage)

Stability of geotechnical study (e.g. | unstable underground (e.g. landslide

geological using cone penetration material or alluvium) may need special

underground tests/CPT), DEM foundation

Also some tracer tests would have to be conducted by the KfW/CDR
consultant, if required, e.g. the tracer test proposed for Kfar Debbiane.

7  Preliminary Results of Hydrogeological
Investigations conducted by the TC-Project

Three groundwater tracer tests have thus far been conducted and some more
are planned, in order to determine:

- the flow velocities in the unsaturated zone of the Cretaceous and
Jurassic rock units

- the groundwater flow velocities in both, the Cretaceous and Jurassic
aquifers

- the flow path and connectivity in both, the Cretaceous and Jurassic
aquifers

- the hydraulic connection between the Cretaceous and Jurassic aquifer

- the role of prominent karst features (dolines, sinkholes)

- the role of prominent tectonic features (major fault zones)

- the seasonal variability of flow velocities and flow paths
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- the groundwater contribution zone to the main springs (equivalent to
protection zone 3)

Details concerning tracer tests 1 (1A and 1B) and 2 (2A and 2B) are laid down
in the technical reports prepared together with the University of Goettingen
(Annexes 3 and 4). The results of tracer test 3 (injection of 15 kg Ns-
naphthionate and 10 kg uranine on November 13, 2010, in the Khenchara
sinkhole: 35.740971° E / 33.915956° N) are not included in this report and will
be documented in a separate report.

7.1  Summary of Tracer Test 1

7.1.1 Objective of Tracer Test 1

The objective of tracer test 1 was to determine the suitability of the proposed
location for WWTP-2 (near Deir Chamra; compare chapter 3). Effluent
discharge options 1 and 2 have been investigated within the framework of
tracer test 1.

The purpose of tracer test 1 was to:

¢ determine whether there is a hydraulic connection between the effluent
discharge points (options 1 and 2) and Jeita spring and/or Kashkoush
spring;

e determine the flow velocity between the effluent discharge points
(options 1 and 2) and Jeita spring and/or Kashkoush spring;

e determine the flow velocities in the saturated and unsaturated zones;

e determine restitution of tracer (which gives an indication about possible
losses of tracer or flow along the flowpath);

e determination of amounts of flow at different points along the possible
flow path (in this case at Jeita Grotto and at Daraya tunnel/siphon
terminale; which give an indication about possible gains or losses of
flow along the flowpath).

The layout of tracer test 1 is documented in Figure 18.
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7.1.2 Injection Sites

The tracer injection sites were located as close as possible to effluent
discharge points, option 1 (injection site 1, Test 1A-1) and option 2 (injection
site 2, Test 1A-2).

Table 5: Characteristics of Injection Sites

Site East North Altitu | Remark
Coordina | Coordina | de
te te [m
[geograp | [geograp | asl]
hic hic
WGS84] | WGS84]
1-— 35.72076 | 33.95396 | 571 Preexisting hole:
WWTP 3.7 — 7 m depth
-2 5—-14 m length
effluent 6.2 m width
dischar Holding capacity approx.:
ge 210 m?
option
1
2 - 35.71466 | 33.94356 | 525 Hole prepared by project:
WWTP 3.9
-2 depth
effluent 3. 9
dischar length
ge 3. 19
option width
2 Holding capacity approx.:
12 m?

Injection site 1, Test 1A-1 (Figure 19)

5,000 g of uranine (MKT) was injected on 19-APR-2010, 12:11 p.m.

Flushing: 40 m*® immediately after injection of tracer, 20 m® 20 h later (20-
APR-2010, 08:00 a.m.).

Injection site 2, Test 1A-2 (Figures 20 and 21)

5,000 g of amidorhodamine G (=sulphorhodamine G; ORCO) was injected on
22-APR-2010, 03:59 p.m.

Flushing: 40 m?® immediately after injection of tracer.
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Both substances have no negative toxicological impact on human health.
Amounts detected at the monitoring sites (maximum 1.7 ppb) were well below

the limit of visibility (30 ppb).

Figure 19: Injection site 1, Test 1A-1 (during injection of uranine)
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Figure 20: Injection site 2, Test 1A-2 (before preparation of site)
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Figure 21: Injection site 2, Test 1A-2 (during injection of amidorhodamine G)
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Tracer test 1B was conducted between Daraya tunnel (seen monitoring
stations, below) and Jeita (+500). On 28-APR-2010 11:42 424 g of uranine
(MKT) was injected.

7.1.3 Monitoring Sites

Table 6: Characteristics of Monitoring Sites

Site East North Altitude Remark
Coordinate Coordinate [m asl]
[geographic [geographic
WGS84] WGS84]
1 — Daraya 35.69080 33.95142 ~ 140 end of weir @
tunnel/siphon gallows
terminal
2 — Jeita 35.64858 33.94616 ~ 65 500 m
Grotto upstream of
entrance
3 — Kashkoush | 35.63783 33.94397 ~ 55 control room
spring @ ladder, 165
m downstream
of spring
4 — Nahr el 35.64285 33.94324 60 river 20 m
Kalb upstream
pumping
station

Monitoring site 1

After near-vertical passage through the unsaturated zone, flow in the
saturated zone was assumed to be directed in westerly direction towards Jeita
spring. The nearest place to the injection site where groundwater can
currently be monitored is the so-called ‘siphon terminal’. It can be accessed
from the ‘Daraya tunnel’ (described in HAKIM et al. (1988); Figure 22). The
siphon terminal marks the eastern endpoint of the explored flow path in the
Jeita Grotto (Figure 18). This monitoring location is referred to in this report as
‘Daraya tunnel’.

An Albillia GGUN FL30 fluorometer with optics I, Il and V (Figure 23) was
permanently installed at the end of the discharge monitoring weir (Figure 24)
on 15-04-2010, 02:44 p.m. Data acquisition interval was set to 2 minutes. The
recovery of recorded data from this station was 100%.
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Figure 22: Daraya tunnel leading to siphon terminal, the endpoint of the
explored part of Jeita Grotto

(O fluorometer; @ water level logger)
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Figure 23: Albillia GGUN FL30 fluorometer used for detection of tracers
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Figure 24: Monitoring of tracers at monitoring site 1 (siphon terminal / Daraya
tunnel) with mobile Albillia fluorometer GGUN FL30

Monitoring site 2

The explored flow path in the Jeita Grotto (Figure 18) finally leads to the Jeita
spring. This entire flow path is 5,600 m long. At 500 m from the emergence of
the Jeita spring, some 200 m east of the point until where touristic visits are
allowed, another Albillia GGUN FL30 fluorometer with optics I, Il and V was
permanently installed in the center of a 6 m wide section on 18-04-2010,
10:44 a.m. (Figure 25). Data acquisition interval was set to 2 minutes. Due to
the failure of the CF data-card the recovery of recorded data from this station
was incomplete (see below).

Manual samples were taken from 20-04-2010, 15:00 to 27-04-2010, 10:00 at
a time interval of 1 hour.
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Fluorometer

Figure 25: Monitoring of tracers at monitoring site 2 (Jeita Grotto) with mobile
Albillia fluorometer GGUN FL30

Monitoring site 3

When preparing the concept for tracer test 1, it was assumed that another
possible flow path from either of the injection sites might lead towards
Kashkoush spring (Figure 26), located some 350 m downstream of Jeita
spring. The monitoring site is located in the control room, which is 165 m
NNW of the spring itself.

An Albillia GGUN FL30 fluorometer with optics I, Il and Ill was permanently
installed in the control room of the spring, on the northern side of a 2 m wide
section on 22-04-2010, 10:11 a.m. Data acquisition interval was set to 2
minutes. The fluorometer was taken out on 27-04-2010, 07:02 a.m. to
measure discharge at Nabeh al Assal, Nabeh al Labban and to measure the
tracer content of the manual sample. During the monitoring period, recovery
of recorded data from this station was 100%. The fluorometer was put back in
position on 30-04-2010, 09:22 a.m. and recordings were continued at
2 minute intervals until 05-05-2010, 01:42 p.m.
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Manual samples were taken at Kashkoush spring (near radar sensor in
control room) from 20-04-2010, 15:00 to 27-04-2010, 10:00 at a time interval

of 1 hour.

WWTP-2_option:3

mio ruh:l"'lru:l_!‘i.a

- -
Jeita spring

ailsy s

monilaring _.‘J.:'| hr ‘el H:al[:-gi‘_: Jaita

0 200 m

Figure 26: Location of monitoring site 3, Kashkoush spring

Monitoring site 4
Monitoring of the surface water at Nahr el Kalb is also important because,

especially during high flow periods, part of the discharge from the
groundwater system might occur as seepage in the lower Nahr el Kalb valley,

near Jeita Grotto.

Therefore manual samples were taken from 20-04-2010, 15:00 to 27-04-2010,
10:00 at a time interval of 1 hour in Nahr el Kalb, 20 m upstream of the
pumping station of WEBML (Figure 26). There was no influence from inflow of
Jeita spring water into Nahr el Kalb at this location.
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7.1.4 Results

From Test 1A-1, the injection of uranine at the proposed WWTP-2, the tracer
uranine arrived at monitoring stations Daraya and Jeita (Figure 27) but not at
Kashkoush. There are indications for an arrival of the tracer at Nahr el Kalb,
however at low concentrations, which due to the high turbidity are not
unambiguous. Test 1A-1 proved a direct hydrogeological connection between
this location and Jeita spring (Annex 3). Although not all tracer arrived,
probably due to the design of the injection point (injection in alluvial sediments
of unknown thickness), this test shows that if treated wastewater would be
discharged at this point it would arrive at Jeita spring. In case treatment is
incomplete or wastewater must be bypassed for any reason, this would result
in a severe contamination of Jeita spring so that the situation would be even
worse than it is now.

Test 1A-2, injection of amidorhodamine G at Abu Mizane, was not successful.
No arrival of tracer substance was recorded at any of the monitoring stations.
The reason probably is the choice of injection site in alluvial sediments which
are probably too thick and clayey and did not allow a quick infiltration of the
tracer and percolation to the aquifer. It was intended to repeat this test.
However, this could not be done until now.

For the above reason it is strictly recommended not to construct a WWTP at
the intended location. In case the options of constructing a pipeline from the
proposed WWTP-2 in Nahr el Kalb (options 1 or 2) are pursued it is advised to
repeat Test 1A-2 (Abu Mizane) through the CDR/KfW consultant.

Table 7: Summary of Tracer Test 1A-1, Injection of Uranine at the Proposed
WWTP-2

Daraya Jeita Jeita
(+500) (boat mooring)
fluorometer manual samples
Flow (m?h) 3.6 5.6 5.6
distance from point of 2700 7500 8000
injection (m)
first arrival 44 50 51
(hours after injection)
mean arrival 56 - 62
(hours after injection)
peak arrival 59 64 64
(hours after injection)
restitution (%) 13 incomplete records 14
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Figure 27: Tracer Test 1: Breakthrough Curves of Uranine Tracer Monitored
at Daraya Tunnel, Jeita (+500 = automatic), Jeita (touristic entrance =

manual)

Tracer Test 1B, injection of uranine at the end of the explored part of Jeita
cave, at Daraya tunnel, showed a fast passage of groundwater in the
saturated zone. Mean travel time between both points was 5 h 46 min
(Figure 28). Mean flow velocity in the unsaturated zone thus was 630 m/h.
Later tests conducted between those two points show that this travel time is
highly varying throughout the year:

Table 8: Tracer Tests Conducted between Daraya Tunnel and Jeita

. Mean Travel Mean Flow Tracer &

Date & Time Flow (m?/s) Time (h:min) | Velocity (m/h) | amount (g)
28-APR-2010 6.0 6:16 630 Uranine (424 )
10-AUG-2010 1.7 11:10 354 Uranine (7)
17-AUG-2010 1.76 11:12 353 Uranine (10)
30-AUG-2010 1.43 11:29 344 Uranine (7)
24-NOV-2010 1.03 17:42 223 Uranine (10)
13-JAN-2011 34 7:14 546 Uranine (20)
31-JAN-2011 18.8 2:49 1882 Uranine (50)
02-FEB-2011 8.7 4:39 1140 Uranine (50)
04-FEB-2011 8.4 4:24 1205 Uranine (50)
06-FEB-2011 7.1 4:15 1247 Uranine (50)
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. Mean Travel Mean Flow Tracer &

Date & Time Flow (m?s) Time (h:min) Velocity (m/h) | amount (g)
09-FEB-2011 52 4:55 1078 Uranine (30)
17-FEB-2011 8.4 3:50 1383 Uranine (60)
20-FEB-2011 6.1 4:38 1144 Uranine (30)
21-FEB-2011 76 2:44 Uranine (100)
22-FEB-2011 15.9 4:12 1262 Uranine (60)
27-FEB-2011 255 2:47 1904 Uranine (100)
28-FEB-2011 19.9 3:04 1728 Uranine (55.84)
01-MAR-2011 14.8 3:14 1639 Uranine (51.75)

Min 1.0 2:47 223

Max 25.5 17:42 1904

The incomplete recovery of injected mass during Test 1B might indicate that
part of the groundwater encountered at Daraya does not go to Jeita but takes
another pathway. This hypothesis is, however, not supported by the flow
measurements, which seem to indicate that flow is gained on the pathway
from Daraya to Jeita. In order to solve this riddle, flow measurements and
small tracer tests will be done along the flow path during the low flow period.

Table 9: Summary of Tracer Test 1B, Injection of Uranine at Daraya Tunnel

Jeita
(+500)
fluorometer
flow (m3/h) 5.6
distance from point of 3950
injection (m)
first arrival 5:30
(hours after injection)
mean arrival 5:46
(hours after injection)
peak arrival 5:42
(hours after injection)
restitution (%) 51
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Tracer Test 1b

injected mass: 424 g

uranine [ppb]

mean: 630 m/h

:“, distance: 3,950 m
*
* o
* .
. .
arrival - *
first: 330 min ¢
peak: 372 min 3 .
mean: 376 min -
¢ .
flow velocity - restitution: 51%
first: 718 m/h - hd
peak: 637 m/h .
*
.
.
*
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s
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Figure 28: Breakthrough Curve of Tracer Test 1B

The arrival of uranine in Nahr el Kalb could indicate that (at certain times)
some water leaves Jeita Grotto and enters Nahr el Kalb by an unknown

pathway.

Detailed results of tracer tests 1A-1, 1A-2 and 1B are laid down in ANNEX 3.

7.2 Summary of Tracer Test 2

7.2.1 Injection Sites
The overall layout of tracer test 2 is shown in Figure 32. Three individual

tracer tests were conducted during this test:

Table 10: Injection Sites of Tracer Test 2

Site East North Altitude Remark
Coordinate Coordinate [m asl]
[geographic [geographic
WGS84] WGS84]
1 — Aajaltoun, | 35.70003 33.96811 853 Dug hole in
fault zone alluvial
(Test 2A-1) sediments:
1.5 m depth
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Site East North Altitude Remark
Coordinate Coordinate [m asl]
[geographic [geographic
WGS84] WGS84]
3 m length
3 m width
Holding
capacity
approx.:
10 m®
2 — Ballouneh, | 35.67094 33.95063 652 Preexisting
cess pit hole (cess pit
(Test 2A-2) for new
house):
3 m depth
20 m length
3-4 m width
3 — Aagjaltoun 35.68468 33.95321 654 Sinkhole
Valley (mapped by
(Test 2B), SCL)
sinkhole Ras
el Astar near
housing
project

Injection site 1, Test 2A-1 (Figures 29)

9,233 g of uranine (MKT) and 9,084 g of Na-naphthionate (MKT) were
injected on 02-AUG-2010, 12:50.

Flushing: 60 m?® of water immediately after injection of tracer over approx. 75
minutes.

Injection site 2, Test 2A-2 (Figures 30)

5,749 g of amidorhodamine G (ORCOQO) was injected on 02-AUG-2010, 14:40.
Flushing: 60 m® of water immediately after injection of tracer over approx. 75
minutes.

Injection site 3, Test 2B (Figures 31)

5,000 g of amidorhodamine G (ORCO) and Na-naphthionate (MKT) were
injected on 20-AUG-2010, 11:40.

Flushing: 60 m® of water immediately after injection of tracer over approx. 75
minutes.
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Figure 29: Injection of Uranine during Test 2A-1 near Aajaltoun
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Figure 30: Injection of Amidorhodamine G during Test 2A-2 in Ballouneh
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Figure 31: Injection of Amidorhodamine G and Na-Naphthionate in a Sinkhole
(Ras el Astar) during Test 2B near the Aajaltoun Valley Housing Project
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7.2.2 Monitoring Sites

Table 11: Characteristics of Monitoring Sites

Site East North Altitude Remark
Coordinate Coordinate [m asl]
[geographic [geographic
WGS84] WGS84]
1 — Daraya 35.69080 33.95142 ~ 140 end of weir @
tunnel/siphon gallows
terminal
2 — Jeita 35.64858 33.94616 ~ 65 500 m
Grotto upstream of
entrance
3 — Kashkoush | 35.63783 33.94397 ~ 55 control room
spring @ ladder, 165
m downstream
of spring

For details of the monitoring sites compare Chapter 7.1.3 (Test 1). During
Test 2A two fluorometers were installed at Daraya (instruments 526 and 532),
two at Jeita (+ 500; instruments 525 and 533 on platform 1) and one at
Kashkoush (instrument 531). For Test 2B instrument 526 was moved on 18-
AUG-2010 to Jeita (+0 = touristic entrance). During Test 2A manual samples
were taken at time intervals of 1 hour at all three sites. Monitoring was
discontinued on 01-SEP-2010.

7.2.3 Results

Test 2A and 2B were conducted during the low flow period. No rain occurred
during the monitoring period.

No tracer arrived at any of the three monitoring stations from injection sites
2A-1 and 2A-2. This, however, does not mean that there is no hydrogeological
connection between the injection and the monitoring sites. The negative result
is attributed to the extreme low flow conditions.

On the other hand Test 2B was successful. Both tracer substances arrived at
Jeita (+500) after 16 h 40 min (first arrival). Test 2B thus proves a direct and
fast hydrogeological connection of the Ras el Astar sinkhole to the Jeita
spring. The Ras el Astar sinkhole is located approximately 240 m north of the
trace line of the Jeita cave projected to the land surface and some 500 m
downstream of the Daraya tunnel.
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On 10-AUG-2010 a small tracer test between Daraya and Jeita was
conducted. It showed, at a flow of 1.7 m3/s, a mean travel time of 11:10 h,
resulting in a mean flow velocity of 354 m/h. With approximately 10 h 30 min
travel time in the saturated zone (flow velovity in the upper part of the Jeita
cave is higher than in its lower part), travel time in the unsaturated zone must
thus be around 5 h during Test 2B.

Detailed results of tracer tests 2A-1, 2A-2 and 2B are laid down in ANNEX 4.

8 Previous Tracer Tests

Previous to the tracer tests conducted by the TC-project, two tracer tests were
carried out in the Nahr el Kalb catchment.

8.1 Tracer Tests at Mayrouba

These tests were carried out between 1913 and 1923 in the upper part of the
Jeita catchment in order to find out what share of the water discharging from
the springs in the Cretaceous aquifer, Nabeh al Assal and Labban, infiltrates
into the Jurassic aquifer. It was anticipated that when water from these
springs was transferred to aqueducts supplying the villages in the upper part
of the catchment, the amount available at Jeita spring might significantly
decrease. These tests are documented in KARKABI (2009). The first tracer
test had been conducted on September 6", 1913 by Dr. Guiges from the
French faculty of medicine. However documentation to this test has not yet
been found. A second test was conducted on September 30", 1913, when the
amount of 20 kg uranine was released into Nahr es Salib (unknown location)
by the 'concession'. The document reviewed by KARKABI (2009) indicates
that the result was 'negative’. A third tracer test was conducted on November
6™, 1913, when the amount of 30 kg of uranine had been injected at Nabeh al
Maghara in Mayrouba. Injection took place in Nahr es Salib near Mayrouba
(exact location not mentioned) at 7 a.m. Water samples from Jeita spring
were analyzed only for 25 hours (15 min intervals). The tracer, however,
appeared (according to oral communication) on the morning of November 12"
1913, i.e. about 6 days after injection (exact first arrival time unclear).

On September 3, 1923, 43.6 kg of uranine was injected at 6 locations near
Mayrouba, scattered over a stretch of 300 m along Nahr es Salib, which had
been identified as places where losses in discharge occurred in or near the
river. First reappearance of the tracer was noticed at 2 a.m. on September
10”‘, 1923, and remained visible until September 19", Total restitution was
given as 75%.
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A comparable tracer test should be conducted for wastewater scheme 3,
Mayrouba — Hrajel — Faraya (Chapter 9).

8.2 Tracer Tests at Siphon Terminal and Perte du Nahr es
Salib

Altogether three tracer tests were conducted in the 1960 and early 1970s, as
documented in HAKIM et al. (1988).

Two tracer tests have been conducted in July and September 1965,
respectively, in the explored part of the Jeita Grotto to find out whether there
are gains or losses along the course of the 'underground river'. During each of
these tests 5 kg of uranine was injected at siphon terminal and at 2800 m
upstream of Jeita spring, respectively. The result of this test had been
negative, i.e. no gains or losses could be identified. First arrival of tracer was
noticed 18 hours after injection.

A third tracer test had been carried out by means of injection of 5 kg of
uranine at 300 m to the NNE of the confluence of Nahr el Salib and Nahr el
Hardoun, thereafter forming Nahr el Kalb (148240 E, 224700 N, elevation:
440 m; Deir ez Zor, Syrian Levant 2) on July 12rd, 1971. This location is
called perte de Nahr es Salib or perte de Deir Chamra. It had been noticed
that during summer water completely infiltrated into Nahr es Salib at this
location. Flow at the location of injection was 100 I/s, while discharge at Jeita
spring was 2940 I/s. The straight line distance between these two points is
6150 m.

First reappearance or uranine was noticed on July 25", 0:30 a.m., i.e. 29
hours and 30 minutes after injection. Water analyses were, however, done at
rather long time intervals of 8 hours, only. Restitution was calculated as 24%.
However, tracer restitution might be reduced because part of the tracer
solution did not infiltrate at this location but was flowing into Nahr el Kalb.
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9 Proposed Options for Wastewater Facilities

The current results of the hydrogeological investigations show that

- there is a direct hydrogeological link between Nahr es Salib and Jeita
spring;
- groundwater moves very fast in the cave system (saturated zone);

- two thirds or more of the flow of Jeita spring come from the cave
system east of Daraya;

- one third or less of the flow of Jeita spring enters the cave between
Daraya (Jeita +4,800 m) and Jeita +500 m;

- infiltration in the unsaturated zone can be very fast, especially through
sinkholes and where the high degree of karstification is high at the land
surface;

- pollution risk therefore appears to be very high in the area over the
cave system (projected from the trace line to the land surface) and
approximately 500 m to each side (buffer zone); here measures to
reduce the pollution risk should have a high priority with immediate
effect;

- seasonal variations of flow velocities are high.

Concerning the planning of wastewater (WW) facilities in the Nahr el Kalb
catchment the following facts have to be considered:

Construction of WW Facilities in High-Risk Areas

Protection zone 2 of Jeita spring can currently not yet be determined. It will
comprise all areas with short travel times from land surface to Jeita spring.
The above mentioned zone of high pollution risk will certainly be part of it.

Collection of wastewater for treatment outside this area should have highest
priority in this zone. This zone comprises parts of the villages of Jeita,
Ballouneh, Daraya, Aajaltoun, Qleyyat, Deir Chamra, Abu Mizane and
Hemlaya.

Wastewater treatment plants, however, should not be located in this high-risk
area. All wastewater related constructions in protection zone 2 have to avoid
any leakage and infiltration into the underground. In this respect it is strictly
recommended to surround wastewater collector lines and manholes by soil of
low permeability (clay). The preliminary high-risk area is shown in Figure 33.
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Reuse of Treated Wastewater

Reuse of treated wastewater should only be allowed in villages where the
thickness of the unsaturated zone is sufficiently high and/or the rock units
underlying the areas where treated wastewater is considered to be reused are
of low hydraulic permeability. This principally is only given at few residential
areas, mainly located in the upper part of the Nahr el Kalb catchment, such as
Kfar Debbiane, Boqgaata, Bqaatouta, Kfartai, Baskinta, Faraya, Hrajel and
Mairouba (often only the higher located parts of these villages). Detailed
geological mapping by the BGR project is currently underway to determine the
extent of areas where reuse of treated wastewater might be possible. A
preliminary map of the potential area for reuse of treated wastewater is shown
in Figure 34.

Sludge Management

At wastewater treatment plants (WWTPs) considerable amounts of sludge will
accumulate. In case sludge should be used as fertilizer, it must be guaranteed
that the chemical composition of the fertilizer is not hazardous to the
environment. Sludge will need to be treated accordingly at a location where
this is can safely be done without causing harm to environment and water
resources (an additional EIA for this component will be needed).

In case sludge will not be used as fertilizer, sites for safe disposal will be
needed. Such sites could only be built where disposal can safely be done
without causing harm to environment and water resources (an additional EIA
for this component will also be needed).

The project is currently preparing a best management practice guide (BMP)
for wastewater management in Lebanon which will address reuse of treated
wastewater and sludge management in Lebanon.
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Release of Treated Wastewater Effluent

After the treatment process wastewater is commonly released into a nearby
watercourse. In case of overload or when certain components of the WWTP
are not functional it may be necessary to bypass the treatment plant and
release untreated wastewater. It must be made sure that treated wastewater
is only released into the environment where it will not cause any harm to the
environment and water resources and that a large enough storage for
untreated wastewater is available so that bypassing will not be necessary
under any circumstances. The selection of a safe effluent release location
often is the most critical issue in the site selection process for wastewater
facilities.

Option of a Wastewater Collector in Nahr el Kalb

Under the conditions prevailing in the Nahr el Kalb catchment, the option to
collect all wastewater towards a topographically low point and convey it in the
valley is objected by the author for the following reasons:

o the Nahr el Kalb valley constitutes a declared nature protection zone
(Decree MinEnv );

e any leakage of untreated wastewater from such a pipeline will result in
contamination of Jeita and/or Kashkoush spring;

e landslides or rock slides could severely damage the wastewater
collector;

e although technically feasible, the construction of a wastewater
conveyor along Nahr el Kalb valley would cause a severe
environmental damage of this presently mostly untouched unique
habitat;

o the collector would have to be built in a raised position, some 3 m
above the bottom of the valley so that the construction could not be
damaged by flashfloods; because of the almost vertical sidewalls of the
valley this is not possible in many places;

e a service road, accessible all year round, and therefore also to be
located in a raised position, would have to be built to allow for regular
monitoring of leakage or damage and immediate repair.

Proposed Wastewater Schemes

Considering all of the above facts, collecting wastewater towards topographic
low positions, i.e. to bring wastewater to Nahr el Kalb, bears the highest risk
of groundwater pollution, is technically difficult and would be an environmental
disaster. Decentralized wastewater treatment at locations in the river beds
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near the villages to be serviced will pose a severe risk to the water supply of
the Greater Beirut area, based on Jeita spring, Kashkoush spring and several
wells near those springs. The same is valid for a centralized wastewater
treatment at the coast with wastewater conveyors constructed in the river
beds. The risk of leakage from those pipelines and subsequent infiltration of
insufficiently treated wastewater into the aquifer is very high and would most
likely result in a bacteriological contamination of the drinking water resources
even worse than it is now.

Therefore, from the perspective of optimal groundwater resources protection,
the BGR project proposes three main wastewater schemes, which would keep
wastewater at higher positions. Only for schemes two and three a wastewater
reuse option could be considered.

Concerning the current planning of establishing a WWTP near the Kashkoush
spring, it is recommended to drop this plan in favour of the suggested scheme
1. As mentioned above, WEBML is strongly opposing this plan because the
WWTP would be too close to drinking water resources of Kashkoush spring,
Kashkoush wells and the Jeita-Dbaye canal. Furthermore the Nahr el Kalb
water is partly used for drinking purposes.

Scheme 1 (Jeita, Shaile, Ballouneh, Daraya, Aajaltoun, Qleyyat, Rainfoun,
Ashkout and Faitroun)

The best option for the above mentioned villages would be to combine them
into one single wastewater scheme (Scheme 1; Figure 35). Those villages are
all located along the main road descending from Faraya to Zouk Mosbeh. The
main wastewater collector should be constructed next to this road with smaller
collector lines bringing all wastewater towards it. A WWTP should be built at
the coast near the Zouk Power Plant, as is currently discussed for the
EIB/AFD Keserwan wastewater project (LIBANCOSULT & HYDRATEC
2010).

In this respect it is strictly advised no to allow an extension of residential areas
towards lower positions which could not be included later on into such a
wastewater scheme, such as for example Ballouneh Park. Even when doing
so some parts of this residential area will be difficult to service without
installing pumping stations. Those areas are shown on Figure 36 but in terms
of wastewater quantity should not constitute more than 15% of the total
amount. Unfortunately many of these areas are located in or near the
preliminary groundwater protection zone so that not properly addressing the
issue of wastewater collection and treatment in them would pose a severe risk
to the groundwater resources.
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Wastewater should not be reused in this area since, from the perspective of
pollution risk, it constitutes the most critical area and should have highest
priority with regards to implementation of the WW scheme.

Concerning that part of the village of Jeita which lies within the Nahr el Kalb
catchment and is considered a critical zone (Figure 36), collection of
wastewater towards a point in Nahr el Kalb located downstream of Jeita and
Kashkoush springs could be an option. However, because discharge of
treated effluent into Nahr el Kalb upstream of Mokhada dam would be a risk
for water supply (during late summer water from Jeita and Kashkoush springs
is often diverted into Nahr el Kalb and then again diverted into the Jeita-
Dbaye canal at Mokhada), discharge of treated effluent would have to be
located downstream of Mokhada dam.

If this option is pursued it would be favorable to position the related WWTP on
the way between Jeita and Nahr el Kalb. The reason for this is that in case of
damage or leakage the impact on the drinking water resources would be less
severe if the leaking wastewater would already be treated. The WWTP should
not be located at Hachache because much of the valley in this area is already
occupied by installations for drinking water supply (conveyor line Jeita-Dbaye,
Kashkoush spring, Kashkoush wells). The valley is not large enough to house
both, drinking water installations and a WWTP at the same location.

If the related WWTP would have to be located downstream of Mokhada dam
a WWTP could be located either a) in Nahr el Kalb downstream of Mokhada
or b) wastewater could be conveyed to the EIB/AFD WWTP at the EDL power
plant in Zouk. The latter option would involve pumping. In any such case, the
conveyors of untreated wastewater and drinking water in Nahr el Kalb would
have to be strictly separated. It must technically be ensured that the
wastewater conveyor cannot leak neither into Nahr el Kalb (because of the
above-mentioned operation of the drinking water conveyance) nor into the
Jeita-Dbaye drinking water conveyor.
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In some municipalities wastewater collector lines (principal and secondary)
have already been constructed (e.g. in Jeita). However, those may not fit with
the new wastewater scheme. It is known that for instance in Jeita connections
between pipelines and manholes were deliberately widened/damaged
because the diameters did not fit, so that the wastewater networking is
leaking. Such problems may exist in many places because the collector lines
were built in several phases over a longer time period by different contractors.

Therefore before implementing any new wastewater scheme an inventory and
inspection of the already existing network would first have to be done and the
option of repair or modification thereof would have to be integrated in the new
schemes.

Scheme 2 (Kfar Debbiane)

Conveying untreated wastewater from Kfar Debbiane to the proposed
principal wastewater conveyor on the Faraya — Zouk Mosbeh road is not an
option because it would involve pumping stations at several locations and
thus be overly costly. In order to do so wastewater would first have to be
pumped up to the main road in Kfar Debbiane (Figure 37, point 1: 1200 m
asl), from there it must be pumped up to the highest point on this road at 1245
m asl (point 2), then it would flow by gravity down to the bridge crossing Nahr
es Salib at 1130 asl (point 3). From there it would have to be pumped up to
the roundabout near the al Husn and al Nassira monasteries at 1240 m asl
(point 4) from where it could finally be connected to the principal collector of
scheme 1.

The village of Kfar Debbiane is principally located near the area where treated
wastewater may be reused and from the perspective of groundwater
resources protection it would be optimal to reuse treated wastewater there
(the thickness of the unsaturated zone is considered to be more than 500 m).
The municipality is favoring this option but it would be important to have a
commitment from the water users as well.

A suitable location for a WWTP in this respect would be available in the valley
SE of the village (Figure 37; E 35.789547° / N 33.987030° / 1260 m asl).

However, the lowest point of this reuse command area is located at an
elevation of approximately 1240 m asl while the lowest point of Kfar Debbiane
currently is at 1130 m asl. The municipality plans to extend the village towards
the W to even lower elevations of approximately 1000 m asl. Thus, treated
wastewater would have to be pumped up from there to the reuse command
area.

Considering all of the above facts, the best solution for Kfar Debbiane would
be to treat wastewater in Kfar Debbiane. From the perspective of groundwater
resources protection effluent discharge should be at locations as high as
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possible. Point 5 (E 35.740141° / N 33.969868° / 1110 m asl) shown on
Figures 37 and 38 offers the most suitable solution in this respect. However,
before selecting this location a tracer test should be done there in order to
make sure that travel time to Jeita spring is long enough to incapacitate all
microbiological constituents. Residential areas should not spread beyond this
point to lower elevations because they may later on not be possible to be
served with this WWTP. The distance of the proposed site from Jeita spring is
about 10 km.

Part of the WW collector lines have already been constructed through funds
allocated by the MoEW in collaboration with the municipality. However, this
network is incomplete and was laid down on the assumption that the WWTP
would be built at the location shown on Figure 37 (previously proposed
WWTP: E 35.759546° / N 33.978715° / 1150 m asl).

For any new wastewater scheme the already existing network would first have
to be inventoried, inspected and repaired or modified.

Reuse of treated wastewater downstream of the proposed WWTP is not an
option because of the contamination risk.

The village of Bqaatouta has about 2000 inhabitants (KfW 2008a) and ranges
in elevation between 1260 and 1400 m. Wastewater may be conveyed to the
proposed Kfar Debbiane WWTP, however, this might need pumping because
the lowest point on the road connecting the two villages is located at 1245 m
(in the valley separating the villages) and this road then ascends to around
1300 m in Kfar Debbiane. This conveyor would have a total length of 7.4 km.
The elevation profile for this conveyor is shown in Figure 39 (basis: Googel
Earth with SRTM data). Because houses in Bgaatouta are dispersed over a
large area, the better option may be to use septic tanks or small-scale
bioprocess wastewater treatment systems for up to 100 persons each such as
those locally produced and already installed at some places in the Nahr el
Kalb catchment (e.g. in Jeita Grotto; www.polytech.cc, info@polytech.cc).

For the villages of Bogaata (max. 1500 inhabitants) and Kfartay (max. 1500
inhabitants), also originally intended to be included in the KfW proposal (KfW
2008a), the spacing between houses is even larger, so that building a
wastewater network for these comparatively small villages must be
considered uneconomic. Also here, the use of septic tanks or small-scale
bioprocess wastewater treatment systems should be considered.

Options involving small septic tanks would require the availability of
wastewater trucks emptying the septic tanks on a regular basis (approx. once
a month) and taking the sewage to a WWTP where this kind of wastewater
could be treated.
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Scheme 3 (Mayrouba, Hrajel, Faraya)
Option-1

Also in much of this area (Figure 41) treated wastewater could principally
safely be reused, since much of the area is located on less permeable rock
units of the Lower Cretaceous and the Jurassic basalt. However,
implementing the reuse option would require a commitment not only from the
municipality but chiefly from the water users.

MoEW has started to construct a wastewater collector, which brings all
wastewater to Nahr es Salib. This collector line follows the course of Nahr es
Salib from Faraya (beginning of canal, point-1: E 35.822336° / N 34.014215° /
approx. 1300 m asl) down to Hrajel (end of WW canal, point-2: E 35.794251° /
N 34.010979° / approx. 1200 m asl). Thereafter it continues as a pipeline in
the river bed approximately to the administrative boundary to Mayrouba,
where it ends (assumed end of collector, point-3: 35.787839° / N 34.010240° /
1180 m asl). Currently thus untreated wastewater is released into the river
bed (total length of collector line: 3.8 km).

The highest point of the area to be serviced is at 1430 m asl, the lowest at
1170 m asl (restaurant). In light of the topography there are not too many
options for locating a WWTP site. Based on this criteria the optimal site would
be at the place shown in Figure 41 (E 35.777179° / N 34.009530° / 1180 m).

However, as mentioned in Chapter 8.1, tracer tests had been conducted in
Nahr es Salib near Nabeh al Maghara (November 1913) and Mayrouba
(September 1923), close to the suggested site. During the first test the tracer
arrived after around 6 days at Jeita spring. The second test was also positive
and had a very high restitution, i.e. most of the tracer arrived at Jeita and not
anywhere else. This means that treatment at this location must be ensured to
meet the quality standards at all times.

Therefore the construction of a WWTP at this location would require the
implementation of treated wastewater reuse. This, however, would require
pumping the treated wastewater up to about 1350 m asl.

An alternative could be the conveyance of treated wastewater through a canal
down to areas where it could safely be reused. There already exists an
irrigation canal taking water from Nahr es Salib down to Jeita. However,
farmer would possibly object to the idea adding treated wastewater to this
canal, so that another canal would have to be built. Moreover, as shown in
Figure x, there is no such reuse area downstream of Mayrouba.

If treated wastewater is to be discharged into Nahr es Salib at Mayrouba, it
must be guaranteed that this water meets the standard for discharge of
treated wastewater into rivers. A bypassing of untreated wastewater could not
be accepted. Therefore the capacity of the WWTP must be large enough to
treat all wastewater now and in the future at all times. Besides a generator to
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provide all needed energy for the treatment process at least one standby
generator would have to be available.

Option-2

Another option would be to link the wastewater system of this scheme with
scheme-1. For this purpose no WWTP would be built at the proposed WWTP
site but a pipeline would have to be built from there to Faitroun (5.3 km) to
connect scheme-3 with scheme-1. Untreated wastewater would have to be
pumped up around 150 m to the main road (Figure 41).

The wastewater collection facilities already in place will need some intensive
repair and modification, especially the stretch between the end of the canal
(point 2) and the final end of the pipeline in the river bed (point 3).

It is recommended to reuse treated wastewater on the nearby irrigation areas
(shown on Figure 41). For this purpose it would, however, have to be pumped

up.

page 72



¢/ obed

eAeleq — |alelH — eqnoiAely awayos Jajemalsepn L ainbi4

U01}08}01d S82IN0SaY J8}eMPUNOIS) JO BAI0BdSIad BY) WOJ) SUOEPUSWIWIOIDY [BIaUSD)
JuBWIYoIED qIeY [ JYBN 8y} Ul SaljI|Ioe JOJeMa)SEeA) 10} UOI0SeS a)IS

SYUOVELOE PUN Tl

mc_‘awﬂ_w:oco_«ooﬁo‘_n_ Euﬁ-u_nl.snom
J08f01d uonesadoo) [edluyds ] 9sdUBGST-UBWISS) Eu: JEISUEEapUNg =°n



BG Bundesanstalt fur German-Lebanese Technical Cooperation Project

Geowissenschaften ; : .
M ammmm. und Rohstoffe Protection of Jeita Spring

Site Selection for Wastewater Facilities in the Nahr el Kalb Catchment
General Recommendations from the Perspective of Groundwater Resources Protection

10 References

ACE (1988): Nahr el Kalb — Dbaye water conveyor — avant projet sommaire. —
Report prepared for CDR, 256 p.; Beirut.

ACE (1995): Water and wastewater feasibility studies for Kesrouan drainage
zone. — Report prepared for CDR, 125 p; Beirut.

AVSI (2009):The Study of Nahr el Kalb — Results. — Final Project Report, 148
p; Beirut.

BCT (2008): JEITA Spring Protection Project - Project Preparatory Report. —
Prepared for KfW, 42 p.; Neu-lsenburg.

DOUMMAR, J., MARGANE, A., JIN, Y., GEYER, T. & SAUTER, M. (2010a):
Protection of Jeita Spring — Artificial Tracer Tests — April 2010. —
German-Lebanese Technical Cooperation Project Protection of Jeita
Spring, Special Report No. 1, 33 p.; Ballouneh/Lebanon &
Goettingen/Germany.

DOUMMAR, J., MARGANE, A., GEYER, T. & SAUTER, M. (2010b):
Protection of Jeita Spring — Artificial Tracer Tests — August 2010. —
German-Lebanese Technical Cooperation Project Protection of Jeita
Spring, Special Report No. 2, 27 p.; Ballouneh/Lebanon &
Goettingen/Germany.

DUBERTRET, (1955): Carte geologique du Liban 1:200.000. — Prepared for
Ministry of Public Transportation, map with explanatory note; Beirut.

LIBANCOSULT & HYDRATEC (2010): Etude de faisabilité pour la collecte et
le traitement des eaux uses Jounieh — Keserouan casa. — Report
prepared for EIB/AFD/CDR, 142 p. ; Beirut.

HAKIM, B. (1993): Etude des pointes de pollution dans les bassins du Nahr el
Kalb et du Faouar Antelias. — Report prepared for Water Establishment
of Beirut and Mount Lebanon; 72 p; Beirut.

HAKIM, B., KARKABI, S. & LOISELET, J. (1988): Colorations de la riviere
souterraine de Jiita etz de la perte superficielle du ouadi Nahr es Salib
(Caza du Kesrouane) 1961-1971. — Al Ouat-Ouate, 3, 3-19; Beirut.

JACOBSEN, K. (2010): Vergleich von ASTER GDEM- mit SRTM-
Hoehenmodellen. — DGPF 2010 conference proceedings, 8 p.; Vienna.

KARKABI (2009): Les premieres tracages a l'uranine au Liban. — Al Ouat-
Ouate (Speleo Club du Liban), 15, 13-21; Beirut.

KfW (2008a): Brief statement of opinion on a new FC project. — Prepared for
BMZ, 18 p.; Frankfurt.

page 74



BG Bundesanstalt fur German-Lebanese Technical Cooperation Project

Geowissenschaften : ; .
M ammmm. und Rohstoffe Protection of Jeita Spring

Site Selection for Wastewater Facilities in the Nahr el Kalb Catchment
General Recommendations from the Perspective of Groundwater Resources Protection

KfW (2008b): Programmvorschlag "Schutz der Jeita-Quelle" (Vorratsprifung).
— Prepared for BMZ, 59 p.; Frankfurt.

KfW (2010): Berichterstattung zur Wasserversorgung und Abwasserent-
sorgung. — Prepared for BMZ, 30 p.; Frankfurt.

LABAKY, W. N. (1998): A Hydrogeological and environmental assessment of
the Faouar Antelias catchment. — MSc thesis, American University of
Beirut, 131 p.; Beirut.

SAADEH, M. (1994): Jeita and Kashkoush Springs: Hydrogeological
correlation and pollution of the ground water. — PhD thesis, American
University of Beirut, 105 p.; Beirut.

SALIBA, J. (1977): Projet d'adduction gravitaire des eaux du courant
souterrain de Jeita — adducteur principal Jeita 140. -

UNDP (1972): Jeita — the famous karst spring of Lebanon — a hydrologic -
hydrogeological study. — Report prepared for MHER, 413 p.; Beirut

UNDP & FAO (1973): Pluviometric map of Lebanon (1939-1970). — Map
prepared for LRA, 1 map; Beirut.

WALLEY, C.D. (2001): The Lithostratigraphy of Lebanon — a review. —
Internet publication: http://ddc.aub.edu.lb/projects/geology/geology-of-
lebanon/, 20 p. [PDF format]

page 75



9/, @abed

(uonewuojur ayeulwassIp) Jeulwas / saullepinb aonoeld 1saq jo uonejuawa|dwi ajowoid

dINgG J0 uonejuawa|dwi Buiuieouod Yao Yim NojN ubis

aoualiadxa |euoibal uo paseq HdD yum Jayyaboy (diNg) aulepinb aoioeld Juswabeuew )saq pajejal aiedaid

sauljapInb pajejal pue so)oeld Jussbeuew }saq [euoibal pue [euocieulajul MaIAsl

uoijoajoud 19)em aseins pue punoub Jo joadse ayj} Jo uoljelapisuod [e1dads yjm sjoafoid sajemalsem jo uonejuawajduwi ayy 1o} (sding) sauldpinb asnoead 3saq jo uoneledald Ly

(Kjuo syoadse paje|al uoiosjoid pue Jsjem) sy|3 0 uonesedaid ayy BulUIBOUOD SieulwWSS Buionpuod Ul yq) poddns

(Ajuo sped 9H) sy|3 10 ainpadoid adueydadde ayl Ul AM/HAD 10} Bunjiom sjueynNsuod pue ¥Yao 03 ddIApe apiaold

(s)uodau Jo suoisnjouod uo Juswaalbe yoeal pue (S)a)is MM/ 104 SY|3 Jelp mainal

NOIN Jad se (s)aus MiM/HaD Jo) sy|3 jo sped HH aledaid pue 1onpuod

uoneledald |3 ul 8jos 108loid Buiuiaouod Yao yum now aledaud (s)a)s MIM/HAD Jo) uonosjas ayis Aleuiwijald Jaye

¥ad yim Jayiaeboy sy|3 jo sped (9H) [eaibojoaboipAy 1o} suononiisul pue aulno plepue)s asedaid

(110001044 ueley ‘A ‘g13 aigedidde Ji s1aydeyd jueasjal 0} 81nguUIU09d ‘sy|3 panoidwi Joy jesodold ayew ‘sy|3 bunsixa mainal

S921N0Sal Jajem oy} uo joeduwi J19y} 0} spiebal Yyjim ‘sjoefoid Jajema)sem 1o} sy|3 40 uoneiedasd ayj Buiuiasuod ¥yqgo jo poddns :z' Ly

alis Jo Ajljigeyns pue uoiebnsaaul jo Alijenb uo ALY / ¥AD 031 Yoeq Hodal pue Jodal uonebiisaAul pa|ie}op MaIASI

(yueynsuod A Aq In0 paled uoiebisaAul fqo 1) uonebisaAul 8)is pajie}ap U0 YaD oSIApe

sanl[Ioe) 41 MM 101 sauis a|gelns (9a.y) 03 dn) uo aaibe 108foid pue A “HAD

suonn|os aAeuls)je 1oy sjesodoud saxew osloid A BY3 Jo) senijioes J1MAM pasodoud jo Ajljigelins saujwejep josfoid

(suonosjas ayis Ateuiwijaid aaiyy 0y dn) saiijioe) 41 MM Jo} siesodold yum 108foud sapinoid sy

(suoneoso| abieyosip Juaniya ‘saul| J0309]|09 ‘ubisap ‘Sd1 MM JO uoieso)) sjoafoid Jajemalsem BuiuIadUOD SUOIIN}IISUI 1830 pue ygI jo poddng L Ly

J10jo0es
J9)emalsem ay} ul ssasoud uonejuswajdwi pue Buiuue|d JuswisaAul ay} ojul s}oadse uoljoajosd sao1nosal 1d)em Jo uoljeibaju|
11 39npouidandino

0102 ‘189000 ZZ palep ‘ued jeuonesado o} Buipioooe

Buiidg ejiar Jo uoI39}0.d,, }00load uoiesadoos jealuysa] ayj Jo sysej 'L XaANNV

UOI108}0.d S80IN0S8Y J8)JeMPUNO.L) JO 8A0adSIad 8U) WO} SUOIEPUSILIOISY [BJouss)
JusWYIED gley |9 JUEN Sy} Ul Saijioe] JoJeMa)SEAN 0} UOIDaJeS a)IS

Bulds ejar Jo Uonoaj0Id SHOJSYOY PUn W N

JEYBYISUSSEIMOIE)
198l014 uonesadoo) |eoluyda | assuRga-UBWIBL) 1N} JEjSUBSapUNg



/) @abed

(eus 1ouIayul ‘si9ysod ‘sainysolq ‘siaA}) (elpaw ‘saydinyd ‘sanisiaAlun ‘sjooyds) subledwed juaiayip oy uonoalold Jajempunolb 10} pasu 8y} uo [eusjew uonewlojul atedaid

sainseaw uopoajo.id juabin pue sauoz uonoajoid pasodouad sy} Buiguawajdwi Ul SUOIINJIISUI [BJUBWILIAAOK jueAd|al ay) jo Jpoddng €2y

(uonew.oyur Jo uoneujwassIp) suolNyisul buiuueld esnpue| 0} Seuoz Uod3}0Id A\D JO JUSIXS UO Uolewlojul apiaold

uoneauljap auoz uonosjold o soueydeooe Buiuleouod NolA atedsid

€ ‘Z ‘1 seuoz uonoaloid ul suoousal asnpuej Jo 1si| aledaud

(Buluue|d asnpue| ul pasn os|e uay} uonewJojul) (s)uodal pajejal atedasd pue ¢ / z / | S8u0z uonoajoid ayeaulap

yodai |eaibojoaboipAy aiedaid pue uonew.ojul [eoibojoaboipAy ajidwod

(awn @ousapisal Jayempunolb) eyep adojosi ajidwod

ejep moj} pue Ajijenb Jeyempunolb sjidwod

20ue|eq Jojem oy} JO sjusuodwod JUBAS|al ||B ysi|gelsa

$8U0Z pajelnjesun pue pajelnjes Ul sswl} [9Ael} pue syjed Moy Ja}empunolb suiwisiap

wa)sAs @Aed uo (Ajjigelien eijodwis) sy Buipnjoul) eouanjyul Jo ebuel sulwIs}ep

wa1sAs 8ABD JO Jus)xa Uo ejep o|Idwod

spodal pajejal esedeid pue s)ss8) J8del} JoNpuod

sdew ainjesj 1siey / 01U0}d3} / [eoIbojoab aiedaid

SUON08Ss SS0JO pue (spJeynbe / siajinbe jo aseq) sdew Jnojuod ainons aledaid

sdom plaly ybnoiyy uonew.oul 08|09

(-010 ‘sydeibojoyd |euoe ‘sabew ayjjaies buisn) sdew ainjesy }siey / 01U0}oa) / |ed1bojoab 1oy pasinbal uonew.loui 199|09

|epow urels) [eybip ps|iejep aledald

sauoz uopjoajolid sajempunolb jo uoneaulaq :z'zv

(uonnjjod pioae 0] moy ‘seale aAnIsuas) buluue|d asnpue| ul sabueyds palinbal buiuiaduod sapijedidiunw 0} 82iApe apiaoid

saoloeld esnpue| Ul sebueyd palinbal pue sysu uonn|jod pajejal Jnoge saijediolunl PaUISoUOD WOl

spiezey uonnjjod ysu-ybiy Joy 3daouod Bunoyuow asedaid

uonnjjod Jayempunoib JO SySi Ssesse

Wodal pajejal pue sedinosal Jsjem 0} spiezey jo dew pue Aiojusaul ssedsid

uodau pajejal pue dew Ayjigelau|na asedaid

(seinjesy 1siey Jo buiddew ‘s)un ¥001 JO S8SSaUNDIY} PUEB SONSH0BIEYD ‘@}ewWl|d ‘[I0S) Blep jueAs|al aidwod

sy s uonnjod (9 8y} JO UoljeUIWId}BP 48jempunolb o} spiezey jo AiojuaAul ‘dew A)jIqelduinA Mo L2V

9oueAaAuo0d 13jem pue ainyded
Burids paaoidwi pue Buiuue|d asnpue| ojul s}oadse uooajoid sadinosal J3jem Jo uoneabajuj :g 3onpoidanding

UOI108}0.d S80IN0S8Y J8)JeMPUNO.L) JO 8A0adSIad 8U) WO} SUOIEPUSILIOISY [BJouss)
JuswiyoleD giey |8 JUeN 8y} Ul saijijioe 18}eMa)SeA\ Jo) UoI0a|es a)IS

ayo)syo un
Bulds ejar Jo Uonoaj0Id E:w_._urmc“mw_m_m%mw —h,
198l014 uonesadoo) |eoluyda | assuRga-UBWIBL) Jnj J|EjSUBSapUNg = un



g/ @abed

wa)sAs aouehanuod panroidwi Joj jesodoud asedaid

sysu uonnjjod |enuajod pue walsAs aouekaAuod Jo snjels alebisanul

uonnjjod jo }su ay} adnpali 0} wie ayj ypm jueld jJuawsieal) akeqq ay} o3 buudg ejiaf ayj wouj wajsks asuekaauod 1ajem paroidwi ue Joy [esodoid G2V

S]S00 9ouUBUSjUlEW @ UOIERISdOo ‘UoIIONIISUOD 10} sjuswabuelle [euonniisul ajenobau pue syo] aiedaid ‘ainjydes Bunds panoidwi soy jesodoud asedaud

aJ1njded Buuds Jo ysi uonn|jod pue snjejs Jualind MaiAsl

uonnjjod jo ysuI ay} asnpaa 0} wie ay} yum buudg eyar ayj jo ainydes panoidwi ue uoj jesodoud p'Zv

Z19 10 puny [BjUsWIUOIIAUS Ylm sBuli@aw axiy-Inol Jonpuod

UinoA pue ualp|iyo bunabiey aaieniul buisiel sssualeme ul SOON [e20] Hoddns pue uoioajold JayempunolB Uo Sainseal ssaualeme pue uoneulloul Juswa|dul

Bunds eyer 1o} uonosioid A\D Uo (MM Yum) Bulids eyisr e juiod uolewlojul ysijqese

9oueAaAu09 J3jem pue ainyded
Burids panoisdw pue Buiuue|d asnpue| ojul s}oadse uoi3oajoid s921n0Sal 13)eM JO uoleabaju] :g 1onpoidanding

UOI108}0.d S80IN0S8Y J8)JeMPUNO.L) JO 8A0adSIad 8U) WO} SUOIEPUSILIOISY [BJouss)
JusWYIED gley |9 JUEN Sy} Ul Saijioe] JoJeMa)SEAN 0} UOIDaJeS a)IS

Bulds ejar Jo Uonoaj0Id SHOJSYOY PUn W N

JEYBYISUSSEIMOIE)
198l014 uonesadoo) |eoluyda | assuRga-UBWIBL) 1N} JEjSUBSapUNg



6/ @obed

1Je1s Uoije}s Juswieal) eAeqq Joj waysAs esuodsal uo buip|ing Ajoeded

Jo|e ayey buisn wajsAs 1s9)

wa)sAs wewadwi

uonejuawsa|dwi uo JNGIM Yim aaibe

wa)sAs asuodsal ajelidoidde dojansp pue asodoid

(924nos J191EM JO 8BUEYD 10 Bnbluyda) Juswiead) Jo abueyd) $821n0s Jualayip woiy uonnjod jo syead o} puodsal 0} sal|IqISSOd MaIASL

sdeb Ayuapi pue jueld juswieal} akeqq 1e wajsAs asuodsal pue |01ju0d Ajjenb Jajem jo mainal

wo)sAs asuodsal JNGIM €€V

aseqe)ep Jo asn azi[euonnyisul

aseqe)ep Jo asn ay) Ul JAGIM O Lels Alopeloqe| sy Buiuiely

ejep bunsixa azAjeue pue a)1dwod

aseqejep 10} alemyos pue pJey aledaid

ejep Ayjuenb/Ajjenb iajem 1o} aseqelep ysijgeis3 :z'sv

s8)Is ab1eyosip 41 MM 18 Alllenb jusn|ys 10} }Jomjau BuliojluoW € JO JusWysi|qe}se ay) 1oy 80IApe apiAoid

(Jeuondo) gounu Jajem adens 1o} ¥I0M}dU Bulio)uow ysijgelss pue ueid

(e01n18G [B0160|0108)8 |\ [EUOBN O} palajsuel) 8q 0}) YI0M}au Buliojuow opewlo ysiigeiss pue ued

(leuondo) sbuuds Jolew |e 1e moj} J8)empunolb Jo Junowe 1o} ylom}au Buoyuow ysiigelss pue ueld

(weysAs Buiuiem-Alies) sbuuds Jofew |e 1e Ajjenb Jjayempunolb oy yJomjau Buuoyuow ysijgeise pue ueid

(TNGIM "HAD ‘MION ‘vy1) Buojiuow pO Joj Bupesw Jopjoyaxels ebuelle

juawiydles ay} ul sjuiod o1b63jel)s Je 1ajem jo Junowe 3|gejieAe pue Ajijenb Jajem Buiuiaduod yJomjau Buliojiuow e Jo Juswysiiqelsy :L°'CY

wa)sAs Buliojiuow jo Juawysijgeisy
:¢ Jonpoidnnding

UOI108}0.d S80IN0S8Y J8)JeMPUNO.L) JO 8A0adSIad 8U) WO} SUOIEPUSILIOISY [BJouss)
JuswiyoleD giey |8 JUeN 8y} Ul saijijioe 18}eMa)SeA\ Jo) UoI0a|es a)IS

Bulds ejar Jo Uonoaj0Id SHOJSYOY PUn W N

JEYBYISUSSEIMOIE)
198l014 uonesadoo) |eoluyda | assuRga-UBWIBL) Jnj J|EjSUBSapUNg



08 @obed
MM XX X X uoziioy Buluued
MIM 1daQ XX X XX ajel ymoub uoneindod
Buluue|d asnpue]
/ senijedioiunw
NI 1deq salnuoyine XX XX XX (ueld asnpue))
Buluue|d esnpue | Buluueld ssnpue| SeaJe |BloJaWwWo? / [euysnpul/
/ senijedioiunwi YjiM paleulplood |eluspIsal Jo uolisusixe pauue|d
aq 1snw
Buiuued pAAM
MM apn|oul Juswieal XX XXX X X MM [BI2JBWWOo9 ‘|elsnpul
0] YoIlym papaau |eioads alinbau [jIm ‘O)SaWop 1o} pasn sanijioe) MM
Juswaalbe/uoisioap MM [B1oJaWwo9
pue |eljsnpul
10 uonelbajul
MM sanedioiunw Ajiqiseay |eloueuly XXX XXX XXX (Ayoeded) paoinles
8q 0} sjue}igeyul Jo Jaquinu
BLI9JID |elauag
Ajjigisuodsay 92IN0S / SYSe | syleway uonesoT ubisag uonesoT saul elslI)
abieyosip d1MM d1MM 10198]|0D

|9 JYeN 9y} ul sanjljioe Jajemalsep) Jo ubisag pue uoi}oa|as 93IS 10} eLId)IID)

juswiyole) qey|

:¢ XaNNV

UOI108}0.d S80IN0S8Y J8)JeMPUNO.L) JO 8A0adSIad 8U) WO} SUOIEPUSILIOISY [BJouss)
JusWYIED gley |9 JUEN Sy} Ul Saijioe] JoJeMa)SEAN 0} UOIDaJeS a)IS

Bundg euar Jo uonosjoid
198l014 uonesadoo) |eoluyda | assuRga-UBWIBL)

SYoISUCH pun Tl

JYBLOSUSSSIMODE)
In) Jejsuesapung




Lg obed

(Ww3a) saiedioiunw yum paploAe XX XXX XXX XXXX Bunsixa / speoJ MO||0} Saul|
H99 % MM SSNOSIp {S10A8AUOD / P9ZIWIUIW J0}09[|02 UBD ¢, 8I8YM / UBYM
Arepuooss/Arewnd aq p|noys ¢, paainbali Buidwnd ¢4, umop pie|
Jo s)s09 Buidwnd a( 0} Saul| J0}09||00 Alepuooss
saul| aoel) |ewdo / Arewiud aney alsypp ¢, paulquiod
aulwislep ‘N3A / Pa198UU0D 8q ued sabe||iA
pajielap ysiigeisa (Jo sped) yoiym) Aydeibodoy
MM sosAjeue |ealwayd (seoueisqns XXX XX (Ageuen jeuoseas Buipnjoul
snopJezey ||e JO ‘uonisodwog) MM 1O J8joeieyd

[eAowal 819|dwod

8JNSUd JOU SB0p

poyiaw juswiesa.ly

pue pajea.l

S| MW [el)Snpul

# payiwiy) ebpn|s

JO [enuajod asnal

‘abpnis jo Junowe
MM y}Jomjau Buisixa s1deouod XX X XXX (ubisap / |eusiew / sia}owelp
10 |elolew/ia}owel MU YHM Ji) Isnwi / UOI}EOO0|) YIoM}Bu Bunsixe

p/uoiipuoo/uoneso| | sydesuod snoiaaid

a|ldwod

MIM uoiIPUOD '0)9 ‘ainssaud XX XX XX (¢, @eudoidde ‘uonenbal
yoea Joj [eusjew ‘alnjeladws) / me| AQ) pasn aq 0} [eLiajew

ajeldoidde ‘sessalls

auIWId)ep | 21U0yo8Y/[ed1b0j0ab

uoddns

0} ajendoidde

ag }shw [eusjew
Ajjigisuodsey 991Nn0S / Syse] Syleway | uoneoso ubiseQg uonedoT saul CIIENTTS)

ab.ieyosip d1MM dLMM 10)99||0D

UOI108}0.d S80IN0S8Y J8)JeMPUNO.L) JO 8A0adSIad 8U) WO} SUOIEPUSILIOISY [BJouss)
JusWYIED gley |9 JUEN Sy} Ul Saijioe] JoJeMa)SEAN 0} UOIDaJeS a)IS

SYoISUCH pun Tl

JayBOSUSSSIMOSE) = un

Bundg euar Jo uonosjoid

198l014 uonesadoo) |eoluyda | assuRga-UBWIBL) N} JBISUBSapUNg




4]

abed

Hog buiddew |eo1bojoab pasn aq p|noys XX XX (e1bueyuonoauip dip ‘1euleq e se
1 ‘Bunsixa si punoibispun ‘adA} yool) ABojoab
Jalleq |eaibojoab
[eanjeu Ji
elIa)l) |esibojoaboipAH pue [esibojoag
ojul pajejal ¢, ©snal 1oy XXXX XXX XXXX papaau a(q
ssoasse/o|ldwod | palinbai Buidwnd 0] ABJaus jo Junowe g Ajjigejieae
10 Aunelb Aq
abieyosip Juanjye
MM ojul pajejal 9)Idwod XX XX XXX (Aiqissaooe | ssadoe
‘{speod) Jnjonyiselul Bunsixs
(suoz salouabe pajejal ||e XXXX XXXX XXXX S9UO0Z UOIjeAIaSUOD / uoljoajold
uonoajold pAD) wouy oyul 9)1Idwod (aypm / Annsauoy / 191em aoepuns/
H99g 2 MM Jayempunolb / ainjeu) Bunsixa
MM subledwed sapiedioiunw Jo XX XX X aoue}dadoe |eao|
ssauaieme |BIO| sloAew paAjoAul
ylm passnosip
aq ishw
MIM (e1ep-0)-dn XX XX XX (¢, uoneudoidxa
jou) dew anseped 10} paau) diysiaumo puej
(diysssumo puey) (¢, @anjonnsesul
Ajjigisuodsay 90.N0S / SYse | S)yleway | uonedso ubisag uoneosoT saul CIIENTTS)
ab.ieyosip dLMM dLMM J10]98]|0D

UOI108}0.d S80IN0S8Y J8)JeMPUNO.L) JO 8A0adSIad 8U) WO} SUOIEPUSILIOISY [BJouss)

JusWYDIED qey] |9 JYEN BY) Ul Saljijioe JOJEMBISEAN 10} UONOSI9S 8)IS

Bundg euar Jo uonosjoid
198l014 uonesadoo) |eoluyda | assuRga-UBWIBL)

SYoISUCH pun Tl

JAYEBYISUISSIMOID) = m
iny Jejsuesapung




€8

abed

MM / 0D SEEIWEREIN Aupnqgissod XXXX XXX XXX XXX U0z pajeinjesun ul AJI00[9A MOJ}
09 uN/Y¥og asnal Hyiomjau / ®UOZ pajeinjesun JO SSaUXIIY)
wouy sso| abeyes|
MM S]S9) Jaoel) 3su uonnjjod XXX XXX XX S8I}I100|9A
/ Q9 uN/Yo9g ybiy e seaq MOJ} / UOI}DBIIP MOJ} Jayempunolb
(jeuosess Ajuo
JI UBAD) SBN}I00|aA
Mol MO Yybiy
(M99 %) M\ (yoaye/yibuans abewep XXXX XXXX XXXX (ays ayy 109y€ 0}
‘yidap ‘uoneoo|) | 10 XSI pajeAs|s ue pooyiay1) Ajjigeqoud ayenbyles
Sjuans ayenbypes | Jeaq seyenbypes
snoinaid Jo Ajigeqoud
jo sishjeue ubiy ypm
S9UO0Z Jeau sa)is
¥og Buiddew |eoibojoab abewep XXXX XXXX XXXX (uonoauip
1O YSl pajeAd|d ‘s)ine} Bunsixa) so1U0}09)
ue Jeaq syney
BAI]OB UO SalS
Hog Bbuiddew |eo1bojoab pappioAe XXX XXX XXX 10019 A9y
8g Jsnuwi sjepool / Angeqoud |jepool / aplispuel
JO sapljspue|
Aq sebewep
(M99 %) MM (LdD/sis9) uolje}epuUNo} XXX XXX XXX puno.biapun [eo160j0ab jo Aljigels
uonessuad [e1oads paau
auo9 buisn "6:9) Aew ‘wnianje Jjo
Apnis [Bo1uyo9j0ab | |[eldjeW apljspue|
‘6°8) punosbispun
a|geisun
Aljigisuodsay 90.N0S / SYse | syleway | uonedso ubiseQg uonedoT saul CIIETTS)
ab.ieyosip d1MM dLMM 10)99||0D

UOI108}0.d S80IN0S8Y J8)JeMPUNO.L) JO 8A0adSIad 8U) WO} SUOIEPUSILIOISY [BJouss)

JusWYDIED qey] |9 JYEN BY) Ul Saljijioe JOJEMBISEAN 10} UONOSI9S 8)IS

Bundg euar Jo uonosjoid
198l014 uonesadoo) |eoluyda | assuRga-UBWIBL)

SYoISUCH pun Tl

JBYELISUSSSIMOSE) = m
Iny yejsuesapung




g obed

eLI9)11) paje|al 3s0)

d498 ® MM

[opow
[ea16ojoipAy ‘W3A

Buipooy} 1suiebe
pajosjoud aq jshw
saul| 10109]|02
pue 41 MM

X XXX XXX XXX Buipooys Jo Msu

09 uN/499

S)S9) Jeoel)

NET
uonn|jod ay) Jamo|
o) aw} [aAel}
8y} Jaybly ay)

XXX XXX XXX XXX (sesodind
Bupjulp Joj pasn) 80I1nos

Jajem 0} awi) [9Ael) / oUB)SIp

494

XXXX XXXX pajnjjod awoosq 0} $824N0SS.

191eM WEaJ)SUMOP JO s

494

Buiddew |eoibojoab

umouy
Apuaioiyns jou
ua)o ale wajsAs
1siey ul syjed
MO} s uonnjjod
ybiy e Jeaq
s8I0} M Jeau
uoneoynsiey ybiy

XXXX XXX (uoneouyns.ey

JO 9a169p) sainjes) }siey

09 uN/4o9

Buljjepow |e
o160joipAy/aoueleq
J91em

uonnjjod jo ysu
ybiy e Jeaq sajel
ab.ieyoais p\O
ubiy e (Jeyinbe)
punoibispun

8y) ojul uoheayul
palapuiyun

XXX XX XX XX ableyoal p\O / uonequul

Anqisuodsay

80In0S / syse|

syleway

uoneosoT
ab.ieyosip

ubisaq
dLMM

uoneoo
d1lMM

saur
10)08]|0D

ESe)

UOI108}0.d S80IN0S8Y J8)JeMPUNO.L) JO 8A0adSIad 8U) WO} SUOIEPUSILIOISY [BJouss)
JusWYIED gley |9 JUEN Sy} Ul Saijioe] JoJeMa)SEAN 0} UOIDaJeS a)IS

SYoISUCH pun Tl

JBYELISUSSSIMOaS) = un

Bundg euar Jo uonosjoid

198l014 uonesadoo) |eoluyda | assuRga-UBWIBL) 1N} JEjSUBSapUNg




Gg obed

(paidde Ajjqisesy ¢, sewn XX XX XX alnynolbe 1o} abpnis (paiealy)
aqg Ajpjes pajejal pue ||e 1e paulejuiew JO asnal / Juswabeuew abpn|s
} p|nod alaym) | abpns jo uswieal) aq Jazi|is)
HO9 8 MIM aulwlialap | (oiuebuo) jo Ayenb
‘uoneoldde Jo} saulspinb
abpn|s 10} sayis / suone|nbai
auIWIB}ep JUSU0D Bunsixe ueo
abpnis jo sisAjeue
(pasnau asnal 1o} a|qissod XXX XXX XX asnal
aqg Ajpjes se ABiaua g MM paieal Joj paau / Ajijigissod
1 PIN02 aIaym) se asn 0} ybnous
HO4g % MM ybiy aq Isnw
uoneoo| abieyosip
MM Alessadau aq jou XX XX XX (¢, peoliano Jo
M M PB1easun ased ul ssedAq) Ayoedeo abelols
BuissedAq
1ey) asjuelenb
0] ybnoua
ab.e| aq 1snw
NI XXX XXX juawieal; Jo Ajjiqer|al
MM ¢, sawn XXX XXX (Areusy / Asepuodas
||e 1e paulejuiew / Aewid) Juswieal; Jo poyjow
aq Ayenb
(esnai) yuan|ya
10} saulapinb
/ suonejnbal
Bunsixa ueo
Aljigisuodsay 90.N0S / SYse | Syleway | uonedo ubisag uoneosoT saul CIIETe)
ab.ieyosip dLMM dLMM 10)99||0D

UOI108}0.d S80IN0S8Y J8)JeMPUNO.L) JO 8A0adSIad 8U) WO} SUOIEPUSILIOISY [BJouss)
JusWYIED gley |9 JUEN Sy} Ul Saijioe] JoJeMa)SEAN 0} UOIDaJeS a)IS

SYoISUCH pun Tl

JayBOSUSSSIMOSE) = un

Bundg euar Jo uonosjoid

198l014 uonesadoo) |eoluyda | assuRga-UBWIBL) N} JBISUBSapUNg




9g abed

sjuswnbBue juepodwi ss9| - X
sjuswnbue yuepodwi - Xx
syjuawnbue yuepodwi AlaA - xxx
syuawinBae Buljiy - Xxxx

MM "Jwbw (32b6pnq ajqejieae) uonesado
abpn|s pue Ajenb pue adoueusjUIEW JO} S}SOD [enuue

MM pajeal}

Jo Buriojuow

snonuuoo

Buipnjoul
MM Ayjenb (spuny a|qejieAe)
MM palean UOIJONJ}SUOD IO} S}SOD ||BJBAO

Jo Bunojiuow

snonunuoo

10} Jjeys

pue Alojeloge|

quawdinba

Buipnjoul
MM |eueo / auljedid
abieyosip Jusn|ye o} s}s02
MM uoIONIISU0D 4| MM J0) S1S00
MM SUON2BUUOD pjoyasnoy Joj S}S02
NI Saul| 10109]|0D A1epuodas 10} S}S02
MM saul| 10}09]|00 Arewd 1o} s}s0o
Ajjigisuodsay 90IN0S / SYSe | syleway uonesoT ubisag uonesoT saul CIENTS)

abieyosip d1LMM d1MM 10J08]|0D

UOI108}0.d S80IN0S8Y J8)JeMPUNO.L) JO 8A0adSIad 8U) WO} SUOIEPUSILIOISY [BJouss)
JusWYIED gley |9 JUEN Sy} Ul Saijioe] JoJeMa)SEAN 0} UOIDaJeS a)IS

Bulds ejar Jo Uonoaj0Id SHOJSYOY PUn W N

JEYBYISUSSEIMOIE)
198l014 uonesadoo) |eoluyda | assuRga-UBWIBL) 1N} JEjSUBSapUNg




BGR gﬁgﬁiﬁgﬁ;ﬁ'ﬁgﬁ;n German-Lebanese Technical Cooperation Project
vy und Rohstoffe Protection of Jeita Spring

Site Selection for Wastewater Facilities in the Nahr el Kalb Catchment
General Recommendations from the Perspective of Groundwater Resources Protection

ANNEX 3: Results of Tracer Test 1

page 87



( ‘ GEORG-AUGUST-UNIVERSITAT
3 GOTTINGEN

PROTECTION OF JEITA SPRING - LEBANON -
- SPECIAL REPORT -

ARTIFICIAL TRACER TESTS - APRIL 2010

JOANNA DOUMMAR (1), ARMIN MARGANE (2), YULAN JIN (1), TOBIAS GEYER (1), MARTIN
SAUTER (1)

(1) Applied Geology, University of Gottingen, GoldschmidtstraRe 3, 37077 Gottingen, Germany

(2) Federal Institute for Geosciences and Natural Resources (BGR), P.O. Box 51 01 53, 30631 Hannover, Germany



PROTECTION OF JEITA SPRING - LEBANON - SPECIAL REPORT ARTIFICIAL TRACER TESTS - APRIL 2010

TABLE OF CONTENTS
TADIE OF CONTENTS ..ottt ettt s bt et s bt e s h e e aa e s bt e e e et sbe e b e sab e besanenbeeanenrees i
[ o) = U TSRS ii
LISt OF TABIES ..ottt st b e e bbbt et s h et bt S ehe e r e bt e aenr et r e nre e iii
Lo INEFOQUCTION ettt et b et s bt et s bt et s bt e sat e s bt et sbe e b e sbeenesheeneens 1-1
1.1 (CT=T LT - | TP P PP P PPN 1-2
1.2 ObjJectives Of The TraCEI TEST ...eiiiiiii et e et e e et e e e s ba e e e tte e e esbaeeesabeeesnsaeessteeennres 1-2
2. Field Work and MethodOIOY ..........ceiciiie ittt ettt e e et e e s tt e e e abe e e ebaeeseabesesabaeesnsaees seeenses 2-1
2,101 MAtEIIAIS e bbbt bbb sre et eaees 2-1
2,02 FIEIAWOIK ettt h et h e bbb bt s sbe bt besre e reeaeen 2-2
2.1.3  DiSCharge IMEaSUIMEMENTS ......cccuieieieeeiitieeeeteeeeiteeeeiteeeeetaeeeebeeeesaeeessaeesassaeeesbaseesesessnseeesasteeeassensennen 2-6
2.2 EValuation and MOAEIING ........cocviiiiiiie et ettt e e et e e e et e e e e bt e e e sabae e sbbeeeenbaeessrneees 2-7
2,21 PArAmMELEIS .o ae saa e aa e s r e e 2-7
D A Y, (oo 1= 11 Y- PRSP 2-9
3. ReSUILS Of the TraCer TSt .c..iiiiiieiecitet ettt bbb st b e s et e s b e e b e snes s ene 3-11
3.1 Tracer Breakthrough curves- Tracer test 1 (FIUOrESCEIN)....ccvuiiiuieriiiiie et 3-12
3.1.1  Jeita Cave: Siphon Terminal- Daraya TUNNEI ........ccocuiieiiiiie ettt e e vee e aee e 3-12
3.1.2  Jeita Cave: 500 m Inside the Cave from Entrance of Touristic SECtioNn......ccccecereeverieneniienenciinens 3-13
3.1.3  Jeita Cave: TOUNISt ENtranCe.....c.cii it s 3-14
3.2 Tracer Breakthrough curves- Tracer test 1-b (FIUOre@SCEIN) ....evvcveereieiciieiieeeeree e 3-16
33 Comparison Of RESUILS @Nd SYNOPSIS.....eciiiiiiiiiieieiie ettt e et e et e eere e eteeeeetaeeeebreeesateeesabeeesareseereeennns 3-16
4. MOGEIING RESUILS ...eeeeieiieeeiiee ettt et et s st e b e s s e e s bt e e bt e sme e s st e b e e sane et eaneesneesaneesneenn 4-1
4.1 Tracer Breakthrough curves- Tracer test 1 (FIUOr@SCEIN).....cccveeeiiiririiierie e ste et te et seee e e ens 4-6
4.1.1  Jeita Cave: Siphon Terminal- Daraya TUNNEI ......cccoevieeiiieiieeee ettt e te e see e e saee e e snne e 4-6
4.1.2  Jeita Cave: 4+ 500M ..ottt et e e e e s e e s rae e e e e s 4-2
4.1.3  Jeita Cave: TOUNISTIC ENTFANCe ... ..oiiiiiiiieiieeecc et 4-2
4.2 Tracer teSt 1-D (FIUOTESCEIN) .ioviieiieiie ittt et te ettt e e te et e et e e sae e e e e sseeesseesssesseessseenseesnseesnneenenn 4-4
5. Discussion and CONCIUSIONS ........oiuiiiiiiiiiiiiiiitici ettt e s sh e b s senesane 5-1
T U< =T Y o Tl LTS O P PP PRSI 6-2



PROTECTION OF JEITA SPRING - LEBANON - SPECIAL REPORT ARTIFICIAL TRACER TESTS - APRIL 2010

LiST OF FIGURES

Figure 1-1

Figure 2-1

Figure 2-2

Figure 2-3

Figure 2-4

Figure 3-1

Figure 3-2

Figure 3-3

Figure 3-4

Figure 3-5

Figure 3-6

Figure 4-1

Figure 4-2

Figure 4-3

Figure 4-4

Figure 4-5

Figure 4-6

Location of Jeita Spring and Catchment in Lebanon (GoogleMaps) .......cccccuveevcieeeviieeecciiee e 1-2
Fluorescein Injection and Flushing in Deir Chemra pit hole on April 19th, 2010 (12:11) .....cccveeeuneen. 2-3
Amidorhodamin G Injection and Flushing in Abu Mizane pit hole on April 22" 2010 (15:59)........... 2-3
Fluorescein Injection in the Jeita Underground River on April 28”’, 2010 (11:42) coveeeeeeceeeeiee s 2-4

Location of Observation Points downstream to the Injection points during the tracer test undertaken

[T a I oY1 7 0 X P PPUPRUP 2-5
Connections between the observation and injection POINTtS.........ccocvieiiieeeciiie e 3-12

Fluorescein restitution curve (TBC) in Jeita cave at the siphon terminal (Daraya Tunnel) showing an
extensive tailing, a peak of about 1.8 pg/L, and a recovery of about 13%. The second peak is due to

the flushing occurred 20 hours after the first injection........cccccovvieiicin e, 3-13

Fluorescein restitution curve (TBC) in Jeita cave 500 m inside the cave from the tourist entrance, a

peak of about 1.2 pg/L. the curve is incomplete because of a malfunctioning of the fluorometer.. 3-14

Fluorescein Restitution Curve (TBC) in Jeita cave at the entrance of the tourist section based on
manual collected samples. The second peak is due to the flushing occurred 20 hours after the first

(LY [=To1 4o o TSP PUPP PP PPPPPUPPPPPRY 3-15
Fluorescein Concentrations detected in the Samples collected in Nahr El Kalb River ...................... 3-15

Fluorescein Breakthrough Curve (TBC) resulting from the Injection in the Jeita cave at the daraya

Tunnel recovered at the Jeita Spring (500 m inside the cave).......cccevcieieeiiccciee e, 3-16
First and second peak of the Daraya TBC modeled respectively with ADM and 2NREM.................... 4-1

Summation of the first and second peaks of the Daraya TBC modeled respectively with ADM and

Fitted data of the Jeita (+500m) TBC modeled with ADM (a) and 2NREM (b) ...cceeeeeiveeeiireciieeenen. 4-2

Fitted data modeled with ADM for the Jeita (+Om) TBC. The modeled curve is the sum of the
modeled first and SECON PEAKS .....c.vviiiiiec e e s re e s e e eane 4-3
Fitted data modeled with 2NREM for the Jeita (+Om) TBC. The modeled curve is the sum of the

modeled first and SECON PEAKS .....c.vviieiiiee e e e e e e s raeeeaes 4-4

Fitted data modeled with ADM (a) and 2NREM (b) for the TBC resulting for the tracer test 1b ........ 4-5



PROTECTION OF JEITA SPRING - LEBANON - SPECIAL REPORT ARTIFICIAL TRACER TESTS - APRIL 2010

LIST OF TABLES

Table 2-1 [a=Tor o] T o ] Y £ F PSSR 2-2
Table 2-2 Discharge Rates Measured at the Observations POINTS..........cccevieieeiiiiee e 2-7
Table 3-1 Velocities and Restitution Rates deduced graphically from the TBC.........cccceeiviiviiiee e, 3-17
Table 4-1 Summary of the Modeling Results of the Positive Tracer Tests Undertaken in April 2010 (Deir Chemra

oo I L= T 017 RO USRPRRUSPRPS 4-2



PROTECTION OF JEITA SPRING - LEBANON - SPECIAL REPORT ARTIFICIAL TRACER TESTS - APRIL 2010

1. INTRODUCTION

This report presents the results of the work undertaken in the Framework of the Cooperation between the
Institute for Geosciences and Natural Resources in Germany (BGR) and Georg-August University in Gottingen as
partial fulfillment of contract 10037409. The work undertaken is part of the German-Lebanese Technical
Cooperation Project Protection of the Jeita Spring funded by the German Ministry of Economic Cooperation and

Development (BMZ) and implemented on the German Side by the BGR.

About 67% of the area in Lebanon consists of karstified (6,900 kmz) rock sequences. The project area is the Jeita karst
catchment drained by the Jeita spring. It is considered one of the most important springs in Lebanon, which provides
the Capital Beirut with water for domestic use.

One part of this project is to provide assistance to the Lebanese Council for Development and Reconstruction
(CDR), as one of the partners of BGR, as well as other relevant national institutions or donor agencies, among
others the main German implementing agency for financial cooperation, the KfW Entwicklungsbank (KfW), the
European Investment Bank (EIB) and the Italian Protocol, concerning the site searching for wastewater collection
and treatment facilities in the groundwater contribution zone of the Jeita spring, herein referred to as the project
area.

The KfW project - Protection of Jeita spring - is planning to establish wastewater treatment plants and collector

lines in the area. One treatment plant is planned to be constructed on the catchment area of the Jeita spring. Prior

to the installation of the latter, it is primordial to understand the groundwater flow dynamics within the karst

system in order to depict the impact of such a potential source of contamination on the Jeita spring.

In addition of being used to acquire various transport parameters in karst aquifer such as peak concentration,
velocities, dispersivities, persistence of the tracer in water, and percentage of recovery, tracer tests are also
adopted in various studies as to simulate a substitute potential pollutant such as fecal bacteria (Orth et al., 1997,
Autckenhaler, 2002; Goppert and Goldscheider, 2007). A good knowledge of transport in a karst aquifer helps

define adequate management, remediation or prevention measures.

This report presents the results of the tracer test conducted in April 2010 to delineate the hydrogeological
connection between the location of a potential WWTP and the Jeita spring. Section 1 provides a description of the
study area, Section 2 discusses the methods, material and field work performed during this study. It includes a
description of the various tracer tests performed in April 2010, Section 4 presents the analytical results, whereas
Section 5 presents the modeling results. The latter mainly tackles aquifer dynamics and behavior as depicted in
April 2010 and gives insights into the velocities and dispersivities in the Jurassic Jeita system. Finally Section 6

presents some conclusions and recommendations.
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1.1 GENERAL

The Jeita Spring is an important karst spring located north to Beirut in Jounieh area. It constitutes the main water
source for the Beirut Area and its northern suburbs for domestic use. Governed by open channel flow/ full pipe
hydraulics, the Jeita Spring drains a catchment of about 288 km” extending east in the Lebanese Mountains (Figure
1-1). The catchment of the Jeita spring is defined to date mainly based on topographical boundaries. Very little is

known about the connection between various locations on the catchment and the Jeita Spring.

Figure 1-1 Location of Jeita Spring and Catchment in Lebanon (GoogleMaps)

The total yearly precipitation on the Jeita Catchment is estimated at about 407 Mm?, out of which only about 52.3 %

are infiltrated, whereas about 15 % and 32.7 % are lost in surface runoff and evapotranspiration respectively.

The Jeita cave is developed in limestone of Jurassic age over a total length (including subsidiaries) of 9000 m. The
topography of the grotto was established underground as well as on the surface. The Jeita Cave is also accessible from

a tunnel located downstream to Ballouneh Village, about 4500 m east to the Jeita Spring.

1.2 OBJECTIVES OF THE TRACER TEST

The main goal of the artificial tracer tests was to investigate the impact of the construction of a WWTP on the Jeita

catchment area. The tests were applied to
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e Identify a potential hydrogeological connection between the injection site (potential waste water
treatment plant location and the potential wastewater release point) and the Jeita spring and

eventually other springs existing on the catchment

e Characterize hydrodynamic flow and transport parameters of the Jeita Aquifer system (flow

velocities; mean and maximum, transit times, longitudinal dispersivities, mass restitution, etc...)

An additional tracer test was conducted within the cave over a distance of 4800 m to assess water velocities,
dilution effects and potential tracer mass losses only within the cave. This information is crucial for interpretation

of all further tracer tests performed on the catchment.
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2. FIELD WORK AND METHODOLOGY

2.1.1 Materials

The tracers Fluorescein (Sodium fluorescein, BASF, CAS 518-47-8, C,oH100sNa;) and Amidorhodamin G (CysHye
N,0,Na; Figure 2-1) were selected as they are considered non toxic. Both tracers can be measured simultaneously
on-site with low detection limits. Fluorescein, sensible to photochemical decay, is only highly adsorptive under
increasing acidity (Ford and Williams, 2007) and can be considered as conservative tracer in carbonate aquifers.
Geyer et al. (2007) reported that Amidorhodamin G is considered as a reactive tracer, showing slight retardation
with respect to Fluorescein. However for the purpose of this tracer test, Amidorhodamin G will also be regarded as

a conservative tracer.

Name Uranine Amidorhodamine G Tinopal CB5-X
Chemical C.H,,O.Na, CH.N. 0.5, Na C.H.. 0,5, Na,
formula
(salts)
Structural ()0, 0 0% CH,CH,HM EhTII-u::t-l CH,|~ tjos 2
ructura - ] CH. - : 1 = (-0
T TT = [’f 2k ~£ )

formula L H,CK eh, qﬂ-,_r{_.,/—Q o {7
(anions) A CO0H- 50,1-) o | ¥

[ (T S0,(-)

oy ,Ta.-°

S0,(-)

acid strength increasing

Figure 2-1 Chemical structures of the selected tracers (from Geyer et al. 2007).

Concentration of tracer was monitored in the springs and stream with field fluorometers (GGUN-FL30 serial
numbers 524, 525, 526, Schnegg 2002). This equipment measures continuously dye concentration at the
monitoring site every 2 minutes with two incorporated lamps able to detect emission at wave lengths of dyes of
interest in this study. The field fluorometers, which detect signals as millivolts, were calibrated for Fluorescein and
Amidorhodamin G. The dissimilarity and lag between the luminescence wavelengths of both Fluorescein and
Amidorhodamin G enables the distinction between both dye types during analysis and hinders the significance of
overlaps. Fluorescein has a spectrum of luminescence ranging between 490 nm and 524 nm, whereas that of
Amidorhodamin G extends between 535 nm and 552 nm. In the presence of one tracer, the calibration file allows a
direct conversion of electrical signal into concentration in micrograms per liter. In the presence of two tracers, the
lamps are calibrated for both dyes; therefore, based on a system of two linear equations, the electrical signal is

transformed into two signals representative of concentrations of both tracers (Schnegg, 2002). The limit of
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detection of the field fluorometer is dye at a concentration of 0.02 pg/l for fluorescein and 0.2 pg/l for
Amidorhodamine G. The detection of tracer in water samples taken manually or with the automatic sampler was
performed at a later stage using the field fluorometer GGUN-FL30 (serial number 524) activated for both
Fluorescein and Amidorhodamin G at a sampling rate of 10 sec). Correction for the presence of background tracer
concentration was also taken into account. It is worth noting that the threshold of tracer detection signal limit for
the field fluorometer is 1000 pg/l, beyond this limit, samples need to be also diluted until achieving a detectable

signal.

2.1.2 Fieldwork

2.1.2.1 Injections

A tracer test was undertaken on the 19" of April (at 12:11) under relative low flow conditions. Five kilograms of
the fluorescent dye Fluorescein were injected in the vicinity of the location of the PWWT into an artificially 10-m
dug hole. The tracer, injected directly into a bucket was flushed with a total volume of 40 m® of water (from water
tanks for about two hours; Figure 2-1). The pit hole was flushed with additional 20 m> on the next day (20th April
2010 at 8:11 am) 20 hours after the first flushing. On the 22™ of April 2010, five kilograms of Amidorhodamin G
(AG) were injected in Abou Mizane in a drilled hole (of about 3-m diameter) during a rain event, and flushed with a
total volume of 20 m® over about 1 hour. The favorable weather conditions and difficult accessibility of the tanks
to the Injection pit hindered the appropriate flushing. Therefore, the pit was flushed only 15 hours after the first
injection with additional 40 m>. However it is to be noted that the infiltration rate was relatively low, which did not
allow a good percolation of the AG. On the 28" of April 2010, 424 grams of fluorescein were released in the Jeita

|u

underground river at the “siphon terminal” of the Daraya Tunnel.

Table 2-1 Injections Points
INJECTION POINT X,Y,Z INJECTION FLUSHING COMMENTS
(LAMBERT, m) TIME VoLuMmEe (m®)
Injection Point 149387 19.04.2010 (12:11) 40 Infiltration rate was relatively favorable
(1) 224042 19.04.2010 (8:11) 20 to ensure good percolation of the tracer
Deir Chemra 555
Injection Point 148115 22.04.2010 (15:59) 20 During heavy rain event
(2) 223315 22.04.2010 (08:00) 40 Infiltration rate was relatively low to
Abu Mizane 450 ensure good percolation of the tracer
Daraya Tunnel (3) 146135 28.04.2010 In flowing Turbidity rose after injection to about 48
223503 water NTU
140
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Figure 2-1 Fluorescein Injection and Flushing in Deir Chemra pit hole on April 19th, 2010 (12:11)

e
; o P

Figure 2-2 Amidorhodamin G Injection and Flushing in Abu Mizane pit hole on April 22", 2010 (15:59)
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Figure 2-3

2.1.2.2

Observation points

Fluorescein Injection in the Jeita Underground River on April 28“‘, 2010 (11:42)

Field spectrofluorometer with dataloggers were installed in the Jeita spring 500 m inside the cave and in the

Siphon terminal (4800 m from the cave touristic entrance) and in the Qachqouch Spring for automatic sampling.

Manual samples were collected from Jeita and Qachqouch springs and Nahr El Kalb River every hour (Error!

Reference source not found. and Figure 2-4).

Table 2-2 Observations Points
OBSERVATIONS X,\Y,Z SAMPLING TIME SAMPLING COMMENTS
POINTS (LAMBERT, m) TIME SPAN INTERVAL
Jeita Grotto 142603 Automatic  17.04.2010-11.05.2010 2 min GGUN-FL30 serial
(+500m) 223385 number 525

95
Jeita Grotto 142233 Manual 19.04.2010-27.04.2010 1 hour Analyzed on the
Beginning of the 223115 (13:00) 28.04.2010 with GGUN-
Touristic Section 90 FL30 serial number 524
(+0m)
Jeita Grotto 146135 Automatic 15.04.2010- 2 min GGUN-FL30 serial
Daraya Tunnel 223503 12.05.2010 number 526

140
Qachgouch Spring 141946 Automatic 19.04.2010- 2 min GGUN-FL30 serial

223006 04.05.2010 number 524
60
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OBSERVATIONS X,Y,Z SAMPLING TIME SAMPLING COMMENTS
PoINTs (LAMBERT, m) TIME SPAN INTERVAL
Qachgouch Spring 141946 Manual 19.04.2010-27.04.2010 1 hour Analyzed on the
223006 (13:00) 28.04.2010 with GGUN-
FL30 serial number 524
60
Nahr El Kalb 142115 Manual 19.04.2010-27.04.2010 1 hour Analyzed on the
222989 (13:00) 28.04.2010 with GGUN-
50 FL30 serial numbers 524

143000

e
el

oy |

S el

id
B Automatic Sampling o 625 1.250 2,500 3,750 5,000
A Injection Site {19.04.10) ’l
@  Manual Sampling N
A Injection Site (22,0410
@  Injection Site (28.04.10)
Figure 2-4 Location of Observation Points downstream to the Injection points during the tracer test

undertaken in April 2010
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2.1.3 Discharge Measurements

Flow rate measurements were mainly performed based on the dilution gauging methods using salt and
Fluorescein. The dilution method relies on calculating the discharge rate based on a tracer breakthrough curve
(TBC). In the case of salt, a TBC of Electrical Conductivity is measured and translated to salt concentration with the
help of a calibration function. The integration of the concentration over time allows the estimation of the

discharge rate as shown in Equation 1.

A Calibration curve (rating curve, Equation 2) of salt concentration as a function of conductivity was constructed

for the Daraya and Qachqouch Springs prior to discharge measurement.

M
= (1)

I c(t)dt

Where

Q is the discharge rate [L3/T]

M is the injected salt or fluorescein mass [M]
c is concentration [M/L3]

tis time [T]

c=a[EC]+b 2)

EC is the Electrical conductivity
a is the slope of the linear relationship between C and EC
b is the intersection of the calibration curve with the y axis

The spring discharge at the various discharge points were measured at different intervals during the tracer test
period. It was measured only once in the Jeita Cave to avoid interference with the large scale tracer tests. The

discharge rates are shown in

Table 2-2. Discharge rates are very important for the calculation of restitution rates are the springs. The degree of
uncertainty in the measurements reaches about 0.4 m>/sec due sometimes to incomplete dilution and short

distance tests during discharge measurements using the dilution methods.
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The discharge flow rates were measured during tracer tests at the various observation points namely, Jeita Spring

at 500m inside the cave and in Daraya Tunnel as well as Qachqouch spring and Nahr El Kalb River.

Table 2-2 Discharge Rates Measured at the Observations Points
OBSERVATION POINT METHOD DATE DISCHARGE RATE COMMENTS
Jeita Grotto Dilution with 17.04.2010 5.6 m3/sec
(+500m) fluorescein +0.4 m*/sec
Jeita Grotto Dilution with 15.04.2010 3.2-3.6 ma/sec Fluorescein dilution was not
Daraya Tunnel fluorescein and 23.04.2010 +0.4 m*/sec successful due to relatively short
salt. 25.04.2010 d|stanicr(1ac(01r£rlwr’r|2tin:ilz:ir:)s;quent
(velocity 28.04.2010
estimation)
Qachqgouch Spring Dilution with 20.04.2010 1.4-1.5 m3/sec Salt dilution method was not
fluorescein and 24.04.2010 +0.1 m*/sec successful due to the short
salt 25.04.2010 distance (20 m)
Fluorescein dilution was
4.05.201
04.05.2010 performed on a distance of 166.5
m
Nahr El Kalb Dilution with 04.05.2010
fluorescein

2.2 EVALUATION AND MODELING

2.2.1 Parameters

Tracer breakthrough curves (TBCs) were analyzed graphically, using Excel sheets, and numerically with the
software CXTFIT- Stanmod (Toride et al. 1999). Two model approaches, the Advection-dispersion Model (ADM),
and the two region non equilibrium model (2RNEM) were adopted for the modeling of the TBC, especially in the
presence of overlaps in the tracer breakthrough curve and to reproduce tailing in most of the retrieved TBCs. The
software allows the calculation of various process parameters based on fitting with observed tracer breakthrough
curves. These are tracer recovery (R), restitution “key” times (t), flow velocities (v), longitudinal dispersion (D)/

dispersivity (a), and Peclet numbers.
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2.2.1.1 Tracer recovery
Tracer concentration data were plotted versus time to reconstruct a Tracer breakthrough curve. Recovery R was
calculated based on the TBC, upon integration of the concentration multiplied by flow data over the tracer

restitution period, from its first detection until end of tailing based on Equation 3 (EPA/600/R-02/001, 2002).

R= éic(t)g(t)dt (3)

Recovery rates provided in this study are valid only in the case where the tracer is considered to be conservative
and to have been totally conveyed into the saturated zone, rather than being partially trapped in the unsaturated

zone or in soil superficial layers as a result of poor flushing.

2.2.1.2 Flow velocities

Mean (v,), maximum (Vnq), and peak (v,) flow velocities were calculated respectively based on the mean
residence time, the time of first detection, and time of peak detection. The mean residence time represents the
time where half of the recovered tracer mass has elapsed at the observation point. It is calculated by (EPA/600/R-

02/001, 2002)

. _ jeQyds
L )0y

2.2.1.3 Longitudinal dispersivity and dispersion

The shape of the dye hydrograph provides an indication of the longitudinal dispersion of the tracer, as the
retrieved TBC is one-dimensional. As a matter of fact, variance of the TBC allows the estimation of dispersivity (a)
and longitudinal dispersion (D.), neglecting molecular diffusion as shown in Equation 5. Dispersion portrayed by
the variance of the TBC is due to variation in velocities during transport. It usually reflects the degree of
heterogeneity of the flowpath. The longitudinal dispersion is highly positively correlated with the effective velocity

and dispersivity.
D =¢a,-v_+D’ (5)

D, being the longitudinal dispersion coefficient [L%/T]

o, being the dispersivity of the tracer [L]

v, being the effective velocity calculated based on mean residence time [L/T]
D being the molecular diffusion coefficient (neglected in this case) [L%/T]
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2.2.2 Modeling

2.2.2.1 1-D advection-dispersion model (ADM)

The ADM governed by Equation 6, is based on the variation of the concentration of tracer with time as inversely
proportional to the flow rate at the observation point, the reciprocal of the Peclet number (Py). The Peclet number
(ratio of distance over longitudinal dispersivity, or the ratio of longitudinal dispersion to distance and mean
velocity) shows the respective contribution of each of the advection and diffusion in the transport mechanism. It is
defined by the ratio of the linear distance over the dispersivity. A peclet number that is greater than 6.0
characterizes mass transfer dominated by advection processes rather than diffusion processes (EPA/600/R-02/001,

2002).

This parameter has an implication on the dependence of each of the velocity and dispersivity on the
physicochemical characteristics of the tracer, which are relatively insignificant where advection plays an important

role in mass transport processes (EPA/600/R-02/001, 2002).

(6)
C(t) = M exp | — +

3 4p,.
D m
t
Otm 47[PD [t}

m

The software Stanmod (CXTFIT) was used for the modeling of TBCs resulting from a conservative tracer Dirac pulse
test using the Advection-Dispersion Model (ADM). The latter does perform automatic runs. Initial estimates for
fitting parameters have to be introduced in the model. Observed values are input as concentration in micrograms
per liter (ug/1) as a function of time in hours. At the beginning of the modeling, the maximum and minimum ranges
were significantly high. With an iteration number often set to 50, the system returns a best fit for the observed
values. Upon refinement of the curve, range between maxima and minima was reduced to a one final set of
dispersion and mean velocity. The massive flux required by the model is the integral of the concentration as a

function of time (fC(dt)).

The fitting allows to inversely estimate the mean velocity and dispersion (Goppert and Goldscheider, 2007). This
model is however unable to account for tailing observed in TBCs. This phenomenon can generally be described by

mass-transfer between mobile and immobile fluid regions, flow channeling and multi-dispersion.
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2.2.2.2 Two region Non equilibrium model (2RNEM)
The two region non-equilibrium model is based on the assumption that the solute is present under two forms of

fluid regions, a mobile fraction, such in the conduits and main flow direction pathways, and an immobile fraction,
which is hosted in dead end passages and sediments pools (Field and Pinsky, 2000, Geyer et al., 2007). The latter
fraction is thought to be released slowly with time, which explains in some cases, the tailing observed in most of

the tracer breakthrough curves.

laminar layer vortices and EdFiES

=
Chaa T~

turbulent flow

mabile fluid region

-

] I \1 I
sediments limestone  e.g. immobile
fluid regions
Figure 2-5 Conceptual model of flow within a karst conduit (from Geyer et al. 2007).

This Two region Non equilibrium model accounts for conservative transport processes, including advection,

dispersion and mass transfer between the immobile and mobile phase. The corresponding equations are (Toride et

al. 1999)
0, g, _ D dc, -V &, ~olc, —c,.m)
ot ox’ Oox
(1-0.R%= = afe, -c) "

Where v is the average velocity [L/T]

D is the dispersion coefficient [L%/T]

6 is fraction of the mobile fluid phase [-]

w is the first order mass transfer coefficient [1/T]

¢im and c,, are the respective concentration of mobile and immobile fluid phase [M/L?]
x is the space coordinate [L]

tis time [T]
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In a first approach, fluorescein and amidorhodamin G are assumed as conservative tracers in this study. Therefore

reactive transport processes like e.g. ion exchange, complexation and decay will be neglected.

Tracer injection is simulated by a Dirac pulse, i.e. tracer injection period is negligible compared to the observed
tracer travel time. Calibration with CXTFIT can be performed inverse, i.e. the model iterates, based on transport
preset parameters, in order to reproduce observed tracer. The parameters that are adjusted for the model are B,

w, velocity v and dispersion D.

3. RESULTS OF THE TRACER TEST

The first tracer test undertaken on April 19”’, 2010 was positive as fluorescein was detected in the Jeita spring at
various points, as well as in the Nahr El Kalb River. The tracer test undertaken on April 22"d, 2010 was negative, as
amidorhodamine G was not detected in any of the observation points. The tracer test within the cave performed

on April 28”’, 2010 was also successful.

Even though true distances are usually more sinuous and therefore greater (Field, 2000, Goppert and
Goldscheider, 2007), linear distances between the injection point and the observation point are usually considered
for velocity calculations, i.e. the calculated flow velocity is a lower bound of the average flow velocity. Distances

were defined as follows and didn’t account for turtuosity or change in altitude, except in the Jeita cave:

e The distance between the Injection point and the Daraya tunnel was a straight line distance of about

2700m.

e The distance between the Injection point and the Jeita spring (+ 500 m) is about 7500 m accounting for
2700 m until the Daraya tunnel and additional 4800 m within the cave between the Daraya siphon

terminal and the observation point.
e The distance between Injection point and the Jeita spring (at the touristic entrance) is about 8000 m.

e The distance within the cave was calculated based on the cave trace and accounts for turtuosity.
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Figure 3-1 Connections between the observation and injection points

3.1 TRACER BREAKTHROUGH CURVES- TRACER TEST 1 (FLUORESCEIN)

Fluorescein was detected in the Jeita spring at the Daraya Tunnel, and at both locations within the cave, as well as
in Nahr El Kalb River. However, no tracer was detected in Qachqouch Spring. Therefore a hydrogeological

connection exists between the injection site at Deir Chemra and the Jeita Spring.

The following section discusses the fluorescein Breakthrough curves retrieved at the Jeita Spring. Connections

between Injection point and observation points are shown in Figure 3-1.

3.1.1  Jeita Cave: Siphon Terminal- Daraya Tunnel

The tracer was detected in the Jeita Spring at daraya locality about 46 hours after the injection. The peak
concentration reached 1.8 pg/L 57 hours after injection (Figure 3-2). The shape of the restitution curve is rather
irregular, since it shows two peaks. The first peak being a result of the first injection, the second peak reaching 0.88

ug/L is believed to result from the flushing undertaken 20 hours after the first injection. As a matter of fact, the

3-12



PROTECTION OF JEITA SPRING - LEBANON - SPECIAL REPORT ARTIFICIAL TRACER TESTS - APRIL 2010

difference between the first and second peak is about 20 hours. The tailing started 100 hours and persisted 140

hours after injection. Tailing extended consequently for about 40 hours from the end of fluorescein recession.

Based on discharge rate under prevailing flow conditions (3.6 m’/sec), approximately 650g of fluorescein were

restituted in the Jeita Spring at the Daraya Tunnel, which represents 13% of the total injected mass of fluorescein.

2 14%
1.B
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1.6
S 14 10%
(=]
; E
s o
E r2 8% ¢
o
E —
g ! E
2 o8 6% g
£ -
id
£ 06 4%
L
0.4
2%
0.2
] 0%
4] 20 40 B0 80 100 120 140 160
time after iniection {hours)
Figure 3-2 Fluorescein restitution curve (TBC) in Jeita cave at the siphon terminal (Daraya Tunnel) showing

an extensive tailing, a peak of about 1.8 pg/L, and a recovery of about 13%. The second peak is

due to the flushing occurred 20 hours after the first injection.

3.1.2 Jeita Cave: 500 m Inside the Cave from Entrance of Touristic Section

The tracer was detected in the Jeita Spring 500 m inside the cave from the entrance of the touristic section about
50 hours after the injection. Due to a malfunctioning of the field fluorometer the rest of the curve was not saved
on the datalogger, as a result of which, the shape of the restitution curve is not complete. The tracer arrived about
50 hours after the injection. The recorded peak reached 1.2 pg/L appeared 63 hours after injection. Restitution
cannot be calculated from the incomplete curve. It is worth noting that the tracer started to appear at the Jeita

cave (+500m) 6 hours after its first detection in the Daraya section.
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Figure 3-3 Fluorescein restitution curve (TBC) in Jeita cave 500 m inside the cave from the tourist

entrance, a peak of about 1.2 pg/L. the curve is incomplete because of a malfunctioning of the

fluorometer

3.1.3 Jeita Cave: Tourist Entrance

The tracer was detected in the Jeita Spring at the spring outlet at the touristic entrance about 50 hours after the
injection. The peak concentration reached 1.2 pg/L 57 hours after injection (Figure 3-2). Like in the Jeita spring at
the Daraya Tunnel, the TBC shows two peaks. The first peak being a result of the first injection, the second peak
reaching about 0.75 pg/L is believed to have resulted from the second flushing undertaken 20 hours after the first
injection. Conclusions about tailing could not be given in the case of the TBC reconstructed from manual sampling

because of insufficient sampling period.

Retardation and decay were neglected in calculation as fluorescein is considered a relatively conservative non
degradable tracer. Based on discharge rate under prevailing flow conditions, approximately 700g of fluorescein
were restituted in the Jeita Spring outlet at the touristic entrance, which represents 14% of the total injected mass

of fluorescein.

Fluorescein was detected in the samples collected hourly from the Nahr El Kalb River at the water authority
pumping station (Figure 3-5). Measured concentrations reached about 1 pg/L. It is suspected that there are various
inflow points into the Nahr El Kalb River, including inflow from the Jeita spring. Therefore restitution rates cannot
be calculated from the TBC. On the other hand, fluorescein was not detected in the Qachqouch spring, neither in

the samples collected manually nor by the field fluorometer.
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Figure 3-5 Fluorescein Concentrations detected in the Samples collected in Nahr El Kalb River
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3.2 TRACER BREAKTHROUGH CURVES- TRACER TEST 1-B (FLUORESCEIN)

During the tracer test undertaken within the cave fluorescein was detected at the Jeita Spring 500 m inside the
cave about 5.37 hours after the injection. The peak concentration reached about 11 pg/L 6 hours after injection

(Figure 3-6).

Based on discharge rate under prevailing flow conditions (5.6 m3/s), approximately 216 g of fluorescein were
restituted in the Jeita Spring outlet at the touristic entrance, which represents about 51% of the total injected mass
of fluorescein. Such low restitution rates within the cave between Daraya and the Jeita Spring are contradictory

with the results of the first tracer test, which shows no losses within cave.

12 - 60%

10 - - 50%
= c
3 o S
5 8 - 40% g
E ®
1]
& 6 | - 30% 3
= =
g 4 - 20% g
< S
3 3

2 A - 10%

0 0%

0 2 4 6 8 10
time after injection (h)
Figure 3-6 Fluorescein Breakthrough Curve (TBC) resulting from the Injection in the Jeita cave at the

daraya Tunnel recovered at the Jeita Spring (500 m inside the cave)

3.3 COMPARISON OF RESULTS AND SYNOPSIS
The first tracer arrivals are detected 43, 48.8 and 49.8 hours after the tracer injection respectively in the Jeita
spring at the Daraya Tunnel, at 500m inside the cave and at the cave outlet. Variance of the three TBC is relatively

similar, which implies a similar dispersion coefficient of the three TBC.

Based on peak times of detection of 57.2, 63.8 and 64.8 hours in the Jeita spring at the Daraya Tunnel, at 500m
inside the cave and at the cave outlet, the peak flow velocity of groundwater is considered to be 47 m/hour
between injection point and Daraya System and about 120 m/hour under low flow conditions between the
injection point and the Jeita spring including the Daraya tunnel. Velocities and restitution rates interpreted

graphically from the TBC are shown in Table 3-1.
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Velocities within the cave appear to be very high. Based on tracer first arrival time, the maximum velocity reaches

about 900 m/d, whereas peak velocity calculated based on the time of peak concentration is about 786 m/d.

Table 3-1 Velocities and Restitution Rates deduced graphically from the TBC

OBSERVATION POINT ~ TRACER FIRST MAXIMUM PEAK CONCENTRATION PEAK VELOCITY RESTITUTION
DISTANCE FROM ARRIVAL VELOCITY TIME (hours) (m/hours) (%)
INJECTION POINT (hours) (m/hours)

TRACER TEST (FLUORESCEIN) - 19. APRIL 2010- DEIR CHEMRA

Jeita Grotto 48.8 153 63.8 117.5 -
(+500m)

7500m

Jeita Grotto 49.8 160.6 64.8 123.5 13

Beginning of the
Touristic Section

(+0m)

8000m

Jeita Grotto 43 62.7 57.2 47.2 13

Daraya Tunnel

2700m

Qachqgouch Spring NEGATIVE

Nahr El Kalb | Suspected to be  Various peak tracer detected however no conclusions about velocities or
75 restitution rates can be given

TRACER TEST (AMIDORHODAMINE) — 22 APRIL 2010 — ABU MIzZANE NEGATIVE

TRACER TEST (FLUORESCEIN) — 28 APRIL 2010 — WITHIN THE CAVE

Jeita Grotto 53 905 6.1 786 51
(+500m)

4800m
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4. MODELING RESULTS

A summary of all modeling results of the tracer tests performed in Deir Chamra and within the cave is presented in
Table 4-1 . The quality of the model fits was assessed by estimation of the coefficient of correlation (Rz) and the
mean square error (MSE). All fitting were achieved with coefficients of correlation exceeding 0.95 and a mean

square error generally not exceeding 102 micrograms per liters, as portrayed in Table 4-1.
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PROTECTION OF JEITA SPRING - LEBANON - SPECIAL REPORT ARTIFICIAL TRACER TESTS - APRIL 2010

4.1 TRACER BREAKTHROUGH CURVES- TRACER TEST 1 (FLUORESCEIN)

4.1.1 Jeita Cave: Siphon Terminal- Daraya Tunnel

The TBC recovered at the Jeita cave in the Daraya section was modeled using both the Advection Dispersion Model
(ADM) and the Two Non Equilibrium Model (2RNEM). For modeling purposes the two peaks were regarded as
results of two injections and peaks were modeled separately. According to both models mean flow velocities
ranged between 43 and 45 m/day. As a result of different infiltration rates triggered with the second flushing,
variance in the second peak is greater, showing a more important dispersive component. Dispersion values vary

between 850 and 1530 m*/hour respectively for the first and second peak.

Mean transit time between the Injection point and Daraya Tunnel (a total distance of 2700m and an altitude

difference of about 400 m) resulted to be about 60 hours.

Since tailing is relatively pronounced in the second peak, it was modeled using the 2NREM model (Figure 4-1). The
mobile phase proportion is estimated to be 80%. Mean velocity calculated with the 2NREM model is about 36 m/h

accounting for the large observed tailing.

The summation of the two modeled peaks with both models is shown in Figure 4-2. It is to be noted that tailing is

best fitted with the 2NREM.

Peclet numbers ranges between 160 and 170, reflecting the prevailing advective component of the transport
through the karst system. Recovery rates reaching not more than 13% obtained with the CXTFIT fall in the same

range of that calculated by manual integration.
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4.1.2 Jeita Cave: + 500m

The incomplete curve TBC restituted at the Jeita Spring 500m inside the cave by the fluorometer was simulated
with the Advection Dispersion Model (ADM) and the Two Non Equilibrium Model (2RNEM; Figure 4-3). Since the
curve is not complete on the tracer recession limb, the 2NREM modeled parameters are not fully reliable,
especially that the tailing is missing. According to the ADM mean velocity is 114 m/day. The calibrated value for

dispersion is 5040 m’/hour. The mean transit time over a total distance of 7500 m was calculated to be about 66

hours.

Peclet numbers are higher than 100, reflecting the prevailing advective component of the transport. Recovery rate
obtained with the CXTFIT are not representative of the total recovery rate. The massive flux was regarded in this

case as a fitting parameter.

1.6 1.6 -
------- Fitted data I

14 - 14 | o Fitted data
S 12 2 ¢ Observed data % 1.2 4 ¢ Observed data
g £ g R
i 1.0 S 10 I
£ £ % E ¢
§ 08 o ¥ § 08 - i ‘%‘)
® S E R
£ 06 \ £ 06 # &
a \ ] ! 5
£ 04 } & 04 r
S ’ ‘l‘ Q ’ 4 .

i $ ™.
0.2 0.2 §
0.0 e : : 0.0 wd e :
30 50 70 90 110 130 30 80 130
time after injection {h) time after injection {h)
a b
Figure 4-3 Fitted data of the Jeita (+500m) TBC modeled with ADM (a) and 2NREM (b)

4.1.3 Jeita Cave: Touristic Entrance

The TBC reconstructed from manual samples collected at the cave entrance was modeled using both the Advection
Dispersion Model (ADM) and the Two Non Equilibrium Model (2RNEM). Like for Daraya TBC, for modeling
purposes the two peaks were regarded as results of two injections. Therefore, during modeling every peak was
modeled separately, the second injection being performed 20 hours after the first Injection. According to the ADM
model, mean velocities ranged between 120 and 121 m/h. Dispersion values vary between 5070 and 7830 m*/h
respectively for the first and second peak. As a result of different infiltration rates triggered with the second

flushing, variance in the second peak is greater, showing a more important dispersive component.
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Mean transit time between the Injection point and this observation point (a total distance of 8000 m and an

altitude difference of about 500 m) resulted to be about 66-67 hours.

In order to account for the tailing, the TBC was modeled using the 2NREM. In the latter case, modeled mean
velocities ranged between 109 and 118 m/hour. Modeled dispersion values ranging between 916 and 2900
m?*/hour appears to be lower than the values obtained with the ADM model. The fitted mobile phase proportion
ranges between 87% and 90%. Peclet numbers are higher than 100, reflecting the prevailing advective component
of the transport. Recovery rates obtained with the CXTFIT fall in the same range of that calculated by manual
integration. The total restituted mass was considered as a fixed parameter, whereas the massive flux for each of

the peaks was regarded as a fitting parameter.

Figure 4-4 and Figure 4-5 show the summation of the two peaks in an attempt to reproduce the entire observed
TBC. As depicted in Figure 4-5, with the 2NREM model tailing is best accounted for and fitted values match to a

good extent the observed values.

16 7 +  Observed data
1.4 AR Modeled 1st peak
------- Modeled 2nd peak

= 1.2 4 modeled data
<1
o
s 14
E
g os -
=
(]
£ 06
c b
Y]
Q
=
S 04 |

0.2

0 T T
10 30 50 70 90 110 130 150 170
time after injection {h)
Figure 4-4 Fitted data modeled with ADM for the Jeita (+Om) TBC. The modeled curve is the sum of the

modeled first and second peaks
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Figure 4-5 Fitted data modeled with 2NREM for the Jeita (+Om) TBC. The modeled curve is the sum of the

modeled first and second peaks

4.2 TRACERTEST 1-B (FLUORESCEIN)

The TBC resulting from the tracer test undertaken within the cave was modeled using both the Advection
Dispersion Model (ADM) and the Two Non Equilibrium Model (2RNEM, Figure 4-6). According to the ADM model,
mean velocity was about 766 m/hour. Dispersion reached 7000 mzlhour, which results in longitudinal dispersivity
of about 9 m. Such high values for dispersion obtained in the ADM model are due to the attempt of the model to
account for the tailing. Mean transit time between the Injection point and this observation point (a total distance

of 4800 m) resulted to be about 6.3 hours.

The modeled mean velocity with the 2NREM Model is about 760 m/hour, whereas the modeled Dispersion value

reaches about 2380 m*/h yielding a longitudinal dispersivity of about 3.1 m. The mobile phase proportion is about
92%.

Peclet numbers are higher than 100, ranging between 528 (ADM) and 1530 (2NREM) reflecting the prevailing
advective nature of the transport. Recovery rates obtained with the CXTFIT fall in the same range of that calculated

by manual integration. The total restituted mass was regarded as a fixed parameter during modeling.
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Figure 4-6 Fitted data modeled with ADM (a) and 2NREM (b) for the TBC resulting for the tracer test 1b
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5. DIscussION AND CONCLUSIONS

Based on the tracer test undertaken on April 19th, 2010, a hydrogeological connection was established between an
injection point in Deir Chemra at the potential location of the waste water treatment plant and the Jeita Spring at
various points within the cave and at the outlet. Furthermore, tracer was also detected in the Nahr El Kalb River.
The detected tracer in the River might have been channeled into the River through springs existing along the river,

or an overflow from the Jeita cave itself.

Velocities within unsaturated zone depicted from the tracer behavior between the injection point and the Daraya
tunnel ranges between 43 and 45 m/hour, yielding mean transient times of 60 hours. The mean transit time of the
tracer between the injection point and the Jeita cave is about 66 hours, which imply a transit time of 6 hours

within the cave, or a velocity of about 800 m/hour.

Velocities within the cave range between 760 and 766 m/hour, which are in accordance with the velocities
calculated from the first tracer test. These velocities are considered relatively high but physically common
velocities in karst systems. Longitudinal dispersivity within the cave ranges between 3m and 9 m depending on the

adopted model.

Restitution rates in the first tracer test did not exceed 14 % in all the observation points namely, the Daraya tunnel
and the Jeita Spring. Conclusions cannot be given about the remaining tracer quantity, which is probably trapped

in the unsaturated zone, and released at very low rates.

The fluorescein concentrations observed in the TBC retrieved at the Jeita spring are lower than the ones observed
in the Daraya TBC, due to dilution processes occurring in the cave because of additional 2m’*/s inflow at some

location within the cave.

No tracer loss was detected between Daraya and Jeita outlet, as in both observation points tracer restitution was
about 13-14 %. However the tracer test performed within the cave shows a loss of 49% in the tracer mass. This
discrepancy can be explained either by inaccuracy in the input mass, high turbidities, or the tracer behavior. A
portion of fluorescein might have remained stuck at the beginning of the Daraya section, and was not released
with time. It is also worth mentioning that turbidity values at the time of tracer restitution were relatively high,
exceeding 48 NTU, which might have hindered the fluorescein fluorescence. It is therefore advised to repeat the

tracer test within the cave to rule out any possible losses.

Even though AG was not detected in any of the observation point, a hydrogeological connection between the
injection point at Abu Mizane and the Jeita spring cannot be ruled out. The AG test could have been negative as a

result of poor infiltration rates during injection and poor conditions of the injection hole.

GEORG AUGUST UNIVERSITY - GOTTINGEN 51



PROTECTION OF JEITA SPRING - LEBANON - SPECIAL REPORT ARTIFICIAL TRACER TESTS - APRIL 2010

6. REFERENCES

e Auckenthaler A, Huggenberger P, 2003. Pathogen Mikroorganismen in Grund und Trink Wasser. Transport

Nachweissmethoden Wassermanagement. Birkhauser. 80-91 pp

e EPA/600/R-02/001, 2002. The QTRACER2 program for tracer-breakthrough curve analysis for tracer tests in
karstic aquifers and other hydrologic systems. Washington, D.C.: U.S. EPA.

e Field MS, and Pinsky P.F. 2000. A two region non equilibrium model for solute transport in solution conduits

in karstic aquifers. Journal of contaminant hydrogeology 44, 1, 329-351 pp

e Field MS., and Nash S.G., 1997. Risk assessment methodology for karst aquifers: (1), estimating karst flow

parameters. Environmental monitoring and Assessment. 47, 1, 1-21 pp
e Ford D, Williams D W., 2007. Karst hydrogeology and geomorphology. Unwin Hyman, Boston

e GeyerT,, BirkS., LichaT., Liedl R., and Sauter M., 2007. Multi tracer approach to characterize reactive
transport in karst aquifers. Groundwater. Vol 45, 1. 36-46 pp

e Goppert N and Goldscheider N. 2007. Solute and colloid transport in karst conduits under low and high flow

conditions. Groundwater, 73, 3.

e OrthJ.P., Netter R., and Merkl, G. 1997. Bacterial and chemical contaminant transport in a karstic aquifer
(Danube Valley, Swabian Jura, Germany). Karst water and environmental impacts. Ed. Gunay and Johnson.

173-179 pp

e Schnegg P.A, 2002. An inexpensive field fluorometer for hydrogeological tracer tests with three tracers and
turbidity measurement. Groundwater and Human development. Ed. E Bocanegra, D Martine, and H Massone.

Mar del Plata, Argentina. 1483-1488 pp

e Toride, N., F.J. Leij, and M.T. van Genuchten. 1999. The CXTFIT code for estimating transport parameters from
laboratory or field tracer experiments. U.S. Salinity Laboratory Agricultural Research Service, U.S. Department

of Agriculture Riverside, California. Research Report 137.

GEORG AUGUST UNIVERSITY - GOTTINGEN 6-2



BGR gﬁgﬁiﬁgﬁ;ﬁ'ﬁgﬁ;n German-Lebanese Technical Cooperation Project
vy und Rohstoffe Protection of Jeita Spring

Site Selection for Wastewater Facilities in the Nahr el Kalb Catchment
General Recommendations from the Perspective of Groundwater Resources Protection

ANNEX 4: Results of Tracer Test 2

page 124



( ‘ GEORG-AUGUST-UNIVERSITAT
3 GOTTINGEN

PROTECTION OF JEITA SPRING - LEBANON -
- REPORT -

ARTIFICIAL TRACER TESTS - AUGUST 2010

JOANNA DOUMMAR (1), ARMIN MARGANE (2), TOBIAS GEYER (1), MARTIN SAUTER (1)

(1) Applied Geology, University of Gottingen, GoldschmidtstraRe 3, 37077 Gottingen, Germany

(2) Federal Institute for Geosciences and Natural Resources (BGR), P.O. Box 51 01 53, 30631 Hannover, Germany



PROTECTION OF JEITA SPRING - LEBANON - SPECIAL REPORT ARTIFICIAL TRACER TESTS - APRIL 2010

TABLE OF CONTENTS
TADIE OF CONTENTS ..ottt ettt s bt et s bt e s h e e aa e s bt e e e et sbe e b e sab e besanenbeeanenrees i
[ o) = U TSRS ii
LISt OF TABIES ..ottt st b e e bbbt et s h et bt S ehe e r e bt e aenr et r e nre e iii
Lo INEFOQUCTION ettt et b et s bt et s bt et s bt e sat e s bt et sbe e b e sbeenesheeneens 1-1
1.1 (CT=T LT - | TP P PP P PPN 1-1
1.2 ObjJectives Of The TraCEI TEST ...eiiiiiii et e et e e et e e e s ba e e e tte e e esbaeeesabeeesnsaeessteeennres 1-2
2. Field Work and MethodOIOY ..........ceiciiie ittt ettt e e et e e s tt e e e abe e e ebaeeseabesesabaeesnsaees seeenses 2-1
2,101 MAtEIIAIS e bbbt bbb sre et eaees 2-1
2,02 FIEIAWOIK ettt h et h e bbb bt s sbe bt besre e reeaeen 2-2
2.1.3  DiSCharge IMEaSUIMEMENTS ......cccuieieieeeiitieeeeteeeeiteeeeiteeeeetaeeeebeeeesaeeessaeesassaeeesbaseesesessnseeesasteeeassensennen 2-8
3. Evaluation and MOAEING ......cc.ueiiiiiieciiiee ettt et e e et e e e sat e e e sbb e e sateeeebaeeeesbeeesnsaeeen sensaeeans 3-10
3.1 Preliminary EVAlUGTION ......cccuvii ettt ettt e et e et e e et e e e ate e e abee e ebaeeseasseeeasaeeesnteeesnsaee eans 3-10
3.11 PAramMELEIS .o e s aae e 3-10
3.2 1V T e 1= 11 Y-SR SRS RPN 3-11
4. ReSUIS O the TraCer TEST ..cuiiiiciieieeteete et ettt ettt e bt et b e st e s bt et e s b e et e sbe e b e ene e enees 4-1
4.1 Tracer Test (02nd OF AUZUST 20010) ...uiieiiiieeeiie ettt et ettt e ettt e e et e e st e e eeate e eeabeeeeaeeeesaseeesasaeesnreeeenreeennses 4-1
4.2 Tracer Breakthrough curves- Tracer test (Within the cave)........ccceeeciee e 4-1
4.3 Tracer Breakthrough curves- Tracer test Ras El Astar Sinkhole ..........coooviiiiiieiiiccie e, 4-4
D CONCIUSIONS ..ttt ettt ettt a e s bt et e bt e e e e bt et s bt e bt e ae e s bt e a s e eheeat e sh e e Rt e hb e £eateshe et e eneenbeeatennesaeenreeas 5-1
B, REFEIENCES ..ttt h et h bbbt et h e et h e £eatenh e et e e bt e nbeeaeenne st e nreeas 6-2



PROTECTION OF JEITA SPRING - LEBANON - SPECIAL REPORT ARTIFICIAL TRACER TESTS - APRIL 2010

LiST OF FIGURES

Figure 1-1  Location of Jeita Spring and Catchment in Lebanon (GoogleMaps) ......ccccceeveeeriveeeiireesciee e, 1-2
Figure 2-1  Chemical structures of the selected tracers (modified from Geyer et al. 2007) .......ccovvvevrveeevrveeennen. 2-1
Figure 2-2  Injection of 10 kg of Na-Naphtionate and Fluorescein into the Ajaltoun artificially dug hole............. 2-2

Figure 2-3  Injection of 5 kg of Na-Naphtionate and Amidorhodamine G into the sinkhole “Ras el Astar” in New
Ajaltoun 2-3

Figure 2-4  Map showing the Set-Up (Injection Points and Observation Points) of Tracer Test 1 undertaken on
AUBUSE 2™ 2010 ..ot ee e e e s e eseese s eseeeaeesee s eseseaeeeeeseeseee st ee et eeeeee e e eeseeeeee e eseeseeeeeenees 2-6
Figure 2-5  Map showing the Set-Up (Injection Points and Observation Points) of Tracer Test 2 undertaken on the
17" OF AUGUSTE 2010 1o e et eee e e e e sese s e et e esesesese e seeesesesanesaee e esaseseeeseseseseeereseseseseseseresene 2-7
Figure 2-6  Map showing the Set-Up (Injection Points and Observation Points) of Tracer Test 3 performed on the
20™ OF AUBUSE 2000 ..ottt s e es e s s esese et e s eseseeesese s e esesesaeeseseeeeeseresesesesereeeesesas 2-8
Figure 4-1  TBC of Amidorhodamine G released in Daraya on the 17" of August 2010 respectively in fluorometers
YA ) s TaTe B 15 T () PP 4-2
Figure 4-2  TBCs of Amidorhodamine G released in Daraya on the 17" of August 2010. Note the lower
concentration retrieved in 533 due to a potential dilution between 525 and 533........ccccceeiiiieiiieciiee e 4-3
Figure 4-3  TBCs of Amidorhodamine G and Na-Naphtionate injected in the Ras El Astar Sinkhole on the 20" of
August 2010 respectively in fluorometers 533(a) aNd 533 (D) c.veveeiiiiiiiiiieeee e e e 4-4
Figure 4-4  Comparison of TBCs of Na-Naphtionate and Amidorhodamine G injected in the Ras El Astar Sinkhole
on the 20" of August 2010 retrieved in fluorometers 533(a) anNd 526 (D) ...ccccvveeiiiieeiiee e 4-5
Figure 4-5 Multi peak modeling with ADM (a), and 2NREM (b) of the TBC resulting from the tracer test performed
ON tE 20" OF AUBUSE 2010 ...t eeeeeeseese e s eseseese e saseeseeseseeseesese s esaseeee e seesesseseeseseeseese seeseseneenee 4-5



PROTECTION OF JEITA SPRING - LEBANON - SPECIAL REPORT ARTIFICIAL TRACER TESTS - APRIL 2010

LIST OF TABLES

Table 2-1 [a=Tor o] T o ] Y £ F PSSR 2-3
Table 2-2 Discharge Rates Measured at the Positive Observations POINtS .........ccccevvuvieviieeiniiec e 2-9
Table 4-1 Graphical Interpretation of the TBC's resulting from the Tracer Tests (August 2010).........ccccccuveenne 4-3
Table 4-2 Summary of the Modeling Results of the Tracer Tests Undertaken within the cave in August 2010. 4-1

Table 4-3

Summary of the Modeling Results of the Tracer Tests Undertaken on August 20th, 2010 ....ccuveeneee. 4-1



PROTECTION OF JEITA SPRING - LEBANON - SPECIAL REPORT ARTIFICIAL TRACER TESTS - AUGUST 2010

1. INTRODUCTION

This report presents the results of the work undertaken in the Framework of the Cooperation between the
Institute for Geosciences and Natural Resources in Germany (BGR) and Georg-August University in Gottingen as
partial fulfillment of contract 10037409. The work undertaken is part of the German-Lebanese Technical
Cooperation Project Protection of the Jeita Spring funded by the German Ministry of Economic Cooperation and
Development (BMZ) and implemented on the German Side by the BGR. This is the second report submitted as part

of the cooperation mentioned above.

This report presents the preliminary results of the tracer test conducted in August 2010 to delineate the
hydrogeological connection between point sources in the catchment area of the Jeita Spring. Section 1 provides
the motivation and objectives of the tracer test, Section 2 discusses the methods, material and field work
performed during this study. It includes a description of the various tracer tests performed in August 2010, Section
3 presents the results of the TBCs analysis. The latter mainly tackles aquifer dynamics and behavior as depicted in
August 2010 and gives insights into the velocities and dispersivities in the Jurassic Jeita system. Finally Section 5

presents some conclusions and recommendations.

1.1 GENERAL

The Jeita Spring is an important karst spring located north to Beirut in Jounieh area. It constitutes the main water

source for the Beirut Area and its northern suburbs for domestic use. Governed by open channel flow/ full pipe

hydraulics, the Jeita Spring drains a catchment of about 288 km? extending east in the Lebanese Mountains (Figure

1-1). The catchment of the Jeita spring is defined to date mainly based on topographical boundaries. Very little is

known about the connection between various locations on the catchment and the Jeita Spring.

11
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Figure 1-1 Location of Jeita Spring and Catchment in Lebanon (GoogleMaps)

The total yearly precipitation on the Jeita catchment is estimated at about 407 Mm?, out of which only about 52.3 %

are infiltrated, whereas about 15 % and 32.7 % are lost in surface runoff and evapotranspiration respectively.

The Jeita cave is developed in limestone of Jurassic age over a total length (including subsidiaries) of 9000 m. The
topography of the grotto was established underground as well as on the surface. The Jeita Cave is also accessible from

a tunnel located downstream to Ballouneh Village, about 4500 m east to the Jeita Spring.

1.2 OBJECTIVES OF THE TRACER TEST

The main goal of the artificial tracer tests was to investigate hydrological connections between rapid and slow
recharge point source in the catchment area/ subcatchment areas suspected to contribute to the total recharge of

the Jeita Spring. These areas are as follows:

1) A north south trending fault zone located north to the Jeita cave trace, wherea3 m * 2 m * 2 m hole was

artificially drilled in the heavily fractured valley,

2) A pit located in a construction site destined for future waste water discharge for a building in Ballouneh

Area,

3) A sinkhole located about 250 m north from the cave trace. The sinkhole “Houet Ras el Astar” was

discovered by The SCL (Spéléo Club du Liban; personal communication).

1-2
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The Objectives of the tracer tests were mainly to:

e |dentify a potential hydrogeological connection between the injection site and the Jeita

spring and possibly other springs existing in the catchment

e Characterize hydrodynamic flow and transport parameters of the Jeita Aquifer system (mean
and maximum flow velocities and transit times, longitudinal dispersivities, mass restitution,

etc...) during low flow periods in comparison to high and medium flow periods.

Additional tracer tests were conducted within the cave over a distance of 4800 m to assess water velocities,
dilution effects and potential tracer mass losses only within the cave. This information is crucial for interpretation

of all further tracer tests performed in the catchment.

1-3
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2. FIELD WORK AND METHODOLOGY

2.1.1 Materials

The tracers Fluorescein (Sodium fluorescein, BASF, CAS 518-47-8, CyH100sNa,) and Amidorhodamin G
(=Sulphorhodamine G; CAS 5873-16-5; acid red 50; C,sH,s N,O;Na) and Na-Na-Naphtionate (C,oHgO3N S Na) were
selected as they are considered non toxic. Both Fluorescein and Amidorhodamin G tracers can be measured
simultaneously on-site with low detection limits. Na-Naphtionate has a high background value in the Jeita waters
varying between 4 and 8 pg/l. Fluorescein, sensible to photochemical decay, is only highly adsorptive under
increasing acidity (Ford and Williams, 2007) and can be considered as conservative tracer in carbonate aquifers.

Geyer et al. (2007) reported that Amidorhodamin G is considered as a reactive tracer, showing slight retardation

with respect to Fluorescein (Figure 2-1).

Name Uranine Amidorhodamine G
Chemical C,H,,ONa, C..H,N.0,5.Na
farmula
(salts)
2-

Structural (-0 CH,CHHN ’_.; NHCH LCH,
farmula i_:[ Tij ﬂjx #CH,
(anions) sw GDD{ -S0,(-)

| 5 l

g LJ

S04-)

acid strength increasing

Figure 2-1 Chemical structures of the selected tracers (modified from Geyer et al. 2007)

Concentration of tracer was monitored in the springs and stream with field fluorometers (GGUN-FL30 serial
numbers 524, 525, 526, 532, 533, 531; Schnegg 2002). This equipment measures continuously dye concentration
at the monitoring site every 2 minutes with two incorporated lamps able to detect emission at wave lengths of
dyes of interest in this study. The field fluorometers, which detect signals as millivolts, were calibrated for
Fluorescein, Amidorhodamin G, and Na-Naphtionate. The dissimilarity and lag between the luminescence
wavelengths of both Fluorescein and Amidorhodamin G enables the distinction between both dye types during
analysis and hinders the significance of overlaps. Fluorescein has a spectrum of luminescence ranging between 490
nm and 524 nm, whereas that of Amidorhodamin G extends between 535 nm and 552 nm, while that of Na-
Naphtionate extends from 325 nm to 420 nm. In the presence of one tracer, the calibration file allows a direct

conversion of electrical signal into concentration in micrograms per liter. In the presence of two or more tracers,
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the lamps are calibrated for the three dyes; therefore, based on a system of three linear equations, the electrical
signal is transformed into three signals representative of concentrations of both tracers (Schnegg, 2002). The limit
of detection of the field fluorometer is dye at a concentration of 0.02 g/l for fluorescein and 0.2 pg/l for
Amidorhodamine G. The limit of detection of Na-Naphtionate is usually 0.07 ug/l. However it is worth noting that
the concentration of Na-Naphtionate in Jeita waters was relatively high reaching 8 ppb. Correction for the
presence of background tracer concentration was also taken into account. It is worth noting that the threshold of
tracer detection signal limit for the field fluorometer is 1000 pg/l, beyond this limit, samples need to be also

diluted until achieving a detectable signal.

2.1.2 Fieldwork

2.1.2.1 Injections

Two tracer tests were undertaken on the 2™ of August 2010 under extreme low flow conditions. The injection
points were an artificially drilled hole (Ajaltoun hole; Figure 2-2) along the “Fault zone” in Ajaltoun area and an
artificially drilled pit, respectively. The latter is supposed to serve for waste water discharge of a building in
construction (Nassar pit). The holes were flushed with about 5 m? of water prior to tracer Injection. About 10 kg of
Na-Naphtionate and Fluorescein were injected In the Ajaltoun hole and 5 kg of AG were injected in the Nassar pit.
Both sites were flushed with 60 m® of water each over a period ranging between 2-3 hours (with water tanks).
However it is to be noted that the infiltration rate was very low in the Nassar Pit, which did not allow any
percolation of the AG. The latter tracer test was considered not successful. On the 30" of August 2010, the

Ajaltoun hole was flushed with additional 40 m® of water in an attempt to accelerate the flow, and achieve

retrieval of the injected tracer.

Figure 2-2 Injection of 10 kg of Na-Naphtionate and Fluorescein into the Ajaltoun artificially dug hole

GEORG AUGUST UNIVERSITY - GOTTINGEN 22
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On the 20" of August 2010, 5 kg of Na-Naphtionate and 5 kg of AG were injected into a doline in the area of new
Ajaltoun (sinkhole Ras el Astar; Figure 2-3). This sinkhole was explored by the SCL, and is peported to be about 22

m deep.

Figure 2-3 Injection of 5 kg of Na-Naphtionate and Amidorhodamine G into the sinkhole “Ras el Astar” in

New Ajaltoun

On the 27" of August 2010, the sinkhole was flushed with additional 40 m® in order to depict whether quantities of
tracer remained stuck in the doline especially that the sinkhole is apparently used as a waste dump and is clogged

partially with waste.

Ill

On the 28" of April 2010, 50 grams of AG were released in the Jeita underground river at the “siphon terminal” of

the Daraya Tunnel.

It is worth noting that 7 g and 10 g of fluorescein were released respectively on the 10" of August 2010 and the
17" of August 2010 at the “siphon terminal” as a result of discharge dilution measurements in Daraya. The results

observed at the level of the installed fluorometer near the cave entrance are also regarded for analysis.

Table 2-1 Injections Points
INJECTION POINT COORDINATES INJECTION FLUSHING COMMENTS
LAMBERT - UTM TIME VOLUME
(2) (m) (m?)
Ajaltoun hole 147 515 02.08.2010 60 10 kg of Fluorescein and Na-Naphtionate
226 005 (12:12) Infiltration rate was relatively favorable to
36 749452.38 ensure good percolation of the tracer
37 61910.24 17.08.2010 40 Flushing of the hole
(854) (09:00)
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Nassar Pit 144 603 02.08.2010 60

5 kg of AG
223 808 (12:11) Infiltration rate was very low to ensure
36 746818.14 percolation of the tracer- Failed
37 59902.28
(652)
Ras El Astar 146 033 20.08.2010 60 5 kg of Na-Naphtionate and AG
Sinkhole 224 109 (11240)
36 748102.40 27.08.2010 40 Flushing of the sinkhole
37 60197.83 (15:40)
(656)
Daraya Tunnel 146135 17.08.2010 - 50 g of AG
223503 (13:40)
36 748257.41 10.08.2010 - 78
37 59654.21 (16:00)
(140) 17.08.2010 = 10g
(13:00)

2.1.2.2 Observation points

During the first two tracer tests, two Field spectrofluorometer with dataloggers were

installed in the Jeita spring

500 m inside the cave (525,533) and in the Siphon terminal (532,526) 4800 m from the cave touristic entrance) and

one was installed in the Qachqgouch spring (531) for automatic sampling. Manual samples were collected between

02.08.2010 and 20.08.2010.

During the tracer tests undertaken with the cave, one fluorometer (525) was installed 715 m inside the cave,

upstream to a potential additional inlet. Fluorometer 533 was installed 500 m upstream of the cave entrance.

During the tracer test investigating Ras El Astar sinkhole, fluorometer 526 was installed at the cave entrance,

whereas fluorometer 533 was kept at 500 m inside the cave. A detailed description of the observation points is

provided in Table 2-2.

Figure 2-4, Figure 2-5 and Figure 2-6 show the set ups of the three tracer tests undertaken during low flow periods

respectively on the 2", 17", and 20" of August 2010.

Table 2-2 Observations Points

OBSERVATIONS X)Y,Z SAMPLING TIME SAMPLING COMMENTS

POINTS (LAMBERT, m) SPAN INTERVAL

Jeita Grotto 142603 Automatic  17.04.2010-11.05.2010 2 min-5 GGUN-FL30 serial

(+500m) 223385 min number 525
95

GEORG AUGUST UNIVERSITY - GOTTINGEN
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OBSERVATIONS X,Y,Z SAMPLING TimME SAMPLING COMMENTS

POINTS (LAMBERT, m) SPAN INTERVAL

Jeita Grotto 142603 Automatic 17.08.2010 (14:00)- 2 min GGUN-FL30 serial

(+715m) 223385 18.08.2010 (10:00) number 525
95

Jeita Grotto 142233 Automatic 17.08.2010 2 min GGUN-FL30 serial

Beginning of the 223115 -30.08.2010 number 526

Touristic Section 90

(+0m)

Jeita Grotto 146135 Automatic 02.08.2010- 2 min GGUN-FL30 serial

Daraya Tunnel 223503 17.08.2010 number 526
140

Jeita Grotto 146135 Automatic 02.08.2010- present 2 min GGUN-FL30 serial

Daraya Tunnel 223503 number 532
140

Qachgouch Spring 141946 Automatic 02.08.2010- present 2 min GGUN-FL30 serial

223006 number 531

60

GEORG AUGUST UNIVERSITY - GOTTINGEN
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LEGEND
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Figure 2-4 Map showing the Set-Up (Injection Points and Observation Points) of Tracer Test 1 undertaken
on August 2™ 2010
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Map showing the Set-Up (Injection Points and Observation Points) of Tracer Test 2 undertaken

on the 17" of August 2010
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2.1.3

Discharge Measurements
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— Mahs El Kalb River
[ vaw &1 alb Cachenert
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Map showing the Set-Up (Injection Points and Observation Points) of Tracer Test 3 performed

Flow rate measurements were mainly performed based on the dilution gauging methods using salt and

Fluorescein. The dilution method relies on calculating the discharge rate based on a tracer breakthrough curve

(TBC). In the case of salt, a TBC of electrical conductivity is measured and translated to salt concentration with the

help of a calibration function. The integration of the concentration over time allows the estimation of the

discharge rate as shown in Equation 1.

A Calibration curve (rating curve, Equation 2) of salt concentration as a function of conductivity was constructed

for the Daraya tunnel and Qachgouch spring prior to discharge measurement.

GEORG AUGUST UNIVERSITY - GOTTINGEN
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Where

M
I c(t)dt

Q is the discharge rate [L3/T]

M is the injected salt or fluorescein mass [M]

c is concentration [M/L?]

tis time [T]

c=a[EC]+b

EC is the Electrical conductivity
a is the slope of the linear relationship between C and EC

b is the intersection of the calibration curve with the y axis

(1)

(2)

The spring discharge at the various discharge points were measured at different intervals during the tracer test

period. The discharge rates are shown in Table 2-2. Discharge rates are very important for the calculation of

restitution rates are the springs. The degree of uncertainty in the measurements reaches about 0.1-0.3 m3/sec due

sometimes to incomplete dilution and short distance tests during discharge measurements using the dilution

methods.
Table 2-2 Discharge Rates Measured at the Positive Observations Points
OBSERVATION POINT METHOD DATE DISCHARGE RATE COMMENTS
Jeita Grotto Dilution with 10.08.2010 Obsolete results Fluorescein dilution was not
fluorescein 18.08.2010 successful due to relatively short
distance (14 m) and consequent
incomplete dilution
Jeita Grotto Dilution with Salt 10.08.2010 1.9 m3/s
18.08.2010 +0.3 m*/sec
Jeita Grotto Dilution with 09.08.2010 Obsolete results Fluorescein dilution was not
Daraya Tunnel fluorescein 17.08.2010 successful due to relatively short
30.08.2010 dlstanFe (14 m) and. co.nsequent
incomplete dilution
Jeita Grotto Dilution with Salt 09.08.2010 1.0 m3/sec The salt measurements fall within
Daraya Tunnel 17.08.2010 +0.1 m*/sec appropriate ranges, when
30.08.2010 Compared with velocity

measurement regarded as
representative of the maximum
discharge.

GEORG AUGUST UNIVERSITY - GOTTINGEN
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3. EVALUATION AND MODELING

Tracer breakthrough curves (TBCs) were analyzed graphically, using Excel sheets, and numerically with the
software CXTFIT- Stanmod (Toride et al. 1999). Two model approaches, the Advection-dispersion Model (ADM),
and the two region non equilibrium model (2RNEM) were adopted for the modeling of the TBC, especially in the
presence of overlaps in the tracer breakthrough curve and to reproduce tailing in most of the retrieved TBCs. The
software allows the calculation of various process parameters based on fitting with observed tracer breakthrough
curves. These are tracer recovery (R), restitution “key” times (t), flow velocities (v), longitudinal dispersion (D)/

dispersivity (a), and Peclet numbers.

3.1 PRELIMINARY EVALUATION

3.1.1 Parameters

Tracer breakthrough curves (TBCs) were analyzed graphically, using Excel sheets, and numerically with the
software CXTFIT- Stanmod (Toride et al. 1999). Two model approaches, the Advection-dispersion Model (ADM),
and the two region non equilibrium model (2RNEM) were adopted for the modeling of the TBC, especially in the
presence of overlaps in the tracer breakthrough curve and to reproduce tailing in most of the retrieved TBCs. The
software allows the calculation of various process parameters based on fitting with observed tracer breakthrough
curves. These are tracer recovery (R), restitution “key” times (t), flow velocities (v), longitudinal dispersion (D)/

dispersivity (a), and Peclet numbers.

3.1.1.1 Tracer recovery
Tracer concentration data were plotted versus time to reconstruct a Tracer breakthrough curve. Recovery R was
calculated based on the TBC, upon integration of the concentration multiplied by flow data over the tracer

restitution period, from its first detection until end of tailing based on Equation 3 (EPA/600/R-02/001, 2002).

R =$joc(z>g(r>dt o)

Recovery rates provided in this study are valid only in the case where the tracer is considered to be conservative
and to have been totally conveyed into the saturated zone, rather than being partially trapped in the unsaturated

zone or in soil superficial layers as a result of poor flushing.
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3.1.1.2 Flow velocities

Mean (v), maximum (vn), and peak (v,) flow velocities were calculated respectively based on the mean
residence time, the time of first detection, and time of peak detection. The mean residence time represents the
time where half of the recovered tracer mass has elapsed at the observation point. It is calculated by (EPA/600/R-

02/001, 2002)

_ te(0)Q()dt

g 2, c()0()dt (4)

3.1.1.3  Longitudinal dispersivity and dispersion

The shape of the dye hydrograph provides an indication of the longitudinal dispersion of the tracer, as the
retrieved TBC is one-dimensional. As a matter of fact, variance of the TBC allows the estimation of dispersivity (a)
and longitudinal dispersion (D.), neglecting molecular diffusion as shown in Equation 5. Dispersion portrayed by
the variance of the TBC is due to variation in velocities during transport. It usually reflects the degree of
heterogeneity of the flowpath. The longitudinal dispersion is highly positively correlated with the effective velocity

and dispersivity.
D =a,-v_+D’ (5)

D, being the longitudinal dispersion coefficient [L%/T]
o, being the dispersivity of the tracer [L]
v, being the effective velocity calculated based on mean residence time [L/T]

D’ being the molecular diffusion coefficient (neglected in this case) [L%/T]

3.2 MODELING

3.2.1.1 1-D advection-dispersion model (ADM)

The ADM governed by Equation 6, is based on the variation of the concentration of tracer with time as inversely
proportional to the flow rate at the observation point, the reciprocal of the Peclet number (Pp). The Peclet number
(ratio of distance over longitudinal dispersivity, or the ratio of longitudinal dispersion to distance and mean
velocity) shows the respective contribution of each of the advection and diffusion in the transport mechanism. It is
defined by the ratio of the linear distance over the dispersivity. A peclet number that is greater than 6.0
characterizes mass transfer dominated by advection processes rather than diffusion processes (EPA/600/R-02/001,

2002).
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This parameter has an implication on the dependence of each of the velocity and dispersivity on the
physicochemical characteristics of the tracer, which are relatively insignificant where advection plays an important

role in mass transport processes (EPA/600/R-02/001, 2002).

(6)
C (1) = M exp |- ~—"

3 4p. L
D tm
t
Otm 471'PD [t}

m

The software Stanmod (CXTFIT) was used for the modeling of TBCs resulting from a conservative tracer Dirac pulse
test using the Advection-Dispersion Model (ADM). The latter does perform automatic runs. Initial estimates for
fitting parameters have to be introduced in the model. Observed values are input as concentration in micrograms
per liter (ug/l) as a function of time in hours. At the beginning of the modeling, the maximum and minimum ranges
were significantly high. With an iteration number often set to 50, the system returns a best fit for the observed
values. Upon refinement of the curve, range between maxima and minima was reduced to one final set of
dispersion and mean velocity. The massive flux required by the model is the integral of the concentration as a

function of time (fC(dt)).

The fitting allows to inversely estimate the mean velocity and dispersion (Goppert and Goldscheider, 2007). This
model is however unable to account for tailing observed in TBCs. This phenomenon can generally be described by

mass-transfer between mobile and immobile fluid regions, flow channeling and multi-dispersion.

3.2.1.2 Two region Non equilibrium model (2RNEM)

The two region non-equilibrium model is based on the assumption that the solute is present under two forms of
fluid regions, a mobile fraction, such as in the conduits and main flow direction pathways, and an immobile
fraction, which is hosted in dead end passages and sediments pools (Field and Pinsky, 2000, Geyer et al., 2007).
The latter fraction is thought to be released slowly with time, which explains in some cases, the tailing observed in

most of the tracer breakthrough curves.

GEORG AUGUST UNIVERSITY - GOTTINGEN 3-12



PROTECTION OF JEITA SPRING - LEBANON - SPECIAL REPORT ARTIFICIAL TRACER TESTS - AUGUST 2010

laminar layer vortices and Ed;jies
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R T

turbulent flow

maobile fluid region

sediments limestone e.q. immobile
fluid regions
Figure 3-5 Conceptual model of flow within a karst conduit (from Geyer et al. 2007).

This Two region Non equilibrium model accounts for conservative transport processes, including advection,

dispersion and mass transfer between the immobile and mobile phase. The corresponding equations are (Toride et

al. 1999)
mﬁzD dc, —vac'” —a)(c - )
ot ox* Ox o
(-0 )R %=~ ale. ~c.) o

Where v is the average velocity [L/T]

D is the dispersion coefficient [L%/T]

0, is fraction of the mobile fluid phase [-]

w is the first order mass transfer coefficient [1/T]

¢im and c,, are the respective concentration of mobile and immobile fluid phase [M/L?]
X is the space coordinate [L]

tis time [T]

In a first approach, fluorescein and amidorhodamin G are assumed as conservative tracers in this study. Therefore

reactive transport processes like e.g. ion exchange, complexation and decay will be neglected.

Tracer injection is simulated by a Dirac pulse, i.e. tracer injection period is negligible compared to the observed
tracer travel time. Calibration with CXTFIT can be performed inverse, i.e. the model iterates, based on transport
preset parameters, in order to reproduce observed tracer. The parameters that are adjusted for the model are B,

w, velocity v and dispersion D.
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4. RESULTS OF THE TRACER TEST

The first two tracer tests undertaken on the 2™ of August were negative. The latter does not rule out the
connection between the Injection points and the Jeita cave. The tracer test undertaken on Ras El Astar Sinkhole
was positive delineating a connection between the sinkhole and the Jeita cave. The tracer however did not appear

in the Daraya Tunnel. The results of the tracer test performed within the cave will also be discussed hereafter.

Graphical interpretation of the TBC is presented in Table 4-1.

Even though true distances are usually more sinuous and therefore greater (Field, 2000, Goppert and
Goldscheider, 2007), linear distances between the injection point and the observation point are usually considered
for velocity calculations, i.e. the calculated flow velocity is a lower bound of the average flow velocity. Distances
were defined as follows and didn’t account for turtuosity or change in altitude, except in the Jeita cave, where the

flowpath is known:

e The distance between the Daraya Tunnel and Jeita Cave (525; +715 m inside the cave) was estimated at
4585 m.

e The distance between the Daraya Tunnel and the Jeita spring (+ 500 m) is about 4800 m.

e The distance between Ras El Astar Sinkhole and the Jeita spring (at the touristic entrance; 526) is about
6500 m, whereas the distance between the sinkhole and the Jeita Spring (at 533; + 500 m) is about 6000

m.

e The distance within the cave was calculated based on the cave trace and accounts for turtuosity.

4.1 TRACER TesT (02"° oF AuGuUST 2010)

The tracer tests undertaken in Ajaltoun and Nassar Pit in Ballouneh resulted in being negative, as no tracer was
retrieved in any of the observation points. The samples collected manually between August 02" 2010 and August
20™ 2010 revealed no presence of any of the tracers. The fluorometers installed at the various observation points

did not detect arrival of any tracer substance.

4.2 TRACER BREAKTHROUGH CURVES- TRACER TEST (WITHIN THE CAVE)

The tracer (50 g AG) injected within the cave on the 17" of August was retrieved at fluorometers 525 (+ 715 m)

and 533 (+500 m). Below is a detailed description of the results.

The AG started to appear 8.8 hours and 9.4 after injection respectively in 525 and 533. Mean residence times are
calculated to be respectively 10 and 11 hours in 525 and 533. Consequently, velocities within the cave range
between 420-440 m/h on the 17-18 of August 2010. No prominent tailing is observed. According to discharge rates
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prevailing at that time, the complete mass of injected AG was retrieved in both fluorometers. The maximum
concentration observed is about 4.5 pg/L (533; Figure 4-1) and 4.86 pg/L (525; Figure 4-1). Dilution with respect to
525 is observed in the fluorometer 533 (Figure 4-2) located downstream to a potential inlet. If considered that

complete restitution occurred at the the fluorometer 533, the dilution results from additional volume in the range
of 80 L/s.

A similar result is also obtained from the retrieved TBC resulting from the injection of 10 g of uranine in Daraya
tunnel shortly before injecting the AG. Based on modeling of the obtained curve, longitudinal dispersivities within

the cave are in the range between 10-12 m.
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Figure 4-1 TBC of Amidorhodamine G released in Daraya on the 17" of August 2010 respectively in
fluorometers 525 (a) and 533 (b)
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Figure 4-2 TBCs of Amidorhodamine G released in Daraya on the 17" of August 2010. Note the lower

concentration retrieved in 533 due to a potential dilution between 525 and 533.

Table 4-1 Graphical Interpretation of the TBC’s resulting from the Tracer Tests (August 2010)
OBSERVATION POINT ~ TRACER FIRST MAXIMUM PEAK CONCENTRATION PEAK VELOCITY RESTITUTION
DISTANCE FROM ARRIVAL VELOCITY TIME (hours) (m/hours) (%)
INJECTION POINT (hours) (m/hours)

TRACER TEST (AJALTOUN ARTIFICIAL HOLE) — 02 AUGUST 2010 — AJALTOUN NEGATIVE
TRACER TEST (NASSAR PIT)- 02 AUGUST 2010- BALLOUNEH NEGATIVE
OBSERVATION POINT TRACER FIRST MAXIMUM PEAK CONCENTRATION PEAK VELOCITY RESTITUTION
DISTANCE FROM ARRIVAL VELOCITY TIME (hours) (m/hours) (%)
INJECTION POINT (hours) (m/hours)

TRACER TEST (AMIDORHODAMINE) - 17 AUGUST 2010- DARAYA-JEITA

Jeita Grotto 8.8 521 10.1 453 100
(+715m; 525)

4585m

Jeita Grotto 9.4 510 11.2 428 100
(+500m;533)

4800m

Qachgouch Spring NEGATIVE

TRACER TEST (FLUORESCEIN) — 17 AUGUST 2010 — WITHIN THE CAVE

Jeita Grotto 9.1 503 10.06 455 29
(+715m;525)

4585m

Jeita Grotto 9.5 505 10.86 441 37
(+500m;533)

4800m

TRACER TEST (AMIDORHODAMINE)- 20 AUGUST 2010- RAS EL ASTAR SINKLHOLE

Jeita Grotto 15.6 384 Peak 1: 22 272 2.97
(+500m;533) Peak 2: 26.7 224

6000m

Jeita Grotto 19.2 338 Peak 1: 25 260 1.80
(+0m;526) Peak 2:30.7 211

6500m

TRACER TEST (NA-NAPHTIONATE)- 20 AUGUST 2010- RAS EL ASTAR SINKLHOLE

Jeita Grotto 14.7 442 Peak 1: 21 285 22.42
(+500m;533) Peak 2: 26.6 225

6000m
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Jeita Grotto 18.4 353 Peak 1: 23.8 273 22.43
(+0m;526) Peak 2: 29.3 221
6500m

4.3 TRACER BREAKTHROUGH CURVES- TRACER TEST RAS EL ASTAR SINKHOLE
The tracers AG and Na-Naphtionate were first detected in 533, after about 15.6 hours, then in 526, after about

19.2 hours after injection. The maximum peak of Na-Naphtionate observed in 533 is about 11.29 pg/L, whereas a

peak of 11 pg/L was depicted in the TBC curve at 526.
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Figure 4-3 TBCs of Amidorhodamine G and Na-Naphtionate injected in the Ras El Astar Sinkhole on the

20" of August 2010 respectively in fluorometers 533(a) and 533 (b)

Based on discharge rate (1.6 m3/s) under prevailing flow conditions, approximately 148 g of AG and 1200 g of Na-
Naphtionate were restituted in the TBC retrieved at 500 m inside the cave (533), whereas only 80 g of AG and 1200
g of Na-Naphtionate were retrieved at the Jeita Spring outlet at the touristic entrance (526): This slight variation of
peak concentration and total restituted massive flux as portrayed in Figure 4-1 may be the result of dilution

occurring between 526 and 533 and/or an error in the calibration.
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Figure 4-4 Comparison of TBCs of Na-Naphtionate and Amidorhodamine G injected in the Ras El Astar

Sinkhole on the 20" of August 2010 retrieved in fluorometers 533(a) and 526 (b)

The TBC portrays two main peaks resulting from two separate groundwater flow pathways. If the TBC is regarded

as one curve, the mean velocity is estimated to about 199 m/h.

If the TBC is modeled using a multi peak approach, then the first rapid flow path is characterized by a mean
velocity of 250 m/h and a longitudinal dispersivity of 27 m, whereas the second slower pathway is characterized by

a mean velocity of 199 m/h and a dispersivity of 30 m. As portrayed by
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Figure 4-5 Multi peak modeling with ADM (a), and 2NREM (b) of the TBC resulting from the tracer test
performed on the 20" of August 2010

Table 4-2 and 4-3 show the hydrodynamic parameters namely mean velocity and dispersivities resulting from
modeling of the TBCs using the ADM and 2NREm models with CXTFIT. In general for all modeled TBCs, Peclet
numbers ranges between 200 and 900, reflecting the prevailing advective component of the transport through the
karst system. Recovery rates obtained with the CXTFIT fall in the same range of that calculated by manual
integration. It is worth noting that AG was retarded with respect to Na-Naphtionate with a factor of retardation

estimated at 1.03, i.e., about 1 hour delay over the entire distance.
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5. CONCLUSIONS

Discharge rates of the Jeita Spring have been estimated at 1.65 m®/s (with an error of 0.2 mg/s) during the month
of August based on various dilution measurements. Discharge rates of the Jeita Spring in Daraya are estimated at

about 1 m*/s (with an error of £0.1 m3/s) as portrayed by dilution tests conducted in August 2010.

Based on the tracer test undertaken on August 20th, 2010, a hydrogeological connection was established between
the Ras El Astar Sinkhole (which is believed to have a direct access to the cave) and the Jeita Spring at various
points within the cave and at the outlet. Similar hydrodynamic parameters can be deduced from the TBC retrieved
in Fluorometers 526 and 533 for both Na-Naphtionate and AG, notably with regards to velocity (about 200 m/h)
and dispersivity (30 000 m*/h). However amounts of AG restitution (about 2%) appear to be 10 times less than
that of Na-Naphtionate (about 20 %), with the AG TBC slightly retarded with respect to that of Na-Naphtionate due

to the reactivity of the Amidorhodamine G.
Two main flow paths (modeled using a multi peak approach) can be identified in the retrieved TBC as follows:

1. Aflowpath characterized by velocities of about 250 m/h, diverting about 36% of the tracer retrieved mass

with dispersivities of about 33 m.

2. Aflowpath characterized by slower velocities of about 199 m/h, diverting 54% of the total restituted

mass, with dispersivities of about 26 m.

The tailing in the AG and Na-Naphtionate TBC is prominent due an important portion of immobile phase released

with time, the portion of mobile phase is estimated according to 2NREM to be about 0.83.

Velocities within the cave are of the range of 400 m/h as portrayed by tracer tests using both Fluorescein and AG.

The dispersivities within the cave are in the range of 10-12 m.

Assuming a velocity of 400 m/h over the entire length of the cave (4800 m), the mean transit time of the tracer in
the cave is about 10-12 hours. The total transit time of the tracer during the tracer test conducted on August 20.
2010, was about 33 hours. Therefore the transit time of the tracer before reaching the cave can be estimated at
21-23 hours. Velocities in the unsaturated zone (related to a shaft/fast flow pathway) are in the range of 30-40
m/h.

Based on the tracer test undertaken within the cave, no loss of tracer was observed (restitution of the injected 50g
AG). However an additional inflow of about 70-90 I/s (0.07-0.09 m3/s) can be inferred from the dilution effect
depicted between TBC’s restituted in 525 and 533 (respectively located at + 715 m and + 500 m from cave

entrance).

Even though AG and Fluorescein injected on 02" of August 2010 were not detected in any of the observation
point, a hydrogeological connection between the injection point at Abu Mizane and the Jeita spring cannot be
ruled out. The tests could have been negative as a result of poor infiltration rates during injection and poor

conditions of the injection hole.
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