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1. AN ABSTRACT OF THE THESIS OF

Michel Elie Aoun for Master of Science
Major: Geology

Title: Occurrence and transport of selected micropollutants in surface water and groundwater

under varying dynamic conditions: Application on the Qachqouch karst catchment —

Lebanon.

The occurrence of specific micropollutants (MPs), indicators of domestic and hospital
wastewater, was investigated in this specific River based on two sampling campaigns under
varying flow conditions. The MPs characterized by a high frequency of occurrence;
Acesulfame-K (ACE-K), Ibuprofen (IBU), Gemfibrozil (GEM), Nonylphenol (NON), and
Iohexol (I0X) were highly reflective of wastewater discharged in ephemeral streams and
tributaries, as well as specific point sources such as farms and hospital effluents. A mixing
model based on chloride mass fluxes allows the quantification of the percentage of untreated
wastewater effluents in inflowing water from river tributaries, which varied between 0.7-99
% and 5.0-10 % in low flow and high flow respectively. The frequency of occurrence of MPs
is related to the volume of wastewater input, extent of river dilution, persistence of the MPs,
and type of point source contamination on the River. Relationships were established between
MPs such as IBU and ACE-K, indicating their co-existence in highly consumed generic
medicine and their suitability as wastewater co-tracers. Multiple artificial tracer experiments
showed that Nahr El Kalb River is connected to the Qachqouch spring through a point source
sinking stream.

A detailed analysis of selected spring responses' chemograph and hydrograph following
a multi precipitation event shows that three of the tracked MPs, especially ACE-K, and to the
exception of IOX, can be used as specific indicators for point source domestic wastewater in
karst systems. They have revealed to be persistent, source specific, conservative, and highly
correlated with in-situ parameters easily measurable at the spring (chloride and turbidity).
Even if the selected MPs are found in the system during low flow periods, they are mostly
transported to the spring through fast flow pathways from flushed wastewater with surface
water or flood rainwater. The highest mass inflow of ACE-K, IOX and GEM originated from
a sinking stream, while SUC infiltrated exclusively through fast infiltration points (dolines).
Their breakthrough curves coincide with the arrival of new waters and turbidity peaks. Unlike
I0X, the mass fluxes of ASWs, and GEM to a lesser extent, can be used as indicators as they
are linearly correlated with chloride mass fluxes and turbidity flux.
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CHAPTER
1. INTRODUCTION

Karst aquifers supply about 25% of the world population, and in some European
countries even 50% with drinking water (Ford and Williams, 2007), especially in
Mediterranean semi-arid regions. The sensitivity of karst systems for contamination is
difficult to assess due to their duality of infiltration and flow. On the one hand, they are
recharged through concentrated infiltration in dolines and/or dry valleys. On the other hand,
diffuse recharge also occurs through soil and epikarst forming a relatively thick unsaturated
zone (Geyer et al., 2008; Perrin et al., 2003). A duality of flow is observed in the saturated
zone, where a conduit system is draining low permeability matrix storage (Doummar et al.,
2012; Geyer et al., 2007; Kiraly, 2002). Essentially, due to heterogeneities, vulnerability in
karst aquifers is controversial especially when compared to porous aquifers (Butscher and
Huggenberger, 2009).

There are many approaches to protect groundwater at a catchment scale; it either
consist of treating water at the outlet before its supply into networks, or to a lesser extent
prevent contamination at the source, i.e., ensure the protection of the recharge area of the
water outlet (well or spring). In the latter case, there is a need to assess the distribution and
type of recharge and infiltration occurring on the catchment, and highlight their vulnerability
to contamination as a function of their contribution to the outlet.

The objective of this work is to understand infiltration on the complex Qachqouch
karst catchment, to identify a hydrogeological connection between a Nahr el Kalb river and
the highly polluted Qachqouch spring and to quantify potential infiltrations under various
flow periods which will help highlighting the specific vulnerability of this spring to specific
types of emerging micropollutants (MPs). For this purpose, tracer experiments were

conducted on a surface water basin to determine this link to an adjacent groundwater recharge



area and a karst spring. Furthermore, the frequency of occurrence of selected persistent
micropollutants (MP) was assessed on this surface water basin, once the connection and
transport characteristics were established. This was done by monitoring the MPs in the spring
and river under various flow conditions, in order to assess their impact on the groundwater
karst system. Additionally, the monitoring of the spring following a multi precipitation event
allowed characterizing the fast infiltrated component arriving at the spring and the
breakthrough and loads of indicator MPs: Sucralose (SUC), Acesulfame-K (ACE-K),
Gemfibrozil (GEM), Iohexol (I0X) and their various origins. As such, the efficiency of these
selected MPs as wastewater indictors in karst systems was further evaluated.

Ultimately, this study aims to provide decision makers with a conceptual
understanding of wastewater type, consumption loads, and point sources along the river and
needs for treatment in rural settings.

Following this introduction, part 2 will present an overview of the background
studies related to 1) karst aquifers, 2) vulnerability, 3) artificial tracer experiments, and 4)
usage of MPs as indicators of specific vulnerability. Part 3 describes the field sites of the
Qachqgouch spring and Nahr el Kalb River. Part 4 presents a detailed methodology including
field and laboratory methods, as well as the analytical methods used to evaluate the results.
Part 5 contains results of the tracer tests, the occurrence of selected domestic and hospital
emerging MPs on a rural surface water basin linked to a groundwater karst catchment, as well
as the assessment of the origin and transport of four selected emerging MPs; SUC, ACE-K,
GEM, and 10X in a karst spring during a multi-event spring response. Part 6 presents an

elaborate discussion of the results. Finally, concluding remarks are provided in 7.
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CHAPTER
2. BACKGROUND STUDIES

2.1 Introduction to karst systems

Karst features are formed by dissolution of rocks, such as carbonates. The
dissolution of hard rock allows groundwater movement within them by forming underground
drainage systems such as sinkholes, caves, conduits, and fissures. (Ford and Williams, 2007).
They are recharged through rapid concentrated infiltration (autogenic), which can be
significant in dolines and/or dry valleys, and/or holes, and/or sinking streams. They can also
be recharged by diffuse (allogenic) infiltration through soil and epikarst, which is more or
less homogenous over the entire catchment area, forming a relatively thick unsaturated zone

(Goldscheider & Drew, 2007).

2.2 Karst heterogeneity

Generally, karst aquifers are heterogeneous; meaning they may have conduits
where water flows easily or massive unproductive rock only a few meters apart.
Heterogeneity also implies that hydraulic parameters, recharge, and flow are all difficult to
predict (Baedke and Krothe, 2001; Butscher and Huggenberger, 2009; Goldscheider, 2002),
because of the duality of porosity, storage, flow and infiltration.

There are three major types of karstic features; exokarstic, epikarstic, and
endokarstic. Exokarstic is subaerial, epikarst is defined as the top of karstified rocks, where
fissures are abundant, and endokarst are subterranean. Some examples of dissolution karstic
features include karrens which are centimeters to meters concave landforms; and dolines,

which are subcircular depressions that can reach sizes varying from meters to hundreds of
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meters. Larger scale landforms include uvalas and poljes, which follow geological structures
such as synclines and grabens (Goldscheider & Drew, 2007). These structures denote
important groundwater point source infiltration (Figure 2-1).

Additionally, a duality of flow can be observed in the saturated zone of karst
aquifers (Figure 2-1). A conduit system may range from a few cm enlarged fractures to large
and enlarged dissolution caves, and interacts with matrix porosity storage. Therefore,
hydraulic conductivities may often reach >100m/h, and may be turbulent, whereas matrix
hydraulic conductivities are much lower (Goldscheider & Drew, 2007). Storage in conduits is
also low, so the resulting conduit systems occur where a fast flow is draining low

permeability matrix storage (Doummar et al., 2012, Geyer et al., 2007; Kiraly, 2002).

Figure 2-1. Schematic representation of a karst aquifer portraying the duality of flow and recharge
(concentrated vs diffuse) in karst aquifers (after Goldscheider, 2007)

23 Specific and intrinsic vulnerability of karst systems

Karst aquifers are characterized by low transit times and fast flow pathways, which

makes the potential contaminant migration high and rapid (Doummar et al., 2018, Field,
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1990, Hamdan, 2018). So, mitigation of contamination is not likely to occur naturally (Vias
et. al, 2006). They are characterized by rapid reaction to precipitation events, i.e., water level
may rise rapidly and drastically (Goldscheider & Drew, 2007). The behavior of karst systems
is studied by the combination chemographs, hydrograph, and discharge (Smart 1988;
Williams 1983). Since the response of karst aquifers to storm events may be rapid,
contaminants will be as quick to reach the aquifer as well. Therefore, the assessment of
sensitivity of karst aquifers to contamination and protection of recharge zones that are at
potential risk of contamination, are to be done in order to secure a sustainable management of
water resources (Bakalowicz, 2005). This is done by predicting the contaminant arrival time,
maximum concentration, and concentration time, in order to decrease contamination or allow
sufficient time for remediation. This should take into account the contaminants, as well as
aquifer properties (Figure 2-2). These parameters are crucial in studying the sensitivity, and

vulnerability of karst catchments to contamination (Doummar et al., 2018).

Attenuation

Concentration

e Consgrvative tracer
—— Reactive tracer

Arrival .
time etlrdation

Duration ) Time

Figure 2-2. Figure showing concentration vs time of various possible responses of curves depending on
geometry, transport parameters, flow (Modified from cost action 620, 2003 in Doummar, 2012)
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Karst aquifer vulnerability is characterized by assessing flow and transport at a
catchment scale using field investigations, subsurface characterization through surface
experiments and data analyses. These include artificial tracer tests and spring responses such
as hydrograph and chemograph analyses (Atkinsons, 1977). The objective of vulnerability of
karst is to determine the recharge origin, type of infiltration, type of flow of the groundwater,
and transit time.

Vulnerability is defined as the sensitivity of an aquifer to contamination exposure
(Foster, 1987; Margat, 1968). Contaminants originate at a point source, are transported in a
path through the unsaturated and saturated zones, and arrive to the outlet (spring or well;

Neukum et. al, 2008; Figure 2.3).

Origin of a potential contamination: land surface SOURCE

1st pathway:
Unsaturated zone

v
1st target: groundwater surface //
\ 2nd pathway: aquifer ———> E} 2nd target:

spring/well

RESQURCES

Figure 2-3. Origin-pathways-target concept of vulnerability assessment (Goldscheider, 2002)

There are two types of vulnerabilities; intrinsic and specific. Intrinsic vulnerability
represents the media’s sensitivity; for example geological or hydrogeological properties of an
aquifer, independent to type of contaminant (Civita, 2010; Vias et. al 2006). Specific
Vulnerability refers to the characteristics of the contaminant, such as MPs, or human activity;
their transport parameters, biodegradation, sorption, and transit time. Methods to assess

vulnerability include artificial tracer experiments, and calculation of velocities, dispersions,
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mass etc... Potential pollution sources on the catchment should be located and identified in
order to assess their impact on the karst aquifer. Moreover, the relationship between
anthropogenic tracers, such as MPs, and spring response curves of turbidity, chloride,

electrical conductivity and calcium can be used and correlated (Pronk et al., 2008).

2.3 Methods of characterization in karst systems

2.3.1 Artificial tracers and experiments

There are three types of artificial tracers; fluorescent dyes, salt tracers, and drifting
particles. Fluorescent dyes are colored substances that dissolve in water or aqueous solutions.
Salt tracers are inorganic compounds that dissociate in aqueous solutions into cations and
anions. Drifting particles are particles that stimulate the behavior of contaminants and/or
microbial pathogens. Artificial tracer tests are field experiments where a substance is
introduced into the water system that can be tracked and identified at another site (Kaess,
1998).

2.3.1.1 Applications of tracer tests

Artificial tracers are applied in hydrogeology to identify a connection between a
source and an outlet; knowing and tracing origin, and destination of water (Morales et. al,
2007; Smart, 1988). According to Kaas (1998), tracer injection sites in karst regions are
chosen where water percolates continuously, on swallow-holes for example, or cave water
systems such as Doummar et al. (2018), or on dolines with little soil cover to allow water to
flow directly into the conduits (Kaess, 1998). In some cases, as with the case of this study,
fluorescent tracer dyes are injected on surface water systems to establish a connection
between surface water and groundwater networks. Number of conduits from source to outlet

can also be determined from the amount of tracer breakthrough curves (single peak vs
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multiple peaks.) Moreover, statistical and numerical analyses of the breakthrough curves
allow estimation of parameters such as tracer recoveries, transit times, velocities, dispersion,
and dispersity. Observation sites are where water outlets exist; such as springs and/or wells,
where monitoring equipment are installed. In addition, artificial tracer tests are used to
delineate karst catchment boundaries, and to determine flow, transport, and attenuation/fate
of matter in water and karst systems (Doummar et al., 2018; Morales et al., 2007; Smart,
1988).

2.3.1.2 Interpretation of tracer tests

The groundwater flow and transport with respect to hydrogeological significance is
evaluated and interpreted using tracer tests (Fetter, 1999). Transport parameters of artificial
tracer tests are governed by groundwater flow direction, dispersion and velocity (advection)

(Figure 2-4).

Tracer-response  Lateral mixing
curve and longitudinal Longitudinal
dispersion dispersion flow

Slug injection
of tracer

extended
distance

long
distance

optimum
distance

very short

Edge of distance

plume

Figure 2-4. Extent of lateral mixing of the tracer and longitudinal dispersion over a distance following a Dirac
injection pulse. Effect of dispersion on the variation of the peak concentration (Kilpatrick, 1993 in Doummar,
2012)

However, it is the mean velocity that is estimated, since a tracer cloud does not

flow in water at the same velocity. Velocity in the middle of a fracture will be higher than
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velocity at the sides of a fracture, owing to friction. This difference of velocity in a tracer
injection will form a Gaussian curve when time is plotted against concentration of the tracer
cloud. Velocity, or advection, is simply the flow velocity of the groundwater. The Gaussian
curve can be flat and wide, or long and narrow depending on the velocity and concentration
of the tracer; which in turn depend on the underground path of the aquifer. The latter is
referred to as hydrodynamic dispersion (Figure 2-5)

Dispersion thus portrays the varying velocities of flow during transport; it controls
the shape of the tracer breakthrough curve where, the distance of measurement from the
source of tracer injection controls the breakthrough curve shape, which is determined from
the concentration of the tracer reaching the outlet. Dispersion is the most important in flow
direction in karst conduit’s turbulent flow (Bear, 1979). Plotting concentration against time
gives a Guassian bell-shaped curve called a tracer breakthrough curve. The features of a
breakthrough curve are the rising limb, the peak, and the recession. The curve can be
symmetrical or asymmetrical. The asymmetry or a tailing breakthrough curve is caused by
dispersion and storage (Figure 2-5). Retardation shifts the curve towards greater time of
arrival values. In karst aquifers, the breakthrough curves reflect the structure of the flow path

(Goldscheider & Drew, 2007).
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1. Advection
2. Dispersion

3. Retardation

4. Irreversible sorption

Concentration

Time

Figure 2-5. Breakthrough curves showing advection, dispersion, retardation, sorption, and tailing.

As mentioned earlier, a number of parameters can be calculated from tracer tests
(Table 2-1). Travel time can be calculated if there is a measured distance between the
injection point and the sampling/observation point. Calculation of travel time is important in
vulnerability studies to determine whether there will be enough time for a contaminant to
degrade or not during its transport. However, it is best to talk about travel time in terms of
first detection limit (Goldscheider & Drew, 2007). Since the first arrival depends on the
analytical detection limit of the equipment used to sample and log. Mean transit time can be
computed statistically (Smart, 1988b). Mass recovery or the percentage of the injected tracer
that was recovered at the sampling site can be calculated integrally. It is highly significant in
order to determine a connection between injection and sampling point, to quantify that
connection, to determine maximum concentration, and concentration time (Goldscheider &
Drew, 2007). All of these variables are comparable with contaminants, which is important in

vulnerability studies of an aquifer.
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Parameter Symbol  Description

Tracer Recovery M, Mass Recovered
Mean Tracer Velocity Vin Velocity of flow
Mean Transit Time I'm Time for half the tracer to cross the aquifer distance
Maximum Velocity Vinax Time of the first arrival of tracer cloud
Longitudinal Dispersion Dy Rate at which the tracer mass spreads out along a flow path
Longitudinal Dispersivity oL Length of tracer cloud dispersion

Reflective of the contribution of each of the mechanical dispersion
Peclet Number P. .

and advection flow onto mass transport
andult/ Channel D, A Channel diameter, Cross sectional area/ surface area,
Dimensions

Portion of mobile Phase

and exchange coefficient

between immobile and S, w
mobile

Required to define the behavior of the mobile fluid phase and the
exchange between mobile and immobile phases

Table 2-1. Table showing parameters that can be calculated numerically and statistically from artificial tracer
tests

The form of a breakthrough curve provides even more information on the
underground conditions. A single peak suggests a single conduit. Multiple peaks may indicate
multiple conduits. Some of the tracer may be directed into storage which can be on the
conduit route, or off its route and does not allow exchange (Goldscheider & Drew, 2007).
Sustained tails can results from storage as well when there is an exchange; but it may also
results from unresolved multiple peaks (Werner et. al, 1997). Measurement of discharge is
very important in tracer tests, and they provide greater resolution results when compared with
injected and recovered mass. Also, tracer tests under varying flow conditions (varying
discharge) may reveal changes in the underground conduit velocities, paths, and storage
(Smart, 1988b). Figure 2-6 shows network configurations of karst networks. Where M is
mass of tracer injected and Q is discharge. In A, Qin = Qou, therefore, Mi, = Moy In dilution

convergence, B, Qo< Qi, so Mass recovery will be less than 100%. In divergence, as in
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example C, Qin>Qou, therefore Mix>M,... In the case of divergence convergence, as in D, and
convergence divergence as in E, Qi #Qouw, Min >Mow. When there is no connection as in
drawing F, Qin #Qou, Mo 18 equal to 0, no tracer detected. In the case of G, where exchange
occurs with a storage through a conduit. In H, there is storage in line, and in I, there is a
bypass system. In G, H, and I, Qix=Qou, and Mi»=M.u, and the tracer breakthrough curve will

show tailing.

C D E F
In In In In In In
/
/
— — ‘
= Out —
/
Out out Out Out Out
H 1
In In In
/
Excha Storage
— nge Bypass ‘
‘ ‘ )
Out ‘
Out Out

Figure 2-6. Karst network configuration based on measurement of input and output, discharge, and tracer
recovery. (after Ashton 1966, Atkinson et al. 1973, Brown & Ford 1971, Brown and Wigley 1969, Smart
1988a.)

2.3.1.3 Analytical models of transport parameters

Karst aquifers are difficult to model due to their heterogeneities, anisotropy, and
varying conduit scales. The modeling approach was to transform an input signal into an

output signal with an analytical equation that substitutes for the physical properties of the
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aquifer. A best-fit approach method is used in order to model the curve that fits the data series
(Goldscheider & Drew, 2007). The type of model used depends on the shape of the curve, for
instance, it is enough to use an Advection Dispersion Model (ADM), for a normal bell shaped
curve. If a curve shows strong tailing, then a Two Region Non-Equilibrium Model (2RNEM)
is used, since it allows the estimation of mean tracer velocity, longitudinal dispersion, the
assessment of the portion of immobile region and the exchange between immobile and

mobile regions (Doummar et al., 2018, Field and Pinsky, 2000; Geyer et al., 2007).

2.3.2 Natural tracers: stable isotopes

Natural tracers, stable isotopes, Deuterium (*H) and Oxygen ('*0) are used to track
origin of water and its movement. The abundance of 'O to 'O of these natural isotopes
varies as they fractionate from temporal and/or spatial elements, which makes them
conservative tracers (Criss, 1999). Fractionation is the separation of isotopes among the
different phases and measures the abundance of the ratio of isotopes due to processes such as
evaporation. For 2H and '®O, standard mean ocean water (SMOW) is used as reference
material (O’Neil, 1986). “H and '*O are considered heavy as it has lower vapor pressure than
’H and '°0, as a result, *H and "®O concentrations are higher at higher elevations (Dansgaard,
1964). In simpler terms, generally, air masses will lose water content and hence the lighter
isotopes as they move inland and to higher elevations from the coast where the heavier
isotopes are retained. Stable isotopes can be wused to determine altitudes of

recharge/infiltration and or likelihood of mixing between water of different origin.
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2.3.3 Spring chemograph and hydrograph analyses

A chemograph is based on physical and chemical measurements collected at the
spring. Measurements include electrical conductivity (EC), temperature, pH, turbidity (TU),
major ions, and stable isotopes (Sauter, 1997). Electrical conductivity increases with the
number of charged ions in water, which shows an increase when stored water, rich in
minerals, is measured and logged in the field. Major ions in chemographs are suitable to
estimate origin and mixing proportions of new waters, stored groundwater (Ca and Mg), and
wastewater (Cl). Turbidity can be a good indicator of fast pathways conduits from sinking
streams outside the karst catchment into the spring; primary and secondary turbidity peaks
result from autochthonous and allochthonous sources respectively (Pronk et. al 2006, Sauter,
1992).

In this study, relationships were established by combining different chemographs,
hydrographs, discharge, (Williams, 1983), isotopes (Criss, 1999), and MPs. Moreover,
discharge is important in order to quantify the mass flux, which is the product of
concentration and discharge, in order to remove the effect of dilution (Smart, 1998). By
combining discharge, EC, TU, ion concentration, and isotopes, we can tell if newly infiltrated
water is mineralized, infiltrated through fast pathway, and is from a groundwater or
contaminated with wastewater. Figure 2-7 shows an example of a karst spring monitoring
where new (lower Mg compared to Ca) and highly mineralized (high EC) water arrived at the

spring during a flood event (high discharge).
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Spring dominated
by a concentrated
recharge
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by diffuse recharge
over karst
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A A

Time Time

Rain Rain

Figure 2-7. Combination of hydrographs and chemographs to understand karst aquifer behavior (Ford and
Williams, 2007)

Relationships between discharge, transit time, dilution and concentration in

vulnerability are also important to identify and are presented in figure 2-8.
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Figure 2-8. Relationship between discharge and transit time, dilution and solute concentration in a system and
their relevance to vulnerability (from Doummar, 2012).

2.3.4 Micropollutants

Healthcare products such as preservatives, antimicrobials, and antibacterial;
pharmaceuticals such as antibiotics, anti-inflammatory, hormones; contrast media; industrial
manufacturing products; animal care (farming); agriculture products etc. All are increasingly
used in modern industry, especially in urban areas. They are often released into wastewater
treatment plants, directly into soil, or into surface water, and proceed to leach into
groundwater. Their signature in water is in the form of MPs that can be detected to various

extents in raw wastewater and treated wastewater, if persistent or in groundwater and surface
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water. A wastewater indicator is defined as 1) having an exclusive origin from wastewater, 2)
abundant in wastewater above detection limits, 3) found at low of concentrations in the
investigated system, 4) characterized by a low degradation rate and negligible retardation
(Doummar et al., 2014, Gasser et al., 2010, Einsiedl et al., 2010).

The contamination of groundwater resources by MPs is a growing and relatively
poorly understood concern. In the last few decades, the fate of MPs in the natural
environment has been studied by assessing their degradation, and their transformation
products. (Daughton and Ternes, 1999; Halling- Serensen et al., 1998; Kiimmerer, 2009;
Lim, et al., 2017; Schwarzenbach et al., 2006; Stan and Linkerhagner, 1992; Stan et al.,
1994). MPs are present in wastewater, treated wastewaters, surface waters, and groundwater
(Reh et al., 2013; Scheytt et al., 2006.) However, they are not regularly monitored and

analyzed due to high costs and absence of regulatory requirements.
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Table 2-2. A list of micropollutant categories occurring frequently in the environment mostly in aqueous systems.

Categories | Subcategories [ Compounds Categories Subcategories [ Compounds
Amoxicillin (semi-
quantitative) ( Szl
Azithromycin Sulfamerazine
Erythromycin Anti-Bacterial Sulfamethazine
Flumeqine Sulfathiazole
Trimethoprim Triclocarban
Antibiotics Lincomycin Triclosan
Oxolinic acid 4-nonylphenol
Quinoline S . 4-tert-Octylphenol
Sulfadiazine Anti-Microbial Butylparaben
Sulfadimethoxine Sulfachloropyridazine
Sulfamethizole Isobutylparaben
Sulfamethoxazole Preservatives Methylparaben
Anticonvulsant Primidone Propylparaben
Atenolol Chlorotoluron
Bezafibrate Diuron
st £ 2 loes) Dehydronifedipine Isoproturon
Treatment
(B Blocker) L(.)pre.ss.or Metazachlor
Nifedipine Metolachlor
Warfarin : Herbicides OUST '(Sulfameturon,methyl)
Andorostenedione Propazine
Testosterone Simazine
Norethisterone Thiabendazole
. Progesterone 2,4-D
Steroids/Hormones - —p & fiol Clofibric Acid
Estradiol Salicylic Acid
Estrone Atrazine
Ethinyl Estradiol - 17 alpha Bromacil
Acetaminophen Pesticides Chloridazon
Albuterol Cyanazine
Carbamazepine DEET
Carisoprodol Linuron
Cimetidine DACT
Diazepam DEA
Dilantin TCPP
Diltiazem DIA
Fluoxetine BPA
Analgetics, Anti- Ketorolac Industrial TCPP Flame retardant
1nﬂgmmatory, Chemicals/Plasticizers
Anticonvulsants
Lidocaine TDCPP
Meclofenamic Acid TCEP Reducing Agent
Mepro‘t.)ame'lte Artificial Sweeteners Acesulfame-K
Pentoxifylline Sucralose
Bendroflumethiazide . Ethylparaben
Butalbital Food Preservatives The}:)tl)aromine
Chloramphenicol e 1,7-Dimethylxanthine
Lipid regulator Gemfibrozil Caffeine
Iohexol Nervous Theophylline
St Iopromide Cotinine
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Previous studies done by Buerge et al, 2009, Doummar et al., 2014, Gasser et al.,
2010, Liu et al, 2014, Mawhinney et al, 2011, Nodler et al, 2016; Oppenheimer et al, 2011,
Stempvoort et al, 2013; Wolf et al, 2012, investigated the use of some persistent MPs as
wastewater indicators. Some studies relied on their concentrations in the environment to
estimate the prescribed dosages or consumption loads (e.g., cocaine, and caffeine; Hillebrand
et al., 2011, Zuccato et al., 2005), and to assess their transport characteristics in hydrological
and hydrogeological systems. According to Oppenheimer et. Al (2011) the characteristics of
an ideal wastewater indicator after treatment are 1) Source specificity, 2) Sustained effluent
release, 3) Available high resolution analytical methodology, 4) limited attenuation during
transport and treatment, 5) Nearly zero background concentration.

Various studies have outlined wastewater indicators in surface and groundwater for
water quality monitoring purposes (Clara et al., 2004; Doummar et al., 2014; Gasser et al.,
2010; Hillebrand et al., 2014). The dosage of selected pharmaceutical products and their
release in the environment is presented in table 2-3. The fate of selected MPs has been
investigated in details in terms of degradation, half-lives, and metabolite release in the
environment. Nevertheless, there is an urgent need to investigate the occurrence and fate of
other selected MPs under specific hydrological conditions (Lim et. al, 2017), before assessing
their suitability as wastewater indicators in the environment, especially in challenging karst
systems. Recent studies have documented the occurrence of artificial sweeteners (ASW) such
as SUC, and ACE-K in the aquatic environment (Brorstroem-Lunden et al, 2008; Buerge et
al, 2009; Loos et al, 2009; Mead et al, 2009; Scheurer et al, 2009), along with the lipid
regulator gemfibrozil (Araujo et al, 2011; Bendz et al., 2005; Sanderson et al., 2003) and the

contrast media iohexol (Kormos et. al, 2011, Putschew et. al, 2000).
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Table 2-3. Selected micropollutants, consumption per person per day (kg/day when specified), half-lives in natural water, and metabolites

Micropollutant (G tion (mg/day e Half-Life (Hours) Metabolites s References
otherwise specified) of
. . . Bortolotti et. al (1985); Guerreiro et.
1,7-Dimethylxanthine - 1 - Caffeine al (2008)
24D - 11.6 Sulfamic Acid - Sauerhoff et. al (1977)
Subedi and Kannan (2014);
Acesulfame-K 1.22 3240 Glucuronide and Sulfate - Castronovoa et. al (2017);
Inchem.com
Penicilloic acid and phenol
Acetaminophen 4000 40-350 hydroxypyrazine, - Andreozzi et. al (2003); Drugs.com
diketopiperazine, AMX-S-oxide
Amoxicillin (semi- Andreozzi et. al (2004); Gozlan et.
quantitative) 1000 48-216 i ) al (2013); Drugs.com
> 1-[4-(C- Liu and Williams (2007); Reeves ct
Atenolol 100-200 160 Carbamoylhydroxymethyl)phenox - R ’ '
. . al (1978); Dailymed.com
y]-3-isopropylaminopropan-2-ol
Bisphenol A (BPA) - 24-240 - - Fox et. al (2007)
Caffeine 350 288 1,7-dimethylxanthine - Buerge et. al (2003);
Carbadox <400 23 Quinoxaline-2-carboxylic acid - Eegl;%r) ctal (1981); Nabuurs et. al
Carbamazepine 1600 to 2400 2400-10,000 (di) & (epo) . - Andreozzi et. al (2003); drugs.com
hydroxycarbamazepine
Cimetidine 100s 50-150 - - Latch et. al (2003); Drugs.com
.. S Booth and Boyland (1970); Jarvis
Cotinine - 16 - Nicotine et. al (1971)
Diclofenac 50-200 1.5 Hydroxy & Methoxy diclofenac - Galmier et. al (2005); Drugs.com
Hydroxyphenytoin, 5-(4'-
Dilantin (anti-seizure) 300-500 204 hydroxyphenyl)-5- - emedicine.medsccape.com
phenylhydantoin.
. Stanczyk et. al (2013); Lin and
Estradiol 1 to 5 /month 2 EE2 - Reinhard (2005):
. Heithecker et. al (1991); Lin and
Estriol 0.25 2.9 - - Reinhard (2005);
Gemfibrozil 1200 15 Acyl-GEM-glucuronide. - Ogilvie et. al (2006); Drugs.com
hydratropic acid, 4-
ethylbenzaldehyde, 4-(1-
carboxyethyl)benzoic acid, 1-(4-
isobutylphenyl)-1-ethanol, 2-[4- Lin and Reinhard (2005); Climent
Ibuprofen 200-400 15 (1-hydroxy-2- - et. al (2012); Caviglioli et. al
methylpropyl)phenyl]propanoic (2002); drugs.com
acid, 1-isobutyl-4-vinylbenzene,
4-isobutylphenol. For 1-(4-
isobutylphenyl)- 1 -ethanol.
Greskowiak et. al (2015); Halme et.
Iohexol 1-350 mg/kg 2 - - al (1993); drugbank.ca;
medscape.com
. Greskowiak et. al (2015); Ting et. al
Iopromide 3--60 1.65 - - (2010): drugs.com
Ketoprofen 200 41 i ) Lin and Reinhard (2005);
drugs.com;
Carisopro  Walkenstein et. al (1958);
Meprobamate 1200-1600 10 Hydroxymeprobamate dol drugbank.ca
Meclofenamic Acid 50 to 400 0.9 - - Snow et. al (1981);
Naproxen 1000 1.4 - - Lin and Reinhard (2005); drugs.com
Mao et. al (2012); Canada. National
Nonylphenol - up to 99 days - - Guidelines and Standards Office
(2002)
L . . Kochany and Maguire (1994);
Quinoline - 336-2952 Acyl and Phenolic Glucoronide - Novak and Brodic (1950)
Schroder and Campbell (1972);
Salicylic Acid 0.1-0.3 (L/kg) 3 Aspirin Active Metabolite - Kuehl et. al (20006);
toxnet.nlm.nih.gov
Sucralose 5 (mg/kg) several years - - Grice and Goldsmith (2000);
TCEP - 17520 - - Saint Hilaire et. al (2013)
8-hydroxylation to 1,3,
Theobromine - 7to 12 dimethyluric acid, 1- Caffeine =~ Mumford et. al (1996);
methylxanthine3-methylxanthine
Theophylline 16-10 9mg/kg) 8.7 Protein adducts. Caffeine
Triclocarban ) 2592 - 485 i ) Schebb et. al (2012); Ying et. al
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ASWs are ubiquitous in the human diet, (Oppenheimer et. al, 2012) and are not
extensively metabolized by humans (Roberts et. al, 2000). They are excreted unchanged in
urine, flow into wastewater treatment plants or untreated wastewater, and are discharged
directly to environmental waters. (Grice and Goldsmith, 2000; Hoque et al, 2014; Labare et
al, 1993; Roberts et al, 2000; Sang et al, 2014; Sims et al., 2000; Wood et al., 2000).

Sucralose, sold under the trade name Splenda®, is a chlorinated form of Sucrose. It
is approved for use as an additive in over 4000 food products in over 80 countries (Torres et.
al, 2011). Acesulfame-K is also a calorie free sweetener, sold under the different commercial
names, currently approved for use in the U.S.A (FDA, 2006). Due to their documented
occurrence and persistence in surface water (Brorstrom-Lundén et al, 2008; Mead et al, 2009;
Perkola et al, 2014) and groundwater; SUC, (Mawhinney et al, 2011; Oppenheimer et al,
2011), and ACE-K (Robertson et al, 2013), have been investigated as index tracers of
domestic wastewater pollution in groundwater, (Buerge et al, 2009; Oppenheimer et al, 2011;
Stempvoort et al, 2011; Stempvoort et al, 2013; Wolf et al;, 2012) and surface water (Liu et
al, 2014; Nodler et al, 2016; Spoelstra et al, 2013; Tran et al, 2014).

GEM is used as lipid regulator under various commercial names, and has a high
persistence in the natural environment (Araujo et. al, 2009). Two percent (2%) or less of the
consumed GEM is excreted unchanged (drugs.com/gemfibrozil), whereas 10X is a water
soluble, low chemotoxic, and low osmolality contrast agent used for medical imaging
(drugbank.ca). IOX is released into urine largely unchanged after passing through the body
(drugbank.ca). Both IOX and GEM are not degraded by conventional wastewater treatment
processes (Putschew et. al, 2001; Ternes and Hirsch, 2000); therefore they are also both

considered markers for domestic wastewater or potentially, hospital waste in the case of [OX.
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Ibuprofen is a nonsteroidal anti-inflammatory drug (NSAID) which works by reducing
hormones that cause inflammation and pain in the body, (drugs.com, 2017). Nonylphenols

(NON) are surfactants used in manufacture detergents and emulsifiers (Soares et. al, 2008).
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CHAPTER
3. FIELD SITE

3.1 Nahr El Kalb River

The Narh el Kalb River originates from Nabaa El Assal and Nabaa El Laban
springs in the highlands of Kesrouane (Faraya-Sannine), in addition to interflow and runoff
occurring shortly after rain events. Its catchment extends from the outlet of the River on the
coast to about 22 km to the east in the Lebanese Mountains. Its southern and northern
boundaries were delineated on topography highs. The river consists of three sub-catchments
(RI -Nahr El Salib; RII-Nahr el Ouadi, and RIII- Nahr Abou Mizane) joining together to form
the main branch of the River (Figure 3-1). Its yearly discharge reaches a maximum of 22
m’/s, whereas it runs dry during low flow periods, (from July-September of the

hydrogeological year) with a total discharge yearly volume of 80-230 Mm’.

3.2 Qachqouch Spring

Qachqouch Spring (Figure 3-1) is located in the Keserouane area in Lebanon within
the catchment of Nahr El Kalb; at about 64 meters above sea level, 18 km north of Beirut,
draining a catchment that has been delineated and modeled to be about 56 km?* (Dubois, 2017;
Figure 3-2). Koeniger and Margane, (2014) outlined the elevation effect of 'O and °H
fractionation in the studied area, to determine spring water recharge origin for Jeita and
Qachqouch. In their study, the values 'O and *H from springs and from snow and rainfall
were compared. The results showed that for both, Qachqouch spring and neighboring Jeita
spring, the mean catchment elevation is higher than 1400 m asl, although the Jurassic

Keserouane outcrop has a mean elevation of 1016 m asl. So, the higher elevation aquifers of
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the catchment contribute a large percentage (as much as a 30% assumption) of recharge into
both springs.

Qachqouch spring flows mainly in the Jurassic Keserouane formation (J4); it
emerges at the contact between Bhannes formation (J5) and Bekfaya formation (J6), and
passes through partially eroded Salima formation (J7) at 90 m above sea level. The direct
recharge area of the Qachqouch spring consists of Kesrouane, Bhaness, and Bekfaya
formation of Jurassic age. The Cretaceous formations of the highlands of Nahr El Kalb River
(Chouf Sandstones (C1), Abeih formation (C2a), Mdeirij formation (C2b), Hammana
formation (C3), and Sannine formation (C4)) are thought to contribute via overland flow
(Figure 3-1). The Jurassic stratigraphy of Lebanon is summarized in figure 3-3.

The Jurassic formation is the dominant formation in the study area; and it is mainly
formed of limestone, with intertonguing dolostones in the lower parts of the formation
because of diagenetic dolomitization (Nader et al., 2007). The Jurassic massive limestones
are often marked by karstification, but there are no known large water infiltration zones

(Hahne, 2011).
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Figure 3-1. Map showing
the catchment area and
geological formations and
cross section line. Tracer
experiments reveal a fast
pathway connection
between the River and the
spring (green line on top
left of map.
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