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L. Teil | Kurzfassung

.1 Aufgabenstellung

Der See Genezareth ist eine Schlisselquelle fir Trink- und Bewasserungswasser fiir Israel
und Jordanien. Die Hauptquelle, der Fluss Jordan, ist belastet mit unterschiedlichsten
Mikroschadstoffen inklusive DDT und Endosulphan. Diese wurden vor Jahrzehnten weltweit
verboten. Wahrend diese im Wasser des See Genezareth nicht detektiert werden, sind sie
sowie ahnliche Schadstoffe in den Sedimenten des Jordanzuflusses sowie in den Fischen des
Sees nachzuweisen. Daher wurde die Hypothese untersucht, ob es einen Zusammenhang
zwischen organischen Feinpartikeln im Wasser und den Bioakkumulationsprozessen im
Nahrungsnetz des Sees gibt.

Im Rahmen von MICROLAKE stand im Fokus, dass viele der Schadstoffe von den
Feinpartikeln  Uber unterschiedliche Materialen wie Lipid-, Polysaccharid- oder
Huminsaurederivaten, aber auch von Mikroplastik, absorbiert werden kénnen. Dazu sollten die
Feinpartikel im Wasser sowie den den Sedimenten des Sees saisonal am Zufluss des Jordans,
stidwarts in den See, in Uferndhe sowie in der Mitte beprobt werden. Diese Proben werden
daraufhin auf Mikroschadstoffe sowie die verschiedenen Tragermaterialen hin untersucht.
Parallel werden Affinitatsstudien durchgefihrt, um die Transportprozesse zu verstehen und in
ein hydrodynamisches Verteilungsmodel fur die verunreinigten Partikel eingebaut und
Schadstoff-Hotspots identifiziert. Dabei werde ein neuartiger Ansatz etabliert, einfache
Feldergebnisse und Modellierung zu verbinden, um eine Akkumulationskarte des Sees mit
Mikroschadstoffen zu erstellen. Dieser Ansatz soll eine zukilnftige zielgerichtete und
kosteneffiziente Entfernung dieser Materialen unterstitzen, da eine komplette Behandlung des
Seewasser (>3.5 x 10° m?®) oder der Sediment Oberflache (~200 km?) praktisch und finanziell
unmaglich sind.

.2 Wissenschaftlicher und technischer Stand zu Beginn des Vorhabens

Der See (170 km?) liegt im ndrdlichen Teil von Israel und ist ein warm-monomiktischer See,
der als Frischwasser- und Nahrungsquelle dient sowie die Funktion eines Erholungsgebiet
Ubernimmt. Durch den Fluss Jordan gelangen in den Monaten November bis Februar 90% des
jahrlichen Wasser- und Sedimenteintrags in den See. Das Wassereinzugsgebiet des See
umfasst eine Flache von circa 3000 km? wovon 95 km? genutztes Ackerland sind. Dadurch
gelangen neben den Anthropogene Schadstoffe aus Ddrfern und Siedlungen am See auch
Herbizide und Pestizide in das Einzugsgebiet. Das See wird seit mehr 50 Jahren vom KLL-
IORL beprobt. In den letzten Jahrzehnten war Mikroschadstoffe nur im <ppb Bereich in
Oberflachengewassern gefunden worden, wahrend 2004 Fischproben nahezu in allen Proben
Pestizide zeigten sowie Konzentrationen von bis zu 507 ppb DDT. Weiterhin konnte gezeigt
werde 2007, dass solche Mikroschadstoffe in Sedimenten im Mindungsgebiet des Jordans
sowie Makrophyten zu finden sind. Es ist daher davon auszugehen, dass die Mikroschadstoffe
entweder partikulare oder im Wasser gel6st von Fluss Jordan in den See gelangen und sich
dort in den See absetzen.

Das Mikroschadstoffe sich im Frischwassergebieten wie Flliissen und Seen anreichern wurde
bereits mehrfache berichtet. Die die Verteilung der Stoffe zwischen Sediment und Wasser
werden dabei Uber den Faktor Koc = Ka/Foc beschrieben, der den fir Absorption typischen Kgq
Faktor mit dem Anteil von organischem Kohlenstoff im Sediment (Foc) verknupft. Der Faktor
FOC bericksichtigt dabei nicht verschiedene Arten organischen Kohlenstoff, in Sedimenten
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sowie schwebenden Feinpartikeln vorhanden sein kdnnen. Wichtige organische Bestandteile
der Feinpartikel sind dabei Mikroplastik, Polysaccharid sowie Humin-/Fluvinsduren basiert.

Fir Mikroplastikpartikel konnte bereits gezeigt werden, dass diese je nach Plastiktyp
verschiedene bekannt Schadstoffe aufnehmen und abgeben koénnen, wobei dieses von
physikalischen sowie Umweltbedingungen abhangt, jedoch ist die Belastung des Sees
Genezareth vor dem Projekt mit diesen Partikeln nicht erfasst worden. Polysaccharide
gelangen als Abbauprodukte von Phytoplankton sowie Pflanzenresten etc. in die aquatische
Umwelt und kdénnen potentiell Schadstoffe absorbieren. Humin-/Fluvinsaure basierte Partikel
haben auch das Potential Schadstoffe zu binden, und durch die Art des Wassereinzugsgebiet
sind sie ein moglicher Trager fir diese Schadstoffe in den See. Hier war urspriinglich geplant
die gesamte Wassersaule sowie den gesamten Sedimentkérper durch das AWI im Rahmen
des Projektes zu untersuchen, was jedoch aufgrund der politischen Situation ab dem
07.10.2023 vor Ort nicht mehr moglich war, da eine Anreise sowie Schulung am See mit den
vom AWI entwickelten und vorhandenen Probenahmegeraten nicht moglich war.

.3 Wesentliche Ergebnisse im Uberblick

In diesem Projekt konnten wir zeigen, dass die hauptsachlichen organischen Schadstoffe im
See zyklische aromatische Kohlenwasserstoffe sind, die in mono- (MAK) oder polycyclisch
(PAK) vorliegen. In der Wassersaule liegen diese auf dem gleichen Niveau wie Schadstoffe
wie z.B. Pestizide mit Werten meist unter 1pbb. In der obersten Sedimentschicht jedoch, dem
sogenannten “Fluffy Layer”, wurden vergleichsweise hohe Konzentrationen im unteren ppm
Bereich gefunden. Auch wurden ortliche Unterschiede von verunreinigten Sedimenten
gefunden. Gleichermalien wurden mittels eines aus Bronze gefertigten Plastikfreien
Kernprobennehmers Proben genommen und vom AWI auf Mikroplastik untersucht. Auch hier
wurden ortliche Unterschiede in den Konzentrationen gefunden, wobei ein Schwerpunkt der
Kontamination im Bereich der Nord-Ostlichen Region des Sees befand.

Fischproben des Sees konnten nur auf Mikroschadstoffe untersucht werden. In zwei Zonen
des Sees wurden die Kiemen und Muskelgewebe extrahiert und analysiert. Dabei wurden
hohe Konzentration fir bestimmte PAK wie Benzo[a]pyren, Benzo[a]anthracen and Chrysen
gefunden, die oberhalb der Israelischen und Europaischen Grenzwerte lagen.

Ein weiterer Schwerpunkt dieses Projekts war es die hauptsachlichen Hauptbestandteile flr
die Schadstoffabsporbtion fir die Sedimenttypen zu finden. Dazu wurde die
Zusammensetzung der Sedimente mittels FTIRAnalyse am AWI bestimmt und im
Zusammenhang mit Affinitdtstudien von deuterierten MAKs und PAKs sowie gemessen
Schadstoffmengen, Partikelgré3en und Dichten analysiert (beide Partner). Dabei wurden
bereits erste Zusammenhange zwischen Affinitdt und Zusammensetzung gefunden. Um
Schwerpunkte mit belasteten Sedimenten im See zu identifizieren wurden ein 3D Model
angewendet. Dabei wurden die gemessen Partikelgro3en und Dichten der Sedimente mittels
eines LISST-100X Gerates ermittelt und im Model verwendet. Die Modellierung zeigte drei
Schwerpunktebereich in Kistenndhe im Norden, Nord-Osten sowie im Siiden des Sees, die
mit den gefundenen Ergebnissen Ubereinstimmen.

Durch die Bestimmung von belasteten Schwerpunkten im See, lassen sich die
Schadstoffbelastungen im See nun deutlich zielgerichteter und effizienter behandeln. Eine
Maoglichkeit, welche die direkte Oxidation der Schadstoffe im Seesediment ermdglicht, wurde
an Seesedimenten getestet, wobei 90% der zugesetzten PAKs abgebaut wurden sowie auch
auf grélRere Sedimentmengen angewendet.
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Il. Teil Il Eingehende Darstellung

Als Joint Report im Folgenden angehangt.
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2. SCIENTIFIC OR TECHNICAL RESULTS

Abstract: Provide a summary of results from all research groups involved in the project
(no longer than approx. 800 words).

Lake Kinneret, like many other lakes worldwide, is affected by the presence of organic and other
pollutants. These contaminants negatively impact water quality in a lake that serves as a unique and
sole freshwater reservoir for the State of Israel and the Hashemite Kingdom of Jordan. In addition, such
pollutants may induce adverse effects on the organisms inhabiting this aquatic ecosystem. Efficient
water treatment of an entire large aquatic body such as this lake (>3.5 x 10° m3) or sediment surface
area (~200 km?) are practically unfeasible. In this project we showed that the dominant organic
pollutants in this lake are cyclic aromatic petrochemicals identified as mono/poly cyclic aromatic
hydrocarbons, namely MAHs and PAHs respectively (disregarding the less toxic aliphatic fraction). The
concentration of these compounds, as well as the levels of others (e.g., pesticides) in the water column,
is relatively low- mostly <1ppb. Following an intense extraction campaign of "fluffy layer" sediment
cores conducted in this study, we showed that the concentration in surface sediments is relatively high
and reaches the lower ppm level (though one cannot compare pg/L and pg/Kg). Thus, we consider
surface sediments as both a sink and a new potential source of pollutants. Additionally, perimeter
dependent spatial- distribution of polluted sediments was noticed, highlighting hotspot perimeters that
are thus potentially treatable in various methods. In a similar way, following the use of a custom-made
bronze- plastic free corer, extracted microplastics concentrations were assessed in Helgoland. As a
result, elevated levels were recorded at specific north-east regions of this lake. In two areas identified in
this study, sampled fish population gills and dorsal muscles (edible part) were extracted and analyzed.
Consequentially, high levels of specific heavy PAHs e.g., benzo[a]pyrene, benzo[a]anthracene and
chrysene, were recorded above the Israeli and the EU thresholds.

To understand the concentration mechanism of polluted sediments in lake specific hot spots, we implied
a 3D model, based on particles having either a water density ~1Kg/L or specific densities and settling
velocities of Lake Kinneret fluffy sediments sampled, that were analyzed in our lab using a custom-made
chamber connected to a LISST-100X device. The 3D model pointed at three areas at the north, northeast
and south lake shores, reinforcing our earlier suspicions.

This study also focused on detecting key elements associated with pollutants adsorption potential of
each sediment type. To this end, we compared the adsorption levels of deuterated PAHs and MAHs, to
selected sediments, with the sediments FTIR spectra (Helgoland) or concentration of specific particles
(in the sediment sample) showing specific key densities and sizes. Several high linear correlations are
presented. A wholistic model approach is being constructed these days to combine these physical



characterizing elements and the pollutants levels. When succeeded, a fingerprint of "sponge like"
particles could be followed elsewhere to identify present and future polluted perimeters.

As mentioned above, the revelation that sediment- adsorbed pollutants are focusing on specific
hotspots, opens the door to various sediment treatment options. One such potential technique is the
use of ozone nano bubbles (NBO3) technology. This method introduces in-situ ozone production to nano
scale bubbles. Unlike free ozone or larger bubbles, NBO3 do not evaporate or descend easily from the
water column, thus potentially having a long-range oxidation potential. While using a 50L chamber
including lake water and 150gr of sediment spiked with deuterated MAHs and PAHs, we were able to
show that following only 15 min of mild NBO3 supplying rate, over 90% of the most refractory PAHs
were oxidized. These results present the high potential of using this technique in the presence of
sediments from this eutrophic lake, having high organic content that did not impair the pollutants'
oxidation process. A scaleup of this experiment included the use of a 16m? pool with 600kg of
sediments. A two-day only -activation of the NBO3 system (ozone gas generator integrated into a
nanobubbles diffuser), followed by the shutdown of the NBO3 supply, resulted in slow oxidation of the
pollutants. Surprisingly, this process lingered days after the shutdown of the NBO3 supply, presenting
the low clearance rate of these bubbles and the long-term treatment potential.

Body of report:



Dynamics of micropollutants and high affinity particulate matter in Lake Kinneret and its
watershed

Final Report

Peleg Astrahan?, Sebastian Primpke?, llia Ostrovsky?, Evgeny Kurashov?, Yulia Krylova?, Yael Amitail,
Simone Heilgeist?, Maria Pogojeva?, Fahmida Yasmin?, Ragna Bergmann?, Gunnar Gerdts* and Dror L

Angel®

1. Kinneret Limnological Laboratory-Israel Oceanographic & Limnological Research (KLL-IOLR), PO
Box 447, Migdal 1495000, Israel

2. Alfred-Wegener-Insitute Helmholtz-Centre for Polar- and Marine Research, Biologische Anstalt
Helgoland, 27498 Helgoland, Germany

3. The Leon Recanati Institute for Maritime Studies University of Haifa Mount Carmel, Haifa
3498838, Israel

Lake Kinneret is a key source of drinking and irrigation water for Israel and the kingdom of Jordan. The Lake’s
major source (Jordan River) is tainted with various micropollutants e.g., PAHs, MAHs and to a lower level- DDT
and Endosulphan, banned decades ago. Although these pollutants are barely detected in the water column, they were
found in Jordan River mouth sediments and the Lake’s fish. We hypothesize a link between the water’s particulate
matter and bioaccumulation processes in the food web. Many pollutants adsorb to particulate matter enriched with
“key carriers”, e.g. lipids, polysaccharides, microplastics and humic substances. This binding may lead to slow,
undetected, chronic, long-lasting effects on Lake Kinneret’s ecosystem. Although such conditions are not exclusive

to this lake, a feasible remediation strategy has yet to be realized.

Study area micropollutant distribution: Lake Kinneret (~200 km?) located in northern Israel is a warm monomictic

lake. The lake is a source of freshwater for both Israel and the kingdom of Jordan in addition to a fishing and
recreation source. Water reaches the Lake via the Jordan River; 90% of the annual water and sediment runoff occurs
from November to February. The watershed area of Lake Kinneret is approximately 3000 km? including 95 km? of
arable land, used for agriculture. As a result, many herbicides/ pesticides occur in the watershed, in addition to
anthropogenic pollutants originating from the Galilee settlements. A report conducted by our lab in 2007 clearly
showed that micropollutants, such as pesticides are adsorbed to the Jordan mouth sediments, and even to submerged
macrophyta. These particles may settle within 100-250 meters from the river’s mouth into the Lake, yet storm events
may resuspend and distribute these particles further along the entire western shores of Lake Kinneret. An example
for Jordan River water mass distribution was conducted on 01.01.2019 data, by using an MITgcm simulation
analysis with a built-in passive tracer package of the Jordan mouth water mass. Considering the translocation of
Jordan water masses into the Lake, our preliminary results identify a Jordan water mass accumulation, near the
bottom of the Lake around latitude 32.82° N (figure 2). Whereas particle distribution may differ from the water

distribution, it is likely that the suspended particulates will be transported similarly. Using this tool with a particles



phase model, including density, size, relevant organic content and updated field data input, will result in the

distribution of lake and Jordan mouth particles.

The pollutants load in the drainage basin transported into the Jordan River is monitored by the Israeli Water
Authority. Several micropollutants reported by the authority are in the 1-600ppb range, while others are in the
detectable range only (i.e. not quantitated), as presented in the 2018 and 2020 reports. Surprisingly, the dominant
micropollutants recorded in the drainage basin are phthalates. These chemicals are anthropogenic plasticizers leaking
into the environment from various plastic materials but may be adsorbed back onto microplastic particles, and are
considered toxic to various organisms. These findings suggest elevated levels of plastic-related pollution, entering
the Lake from the drainage basin streams, including the Jordan and adjacent rivers. The Kinneret Lake Laboratory
(KLL) has been conducting Limnological studies and monitoring surveys, including micropollutants, in the Lake for
more than 5 decades. In the last few decades most of the surface water micropollutants were observed on a sub ppb
level only. A wide range fish survey, conducted by KKL in 2004 showed extremely high concentrations of many
contaminants, reaching up to 507ppb of DDT in fish samples. Almost every fish examined contained pesticides
residues, while the concentration in the water remained mostly at the sub ppb range', similar to the water analyses
recorded in recent years. Sediments taken from the Jordan River mouth in 2007 showed many herbicides and
pesticides either adsorbed to the sediments or to local submerged macrophyta. As a result of these observations, we
strongly believe that micropollutants discharged to the drainage basin, are transported in either a particulate or free
form via streams and the Jordan River to the Lake. This process results in polluted particles settling on the Jordan
mouth entrance to the lake, which are distributed in a yet unknown route further into the Lake. Similar to the water
modeled distribution pattern, these polluted particles may settle in hotspots and are either bio accumulated in the

food web, or may chronically discharge micropollutants to the Lake.

Micropollutants adsorption: Various studies report on the accumulation of micropollutants in freshwater
environments e.g. rivers and lakes. These compounds may be distributed between the particulate and water fractions
in a partition process described by the partition coefficient Kq calculated by K4q= Cs/Cw. This process depends on the
hydrophobicity of the tested molecule represented by the octanol/water partition factor Kow, and the hydrophobicity
of the particle which is related to its carbon content. Thus, an integrated factor named Koc was described as Koc=
Kd/Foc quotient, where Foc s the fraction of organic carbon in the sediments. Yet, predicting the affinity of
molecules sets to an analyzed sediment, deviate from this factor and the carbon content may not always be
proportional to the affinity. We assume that these inconsistencies might be related to the wrong premise regarding
the representation of hydrophobicity by the carbon content. Rather we postulate that it is the presence of specific
hydrophobic moieties in the sediments that are responsible for the total lipophilicity and might serve as “key
carriers”. For instance, the same number of carbons is present in benzene and glucose, although their hydrophobicity
level is totally different. The prediction of the affinity may be far more complicated when amphipathic molecules are
present (hydrophobic and hydrophilic moieties at the same molecule). While the characteristics of the

micropollutants are well defined, a different size and composition of particles may be found in each and every

5



aquatic environment. Various studies reported on the high affinity of hydrophobic pollutants such as poly aromatic
hydrocarbons (PAHs) to sediments due to the presence of hydrophobic organic matter e.g. alkyl chains. Very few
studies report on the organic compositions of sediments and thus a detailed micropollutants adsorption analysis of all
organic components might not be achieved. In this project we will examine several particulate components that are

suspected as excellent carriers of micropollutants.

Microplastic particles: It has been shown (also by us) that several hydrophobic micropollutants bind to microplastics.

This adsorption process is influenced by physical and environmental conditions. For instance, a higher adsorption
rate of hydrophobic contaminants was recorded when a high surface area to volume ratio was tested. Elevated pH
was shown to elevate the desorption rate recorded for hydrophilic pollutants to microplastics relative to more
hydrophobic pollutants (e.g. phthalates) where very slight differences were found. Additionally, few studies
described a lower affinity of hydrophobic pollutants to weathered microplastic particles, due to the presence of
oxygenated groups on the particles’ surface. The opposite was also reported, i.e. a higher adsorption rate recorded for
lower hydrophobic pollutants, to aging microplastic particles due to the presence of the same oxygenated groups in
the particles. It is important to mention that abundances of microplastics were never determined in the Jordan River

or Lake Kinneret.

Polysaccharides: These molecules are abundant in aquatic environments mainly due to release and decomposition of
phytoplankton and bacteria and were shown to be involved in the aggregation of organic matter and of nanoplastics.
Of special interest are transparent exopolymer particles (TEP) that have been described in both marine (e.g. marine
snow) and freshwater systems. These are sticky, acidic polysaccharides that tend to adsorb other particles in the
water column and were found in various particle size classes in Lake Kinneret with varying concentrations on a
temporal basis. As presented in figure 2, the acidic polysaccharide Gum Xanthan (GX) shows a high affinity to the
most hydrophilic phthalate (dimethyl phthalate). These unpublished results are in agreement with other studies
describing the adhesive characteristics of polysaccharides to various organic and inorganic components.
Additionally, as presented in figure 3, following a major rain event, polysaccharides were detected in surface waters
and showed a clear gradient from the Jordan River mouth southward into the lake, but this gradient was not observed

in other seasons.

n, alkanes: This family of compounds is ubiquitous in water and sediment environments. Its major sources are either

oil related pollution (chains of even and odd number of carbon) and plants (long chains with a dominant odd carbon
number), derived mainly from cellular lipids. This group, composed of carbons and hydrogens only is very
hydrophobic, thus particles with high loads of alkanes or lipids may potentially show high hydrophobicity. The
fragmentation mass pattern of these compounds is very clear and easy to detect. Following the rain event described

above, the n,alkane levels recorded showed the same trend as the polysaccharides in the lake (Figure 3).

Humic and fulvic acids: The presence of these macromolecules was found to be involved in the adsorption of

micropollutants, thus potentially this group is a good candidate as a watershed carrier of many pollutants.



Nevertheless, although humic substances were detected in lake Kinneret water, no contribution was recorded from
the Jordan River, and the concentrations of these components in the water and sediments were never quantitated.
Additionally, water IR peaks representing classic humic substances (e.g. strong C=0 bands at 1730cm™ ) were not
observed in Lake Kinneret water IR scans, unlike polysaccharides and lipids (major IR peaks around 1100 and 2900

cm! respectively). This study focused on the sediments fluffy layer, as this layer is prone to resuspension.

This final report summarizes the study applied in the last three years, more information could be
found in recent reports.

Objectives

The main goal of this study is the validation, identification and prediction of sediment "Hot spot
locations" in lake Kinneret, concentrating hydrophobic pollutants.

Several approaches were integrated to tackle this target as described below:

I. Assessment of the current dominating pollutant's spatial distribution in lake Kinneret
(homogeneous distribution versus accumulation spots), focusing on the fluffy sediment layer
only.

Il.  Assess physical characteristics (size, density and settling velocity) of the different sediments in
the lake.

[ll. Assess a chemical IR fingerprint of various sediments in the lake.

IV. Study and analyze the verifying affinities of dominant hydrophobic pollutants in the lake, to the
different types of sediments.

V. Combining the data to form a prediction tool for the adsorption of specific pollutants based on
the chemical and physical characteristics studied.

VI. Assess the presence and spatial distribution of microplastics in the lake.

VII. Use a 3D-hydrodynamic model, to predict the particles’ trajectories and identify accumulation regions in
Lake Kinneret sediments based on the time dependent 3D velocity fields

VIlI.Assessment of these pollutants' presence in the local fish population.
IX. Presents a novel remediation potential treatment for lake polluted sediments.

Results and discussion:

Lake sediments sampling campaign

To collect a Lake Kinneret representative set of sediments, several cruises were set to sample
points of interest to be repeated along the sampling cruises. The final sampling cruise map is
presented below- in figure 1. At each point, sediments were collected at least twice in this study.
In this research, we focused on the collection of the fluffy layer- i.e., the top 0.5cm of sediments,
while using a custom plastic free-bronze piston corer and a metal scrapper.
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Figure 1: Lake Kinneret sampling cruises map

As described in the reports, the major hydrophobic pollutants found in this environment belong to the
cyclic-aromatic families of Polycyclic and monocyclic- Aromatic Hydrocarbons, namely PAHs and MAHs
respectively. The concentrations of various PAHs and MAHSs represented by the BTEX molecules, are also
presented below in figure 2.
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Figure 2:
Spatial distribution of selected dominant pollutants at Lake Kinneret sediments fluffy layer.
Sampling cruise dates are presented in different colors; all concentrations are in pg/Kg dry matter.

As we suspected, the pollutants' levels show an unhomogenized distribution pattern in the lakebed,
implying on an unhomogenized distribution of particles. Additionally, although the Jordan river is
suspected as a major source for many pollutants, the sediment samples analyzed from this area do not
show the highest levels of pollutants, and thus the Jordan river estuary perimeter is not the sole hotspot
area. Interestingly, Lake Kinneret east coasts accumulation of pollutants was noticed as shown in figure
2. These results do not explain the findings presented in our recent publication, showing the high levels
of BTEX contribution, from the northern rivers water phase, including the Jordan river (Astrahan p,
2023). We assume that the dilution factor between the northern rivers input into the ~4 million m? lake
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water at any given time point is very high.. Additionally, both the adsorption of pollutants from the
water/air phases and the settling of particles in the water column are highly dependent on various
chemical and physical factors that may change, depending on temperatures, water mass flow,
bathymetry etc. Consequently, the settling of particle-borne contaminants may not result in preferential
accumulation at the original sites, i.e., the levels of the pollutants in the water column are not
necessarily represented in the sediments at the same geographical spot. Support for this theory comes
from the finding that, in addition to petrochemicals, agriculturally derived compounds common in the
northern basin e.g., DDT, accumulate in distant lake sediments far from the river estuary, as represented
by its derivative DDE (figure 3).

1-May-2023

5 T ‘ 7 - E:sw-ms

Figure 3: DDE spatial distribution following three sampling cruises and extraction of Lake Kinneret
sediments (concentrations are in ppb.)

Sediments adsorption of PAHs & MAHSs:

One of our major working hypotheses assumes that both the sediments translocation and adsorption of
pollutants are highly dependent on the chemical and physical particles characteristics. Among these
dominant characteristics are the settling velocity, size and density that influences particles translocation,
and the surface covering active groups, that affects the adsorption rate of pollutants. Thus, we chose to
follow these characteristics by using FTIR measurements for the rough estimation of the chemical
components covering the sediments surface area, and a specific particles settling chamber, integrated
with a LISST 100X (Sequoia instruments) device, to carry out the settling velocity, density and size
measurements. This portable device can measure particle sizes over time. By placing a chamber of
known length above the detector, we were able to determine the settling velocity of each particle size
group based on the time it took for the particles to reach the detector.

It is important to mention that the chemical components in a particle (also measured by FTIR) might
have a high influence on this particle's settling velocity and thus, its density also. As a result, the particle
adsorption of specific pollutants might correlate strongly with the density or specific IR wavenumbers
of this particle or both.

In order to validate the adsorption rate of pollutants to the same sediment type, Freundlich equation
based models and experiments are used ( (J. P. GAO, 1997; Weihan Qiao, 2023), these include an
incubation of a set concentration of sediments in a water flask to a set period of time (pre-studied
equilibrium time), with many concentrations of each pollutant (some are irrelevant to this lake). Since
many types of sediments exist in this lake, containing various types of surface organic/inorganic
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components, we expect each type to present a different affinity to various pollutants. In this case, an
enormous number of flasks, incubations, extractions and analyses are required to produce the
Freundlich coefficients (Kf). Thus, we chose to focus on a specific relevant concentration of 2ppb of the
most abundant pollutants (deuterated BTEX and PAHs) which is a relevant concentration in this lake
water. Sediments (0.2gr) were incubated in rotating pre-combusted glass flaks (100RPM) for 8H at
25°including 50ml of lake kinneret 0.2pm filtered water, containing the deuterated pollutants. The
deuterated forms were chosen to maintain the same molecular traits of the pollutants, while
distinguishing them from the natural particle bound ones. Although a Kf coefficient mode of
adsorption might not be deduced via using this approach in each sediment (linear/ nonlinear), a
comparative apparent Kd (app-Kd) for the affinity of each petrochemical tested will be accepted (app-
Kd= conc' in equilibrium on the sediments/ the incubation concentration). Prior incubations showed
that under these conditions, 8H is more than enough for all pollutants in these groups to reach a state of
equilibrium.

The pollutants concentrations in equilibrium, at the end of each sediment incubation analysis were
recorded, and crossed with the characteristics tested i.e., particles FTIR wavenumbers, size and settling
times. While only weak relations were found between the particles' size and the pollutants
concentrations adsorbed to the particles after incubation, a high linearity was apparent for the
comparison of the number of particles with the same settling times and size, versus the concentrations
of specific adsorbed pollutants as shown in figures 4 and 5. Mainly particles in the range of 21-80um
showed high R? values for the low-medium size PAHs.

Chrysene adsorption to particle- D=1.83 Benzo[a]Pyrene adsorption to particles-
30 (Kg/m?), Size=297um _ 15 . D=183 (Kg/m?®), Size=297pm
g o® -a o]
2 20 2 - =
z. .....‘ — p Q@ 10 ........
o4 7 N \ «» < 4L e
S5 o . M0 </:>=<>_<;> S £ o (L
3 210 8.8 " Bk 0. ® D3
& = ° E&® 5 .- es)
© @ 0
e 0 0.2 0.4
) . . 0 0.1 0.2 0.3 0.4
Relative concentration of particles Relative concentration of particles

Acenaphthylene adsorption to particles-

2.5 D=2.4 (Kg/m?3 ), Size=78.9um
2 .
s 2 . .0'
T
L]
% ;:15 9. //&
22 - ¢
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< e
0& ce0 o
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Figure 4: correlation between Lake Kinneret particles (with specific density and size), and the
concentration of selected pollutants adsorbed to these selected particles after incubation
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Figure 5: representative linear correlations (R? values) values between different settling times
accepted for each size group (similar settling velocities fit several particle sizes), and the
concentration of each tested pollutant adsorbed to the tested sediment sample, following
incubation. R? values marked with pink are above a value of 0.8. The Y ordinate presented is the
natural logarithm of the settling time of each group.
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Following freeze drying and sediments delivery to Helgoland, Germany. Sediments were analysed using
diffuse reflectance infrared Fourier transform (DRIFT) measurements (Bornemann, 2010) using a Bruker
Tensor 27 spectrometer equipped with an HTS-XT plate reader unit. Sediment samples were finely
grinded and transferred to 96 well plate for DRIFT measurements. Each sample was measured with five
replicates. All measurements were performed background corrected against a gold mirror on the well
plate with 32 Scans and a resolution of 4 cm™.

When each averaged IR wavenumber level was analyzed against the pollutants' adsorbed levels
following the sediments incubation period, several wavenumbers correlated in a linear manner as
presented in figure 6.

Sample Cruise

reflectance [au)

T T T~ -
wavenumber [em-1]

Nov 2023; South &
South-East

Naphthalene

Acenaphthylene D Results
Acenaphthene D Results

Fluorene D Results

Phenananthrene_D Results

Anthracene D Results

Fluoroanthene D Results

= Pyrene D Results

Correlation coefficient

Benz [a] anthracene D Results

= Chrysene D Results

Benzo[b]fluoranthene D Results

Benzo[k]fluoranthene D Results

Benzo[a]pyrene D Results

Figure 6:

South Lake Kinneret sediments representative FTIR spectrum (top panel), and correlation factor r, for
the analysis of sediments adsorbed deuterated pollutants, versus specific IR wavenumbers (bottom
panel).
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IR vibration modes of each chemical bond are translated to wavenumbers in the spectrum presented. As
shown in figure 6, r values for these sediment types (lake southern sampling cruise), showed positive
values up to 0.8 at the wavenumbers between 500-1000 cm™ and the 3100-3500cm™ regions. Between
1654-to 3100 cm™ negative values imply on bonds with repulsive behavior. Wavenumbers at the 1100
region are representative of polysaccharides, 1640-1670 are representative for amid bond of amino
acids and the 2900-3300 zone implies the presence of lipids. Interestingly, much like the correlation
trials between the settling velocities and the deuterated PAHs, when several cruises are combined, high
correlations are found but when all data is processed (including all the sediments collected in this
study), only low levels are found. It is possible that the differences between the corresponding levels of
pollutants between different sediments are to be further normalized. These days, joining forces with Dr.
Ophir Tal (IOLR), a wholistic approach is established to combine multiple wavenumbers and multiple
settling velocities as the sediments input, to be analyzed for the prediction and verification of adsorbed
pollutants.

Fish campaign:

Lake-dwelling organisms at the top of the food chain have the greatest potential to accumulate
pollutants due to bioaccumulation and biomagnification. A good example is fish populations, that may
reflect the state of pollution at a tested water body. It is important to mention that this method includes
several flaws e.g., the requirement to use the same species (bearing similar uptake and accumulation
habits), similar feeding habits, seasons etc. Yet, despite these existing flaws, the consequences of water
body pollution are clearly illustrated through reported pollutant concentrations in fish samples.

In this study, two fishing cruises were conducted in the springtime of 2023 and 2024. The first took place
south to the coast of Ein-Gev at the eastern side of the lake, and the second at the Jordan River delta
(north side of the lake). The Ein Gev fishing method included joining forces with a local professional
fisherman while the second was conducted by placing a standing net at the Jordan mouth perimeter
(Hod Froylich, KLL-IOLR).

All fish samples were dissected and their gills and dorsal muscles extracted and analyzed for PAHS and
BTEX concentrations. The results of this analysis showed that the BTEX levels in the gills were similar at
both sites (Figure 7), yet the levels of BTEX accumulated in the muscles reached up to an order of
magnitude higher in the fish muscle tissues from the Jorden River mouth samples.
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Figure 7:

Fish BTEX levels in fish samples taken from two sampling campaigns. Upper panel shows the gills BTEX
levels and the lower panel shows the dorsal muscle levels.
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MAMHs like BTEX are more soluble than PAHs. Additionally, gills are highly influenced by more recent
waterborne molecules' presence. Thus, these results might reflect the presence of similar levels of BTEX
components in the water phase, at both sampled sites. On the contrary, muscle cells reflect long term
accumulation of hydrophobic pollutants originating from food sources (including lower trophic levels),
contaminated feeding ground e.g., sediment bound components etc. The presence of pollutants in these
organs represents a longer accumulation process relative to the gills. Thus, it is apparent that the higher
BTEX levels in the fish dorsal muscles, specifically next to the Jordan River mouth is a sign for a chronic
pollution or older supply of pollutants perhaps at the wintertime. While MAHs are the lowest aromatic
petrochemicals, PAHs including more than one ring show higher hydrophobicity and accumulation
factor, lower solubility and higher persistence in the environment. Both groups include carcinogenic
components e.g., Benzene and Benzo[a]Pyrene. The last molecule abbreviated as Be[a]P, is used as a
benchmark PAH, reflecting the environmental toxicity level in many reports. As shown in figure 8, when
comparing this pollutant's accumulation in the same tissues, a different pattern emerges.
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Figure 8: Fish Benzo[a]Pyrene levels in fish samples taken from two sampling campaigns. Upper panel
shows the gills organs Be[a]P levels, while the lower panel shows the dorsal muscle levels.

The Be[a]P analyses of both tissues- gills and muscles, showed higher accumulation levels were next to
the Ein Gev coast. Thus, it is apparent that the eastern coast of the lake accumulates higher levels of
Be[a]P. Importantly, this pattern of accumulation is relatively unique to Be[a]P at all fish samples and
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was not shown for the great majority of the other PAHs. Possibly, higher PAHs that are not monitored
routinely may show the same pattern. However, the results shown here are surprising and unexpected.
Specifically, several fish sample's dorsal muscles which are the edible tissues (fillet), showed elevated
Be[a]P concentrations that exceeds both the EU and the Israeli health thresholds. These results agree
with the elevated results exceeding another Israeli health threshold- the sum of 12 ppb PAHs: 3(Be[a]P,
Be[alan, Be[b]FI, Chr), found in the same tissues. Thus, we assume that in addition to potential
reduction in the water quality level, pollution affecting aquatic organisms that feed and respire along
the eastern perimeters of the lake, constitutes an imminent problem that must be addressed, and it
serves as an incentive for this, and future studies aimed at identifying a viable solution.

In addition to naturally formed sediments, aquatic systems such as rivers, lakes, and oceans are
increasingly receiving a broad spectrum of synthetic particles, which have recently been reported to be
highly prevalent in these environments. Amongst them are the remains of plasticware that are
discharged to these environments.

Sediments microplastic analysis:

Microplastics are unique insoluble polymer-based particles. These manmade particles are the
degradation products of plastic leftovers in aquatic environments. Recently, they were reported to have
affinity for hydrophobic pollutants (e.g., (van der Hal, 2020)). Additionally, microplastics themselves
were reported to have deleterious effects on various organisms. These reasons, in addition to the ever-
growing use of plasticware finding its way to aquatic bodies, are the basis for monitoring their spatial
distribution in the lake and elsewhere in the world. To this end, 1-2 grams of each sediment sample
were shipped to Helgoland (AWI) for microplastics analysis in pre-combusted small vials capped with
aluminium foil. Samples were transferred into pre-cleaned 100 mL centrifugation glasses (Sigma
Laborzentrifugen GmbH) and 40 mL of Hydrogen Peroxide (30%) added. The sample was shaken for 24
hours and afterwards MnO, was added. Samples were centrifuged for 30 min (6K15 Sigma
Laborzentrifugen GmbH, 1500 rpm) and the solution transferred using a glass syringe. A density
separation was performed by adding 20 mL saturated NaBr, 30 mins centrifugation and collection of the
supernatant for three times. Thereafter, all fractions were combined and collected over a 15 um
stainless steel mesh. The particles were remobilized with 100 mL of MilliQ, collected on AnoDisc (Cytiva
Whatman, 25 mm, PP-supported) filters and measured using uFTIR imaging using a Bruker Tensor 27
spectrometer equipped Bruker Hyperion 3000 system. Data analysis was performed like previous works
(Primpke, 2020)
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e ; .5-'
Lo
= - *
R A A
polyethylene -
polyethylene [g?] chlorinated [g!] polypropylene [g]
& ¥ 2 = ] .
L - L - 14 -
A A
Figure 9: plastic polymer types' distribution at Lake Kinneret fluffy layer-sediments (#/gr).
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The results presented in figure 9, points on the Jordan mouth as a potential source of many plastic types
apart from polyester, that was recorded in elevated concentrations at the eastern fluffy sediments,
resembling the results presented for PAHs and Benzene (compare figures 9 and 2). Unlike these results,
the southern lake area, had in general low concentrations for both types of contaminants in the
investigated time frame.

To implement these results with a wholistic model that could predict Hotspot locations for polluted

particles translocation and accumulation, we used simulations of Hydrodynamical model based on a
three-dimensional velocity fields in Lake Kinneret, we used the MIT General Circulation Model (MITgcm)
(Marshall J. A., 1997; Marshall J. H., 1997), which has been successfully applied to lakes and enclosed

basins (e.g., (Bennington, 2012; Dorostkar, 2017; Amitai, 2024). The model was configured in its

hydrostatic, free-surface, partial-cell mode with a horizontal resolution of 400 x 400 m and 47 vertical

layers, ranging from 0.25 m near the surface to 1 m at 43 m depth. The integration time step was 300 s.
Sub-grid scale processes were parameterized using the Smagorinsky horizontal diffusivity (Smagorinsky;,

1993) and Turbulent Kinetic Energy (TKE) vertical mixing (Gaspar P, 1990) schemes. In these simulations,

the Jordan River, providing approximately 70% of total inflow, served as the only open boundary and

accounts for the Zavitan and Meshushim streams as well. Hourly air temperature, humidity,

precipitation, and wind fields were obtained from the COSMO model (Khain, 2021), while observed

shortwave and longwave radiation were used directly. All atmospheric variables were interpolated and
adjusted to the hydrodynamic grid to provide consistent external forcing.

A Lagrangian transport analysis was performed using the Particle Tracking and Analysis Toolbox (PaTATO) for
MATLAB (Fredj, 2016). Lagrangian particle tracking techniques have become a key tool for investigating
transport and dispersion of materials in aquatic environments across a range of systems. While trying to
simulate natural particles translocation, in this study we embedded PaTATO within the MITgcm runs to compute
Lagrangian trajectories representing particles with different density and size. The inflow entering Lake Kinneret
was set in the simulations to arrive from the littoral area, from the surface, or from potential specific sources like
the Jordan mouth and Tiberias. The particles were tracked for 72 hours under hourly varying flow fields. We
then generated monthly average maps of all particles settling positions after three days of tracking. For these
analyses, particles were released every six hours along the entire littoral zone of Lake Kinneret to simulate
continuous inflow from all potential sources from the lake watersheds.

Following the assessment of particles settling velocity and size, we could easily assess their density relaying on
stokes law. While using these values, we could incorporate specific particles that showed linear correlations to
specific pollutants to the model and simulate the translocation trajectories. Figures 4, 5 and 10 shows examples
of these particles.
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e [ F [ ¢ | H \ ! | J | K
size um time speed (m  Density (grilcm3) poly_name R_0_input (m) Rho_0 (kg/m*3

Naphthalene  78.9 66 0.00394 2.08138880456034  agen nap 7.89E-05 2,081.39
Naphthalene  78.9 63 0.00413 2.13297874763465 flu_nap 7.89E-05 2,132.98
Acenaphtherr 669 63 0.00413 2.57666325474353  acenaphthene 6.69E-05 2,576.66
Acenaphthyle 130 33 0.00788 1.79614471243043 acenaphthylene® 0.00013 1,796.14
Acenaphthyle 789 51 0.0051 2.40003257060751 acenaphthylene?  7.89E-05 2,400.03
Acenaphtherr 789 60 0.00433 2.18972768501638 acenaphthene2 7.89E-05 2,189.73
Phenanthrenr  66.9 60 0.00433 2.65559641748071 phenanthrene 6.69E-05 2,655.60
Anthracene 130 33 0.00788 1.79614471243043  anthracene 0.00013 1,796.14
Benzlalanthre 297 6 0.04333 1.83904287567491 chr benz 0.000297 1,839.04
Benzfalanthre 350 39 0.00667 1.09117117867555 benz 0.00035 1,001.17
Benzolb] Flue 153 84/ 0.0031 1.22437066030894 benz,_flu 0.000153 1,224.37
Benzoklluor 181 24 001083 1.56412703382382  benz flu2 0.000181 1,564.13

Figure 10: example of particles with specific size (R°) and density (p), showing high
correlations (R?>0.83) to the levels of adsorbed pollutants.

Importantly, particles may originate from several sources and depths, e.g., lake surface, thermocline
(showing high particulate abundance) or littoral (high particulate contribution). Figure 11-13 shows an
example of particles tracking over a time changing 3D velocity filed obtained by the hydrodynamical
model for several selected particles as such, released from the lake surface and assessed for their final
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Figure 11:
Selected high corelative particles' distribution simulations, starting point and
release= entire lake surface.

position over one year. The normalized particle densities, of all final trajectory positions released from
the source areas, are shown in Fig. 11-13. Particles were tracked for 3 days, with releases of every 6
hours to ensure statistical significance. High densities of particles were simulated at the eastern coast,
reinforcing and validating the field study results presented in figure 2. A third point at the south lake
coast was not validated by the sediments analysis, yet the highest pollutants adsorption levels, were
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recorded for particles originating from that site. As shown for the specific R°%= 1.8 e* m ; p=1500kg/L, the
distribution of particles with these parameters when released from the lake surface, results in a wide
dispersion rate all over the lake and no hot spots observed. Similar results were presented when
simulating these particles release from the thermocline as observed in figure 12. Particles released and
followed from this depth, also highlighted the Jordan River mouth as a final target and hotspot.
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Figure 12:

Selected particles distribution following release from the thermocline depth all
over the lake.

Apart from the repeat on the hotspots regardless of the starting point, another surprising set of results
are the spatial distribution pattern following the release of particles from the littoral. As shown in figure
12, particles stayed at the littoral perimeter and did not reach pelagic perimeters at all despite the
difference in their densities.
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Figure 13:

Selected particles' destribution following release from the littoral zone.

Remediation of lake sediments- NBO3 study case:

One of the main goals of this project is the validation of polluted sediment hotspots. The pinpointing of
specific sites where pollutants accumulate is crucial for any future remediation trial. Consequently, the
outcomes of this study may facilitate the development of targeted remediation methods, offering an
alternative to the treatment of extensive perimeters. The application of an effective environmental
treatment method requires meeting several conditions, including minimal generation of harmful by-
products. Ideally, such treatments should be inexpensive, easy to implement, and effective within short
time frames. In this project we focused our trials on a novel oxidation method that includes the use of
nanobubbles filled with ozone (NBO3). The potential production of unwanted compounds originating
from incomplete oxidation of pollutants such as PAHs, MAHs and pesticides is yet unknown and should
be studied in the future. However, since the perimeters of treatment described in this study are "tiny"
relative to the lake size (200 Km?), the potential production of unwanted compounds originating from
nutrients (e.g., metals oxidation) is by far neglectable. Therefore, a remediation trial is deemed
successful if it effectively removes pollutants concentrated from the entire lake into these hotspots with
minimal unwanted pollutant by-products.

Unlike ozone oxidation, the method used includes nanobubbles that were shown to sink in the water
column. As a result, a higher efficiency and focused oxidation treatment is applied. The primary
oxidation trial tested was accomplished by using a chamber filled with 50L of lake water including 150gr
of sediment spiked with selected deuterated PAHs. As shown in figure 13, a very rapid oxidation rate
was recorded in several minutes, by pumping nanobubbles (water pump 3.6 atm) filled with ozone at an
ozone production rate of 13gr/Hour with a gas flow of 5L/min. A scaleup experiment followed this
primary trial. This new study included filling a 2 x 8m (16m?) pool to 1m of water, added with 600Kg of
collected 0.5m depth sediment (not fluffy layer). Following a short stabilization period, NBO3 (ozone
nanobubbles) were applied at similar conditions as the primary trial, and the pool sediments were
sampled and averaged from three different areas (top 1cm) every day. Following two days (11-13
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October 2025), the NBO3 supply was stopped and the analyses continued to verify NBO3 prolonged

activity.
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Deuterated PAHs oxidation following NBO3 treatments for 15 and 30 min (150gr spiked sediment/ 50L
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As shown in figure 13, the slow degradation of all PAHs including Be[a]P lingered even after the NBO3
supply was stopped. These results emphasize the high potential of nhanobubbles as a supporting ozone
vehicle, that otherwise was expected to either evaporate or stay above the sediment layer. We highly
recommend the continuation of this work in the future for the remediation of validated polluted

perimeters.
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Medium size pool NOB3 treatment of naturally polluted sediments.
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