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ABSTRACT

ESTIMATING SUBMARINE GROUNDWATER DISCHARGE IN THE
CILICIAN BASIN BY RADIOACTIVE ISOTOPE TRACERS AND
HYDRODYNAMIC MODELING

Kuyumcu, Burak
Master of Science, Oceanography
Supervisor: Assoc. Prof. Dr. Ekin Akoglu
Co-Supervisor: Assist. Prof. Dr. Korhan Ozkan

July 2023, 132 pages

The Northeastern Levantine Sea has an oligotrophic nature, however, rising
agricultural and industrial activities along its coasts pose a major eutrophication risk.
There is a urgent necessity to identify and assess coastal water and nutrient inputs in
order to have effective ecosystem management. In this study, submarine
groundwater discharge rates and associated nutrient fluxes into the Cilician Basin
were estimated for the first time, utilizing a 228-Radium mass-balance approach and
numerical modeling. Two basin-wide cruises were conducted (April 2022 &
September 2022) in addition to two catchment surveys (March 2022 & September
2022) to obtain Radium and nutrient samples for seawater (#207 samples both),
rivers (#28 samples both), and groundwater (#33 samples both) in 2022. A box
model was established, defining each source and sink of 228-Radium activities
measured by gamma spectrometry. Nutrient loads were determined by integrating
estimated fluxes with the median nutrient concentrations in groundwater samples.
Moreover, a Lagrangian particle tracking model was utilized to estimate the
residence time of the basin, which then used in the offshore water exchange



calculations in the mass balance equation. The outcome of the model indicated there
was substantial seasonal and interannual variation in the residence time, particularly
for the surface layer, 0-150 m depth. The highest variation was found between the
wet and dry season of 2019 with 24 and 74 days, respectively, for the surface layer.
The gamma spectrometry results yielded approximately 24.97 x 10 dpm 228-
Radium inventory in the defined box for the wet season, and the inventory of
Iskenderun bay was found as 5.57 x 102 dpm. There was significant 228-Radium
enrichment in the basin, especially in the iskenderun bay and near the western
boundary. The mass balance revealed that the submarine groundwater discharge may
have contributed at least 121 km? per year to the water budget the Cilician Basin
where the total annual riverine discharge was approximately 13 km?. A large range
of groundwater endmember 228-Radium activity was determined using both the
literature data and groundwater activities measured within this study. The highest
endmember activity was used for the most conservative submarine groundwater
discharge rate and the lowest activity was used to calculate maximum discharge
estimates. Correspondingly, submarine groundwater discharge associated nutrient
loads were 0.27, 37.73, and 50.92 kT/year of PO4-P, DIN-N, and SiOs-Si,
respectively, in the most conservative scenario. Comparison with riverine nutrient
loads calculated by one wet season and one dry season sample for each river
indicated the submarine groundwater discharge corresponded to at least 66%, 106%,
and 96% of riverine P-PO4, DIN-N, and SiO:-Si inputs, respectively, using a
conservative approach. Furthermore, the elevated dissolved inorganic nitrogen to
phosphate ratio of 139 found for the groundwater suggested that it might be a
contributing factor to the severe phosphorus limitation in the area. Therefore, it may
have an effect on primary production by changing the structure of phytoplankton
communities and the interaction between trophic levels. The study emphasized that
the submarine groundwater discharge might have a fundamental role in the water
and nutrient budgets of the Cilician Basin despite the caveats regarding temporal

variations and the wide range of groundwater end-member activities, as no saline

Vi



groundwater sample was sampled in the study. Further investigation is required to
have a better understanding on the spatiotemporal variations in submarine
groundwater discharge and its potential effects on primary production as significant
fluctuations might occur due to the variations in residence time and nutrient

concentrations.

Keywords: Cilician Basin, Land-sea interactions, Radium, Residence time,
Submarine groundwater discharge
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KIiLIKYA BASENINDE DENIZALTI SU CIKISLARININ RADYOAKTIF
iZOTOP iZLEYIiCIiLER VE HIDRODINAMIK MODELLEME iLE
TAHMIN EDILMESI

Kuyumcu, Burak
Yiiksek Lisans, Osinografi (Deniz Bilim)
Tez Yoneticisi: Dog. Dr. Ekin Akoglu
Ortak Tez Yoneticisi: Dr. Ogr. Uyesi Korhan Ozkan

Temmuz 2023, 132 sayfa

Kuzeydogu Levant Denizi’nin oligotrofik yapisina ragmen, kiy1 bolgelerinde siirekli
artmakta olan endiistriyel ve tarimsal faaliyetler ciddi bir o6trofikasyon riski
olusturmaktadir. Etkili bir ekosistem yonetimine sahip olmak i¢in kiyisal su ve besin
girdilerinin belirlenmesi ve degerlendirilmesi acil bir gerekliliktir. Bu ¢aligmada,
228-Radyum kiitle dengesi yaklasimi ve sayisal modelleme kullanilarak, Kilikya
Havzasi’na denizalti su ¢ikislar1 ve buna bagli besin tuzu akislar1 ilk kez tahmin
edilmistir. Deniz suyu (207 adet), nehirler (28 adet) ve yeraltisularindan (33 adet)
besin tuzu ve Radyum ornekleri elde etmek amaciyla, 2022 yilinda iki (Mart 2022 &
Eyliil 2022) havza ornekleme ¢aligmasina ek olarak, iki de (Nisan 2022 & Eyliil
2022) basen ¢apinda deniz arastirma seferi ger¢eklestirilmisir. Gama spektrometrisi
ile Olgiilen 228-Radyum girdi ve ¢iktilar1 belirlenerek bir kutu model
olusturulmustur. Besin tuzu yiikleri, tahmini akilarin yeralt1 suyu numunelerindeki
besin tuzu konsantrasyonlariin medyanlar ile entegre edilmesiyle belirlenmistir.
Ayrica, kiitle dengesi denkleminde agik deniz su degisimi hesaplarinda kullanilmak

iizere, havzanin su ikamet siiresini tahmin etmek i¢in bir Lagrangian pargacik izleme
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modeli kullanilmistir. Modelin sonucu, 6zellikle 0-150 m derinlikteki ylizey tabakasi
icin, ikamet siiresinde onemli mevsimsel ve yillar arasi degiskenlik oldugunu
gostermistir. En yiiksek varyasyon, ylizey tabakasi i¢in sirasiyla 24 ve 74 giin ile
2019 yilinin yagishi ve kurak mevsimi arasinda bulunmustur. Gama spektrometri
sonuglari, 1slak mevsim i¢in Kilikya Baseni’nde tanimlanan kutuda yaklasik 24.97 X
102 dpm 228-Radyum envanteri oldugunu gostermis, iskenderun Korfezi envanteri
ise 557 x 102 dpm olarak hesaplanmistir. Havzada, o6zellikle iskenderun
Korfezi'nde ve bati smirima yakin bolgelerde onemli Glglide 228-Radyum
zenginlesmesi gézlemlenmistir. Kiitle dengesi, denizalti su ¢ikislarinin, toplam yillik
nehir desarjinin yaklagik 13 km? olan Kilikya Baseni su biit¢cesine yilda en az 121
km? katkida bulunabilecegini ortaya koymustur. Hem literatiir verileri hem de bu
caligmada Olgiilen yeralt1 suyu aktiviteleri kullanilarak genis aralikli yeralt1 suyu ug
228-Radyum aktivite aralig1 belirlenmistir. En korunumlu denizalti su ¢ikisi miktar
icin en yiliksek yeralti suyu uc aktivitesi ve maksimum desarj tahminlerini
hesaplamak igin en diisiik aktivite kullanilmistir. Buna bagh olarak, en korunumlu
senaryo i¢in, denizalt1 suyu ¢ikisi ile iligkili besin tuzu yiikleri PO4-P, DIN-N ve
SiO4-Si igin sirasiyla 0.27,37.73, ve 50.92 kT/y1l olarak tahmin edilmistir. Her nehir
icin bir 1slak mevsim ve bir kuru mevsim numunesi ile hesaplanan nehir besin yiikleri
ile karsilagtirma, korunumlu bir yaklagimla tahmin edilen denizalti suyu ¢ikislarinin,
nehir kaynakli P-POs, DIN-N ve SiO4-Si besin tuzlarinin sirasiyla en az %66, %106
ve %96'sina karsilik gelebilecegi gostermistir. Ayrica, yeraltt suyu i¢in bulunan
toplam inorganik azotun fosfata oraninin 139 olmasi, bunun bolgedeki ciddi fosfor
siirlamasina katkida bulunan bir faktor olabilecegini 6ne siirmektedir. Bu nedenle,
denizalt1 su cikislarinin fitoplankton topluluklarinin yapisimi ve trofik seviyeler
arasindaki etkilesimi degistirerek birincil liretim tizerinde etkisi olabilir. Bu ¢alisma,
zamansal degisimlere ve tuzlu yeralt1 suyu 6rneklenmemesi sebebiyle kabul edilen
genis yeralt1 suyu ug¢ aktivite araligina ragmen, denizalti suyu c¢ikislarinin Kilikya
Baseni’nin su ve besin tuzu biitgelerinde temel bir role sahip olabilecegi

vurgulamistir. Su ikamet siiresi ve besin tuzu konsantrasyonlarindaki degisiklikler



nedeniyle onemli dalgalanmalar meydana gelebileceginden, denizalti su ¢ikislarinin
mekansal-zamansal degisimleri ve birincil tiretim tizerindeki potansiyel etkilerini

daha iyi anlamak i¢in daha fazla arastirmaya ihtiyag vardir.

Anahtar Kelimeler: Kilikya Baseni, Kara-deniz etkilesimleri, Radyum, Su ikamet
stiresi, Denizalt1 su ¢ikislart
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CHAPTER 1

INTRODUCTION

Water is the most important resource which life on earth is strongly dependent on.
The vast majority of the approximately 1.4 x 10° km® (Maidment, 1993) water on
our planet is the ocean, and it is very laborious and expensive to treat this salty water
to be used for drinking, agricultural or other fresh water needs. For this reason,
humans are making an effort to use readily available freshwater reservoirs on earth
or underground. The majority of available fresh water constitutes a small amount of
the total water budget and is found in glaciers and groundwater. The amount of fresh
groundwater is about 100 times that of surface fresh water, but it is not as easy to
access and use (Fitts, 2013). In recent years, as a result of the development and
increasing value of water resources management methods, an increasing number of
studies focused on groundwater. Accordingly, the significance of groundwater in the
global water cycle and its impact on the mass balances of water, nutrients, and other
elements has become clearer (Zektser et al., 2006). Quantifying the exact amount of
groundwater flux has significant challenges, therefore, a high degree of uncertainty
and margin of error have existed in the amount of groundwater estimations used in
the water budget calculations until the beginning of the 2000s (Zektser et al., 2006).
Especially in the last two decades, with the development of various measuring
devices and methods, groundwater studies have gained momentum, and land-sea
interactions have begun to be studied more comprehensively and accurately in terms
of biological, physical, and chemical aspects (Santos et al., 2021; Taniguchi et al.,
2019).

Submarine groundwater discharge studies are challenging due to the heterogeneous
distribution of submarine groundwater discharges in time and space (Taniguchi et
al., 2019). Furthermore, direct measurements are almost impossible because

groundwater is in contact with very complex systems, and there are various



independent factors affecting its composition and amount, such as catchment
geology, hydrological factors, and anthropogenic activities (Burnett et al., 2006;
Moore, 2010; Santos et al., 2021; Taniguchi et al., 2019). The significance of
submarine groundwater discharges are known, but is mostly ignored in water budget
calculations due to the difficulties mentioned above. Kohout (1966) noted that the
Roman philosopher, historian, and geographer Strabo (63 BC to AD 21) mentioned
a submarine spring in the Mediterranean off the coast of Latakia, Syria. In addition,
the existence and use of submarine groundwater in the Black Sea, with its sources
dating back to the 1st century AD, was mentioned (Pliny the Elder, 1st century AD)
(Taniguchi et al., 2002).

Submarine Groundwater Discharge (SGD) is defined as the outflows directly from
the seafloor, regardless of its drivers and content (Burnett et al., 2003). The main
factors contributing to the SGD are the hydraulic gradient between the land and the
sea, the circulation caused by the tidal currents or waves, the density gradient due to
the salinity difference, the temporal changes of the sea level and in-aquifer dynamics,
and the pore water movements (George et al., 2020; Michael et al., 2011; Santos et
al., 2012; Taniguchi et al., 2019). Garcia-Orellana et al. ( 2021) divided the pathways
of SGD into five groups according to the characteristics of these factors: Terrestrial
groundwater discharge, density-driven seawater circulation, seasonal exchange of
seawater, shoreface circulation of seawater and centimeter-scale porewater exchange
(Figure 1.1). Terrestrial groundwater discharge and density-driven seawater
circulation contain freshwater and only these two provide a net water input to the sea
(Garcia-Orellana et al., 2021). Other pathways are caused by recirculation and are
generally considered saline SGD (Garcia-Orellana et al., 2021; Taniguchi et al.,
2002). In addition, fresh and saline SGD can be mixed with hydrodynamic processes
and brackish SGD can be seen in the open sea (Santos et al., 2021). All these
processes have different temporal and spatial scales. Porewater movements are
usually on the centimeter scale and have a temporal scale range from seconds to

hours (Taniguchi et al., 2019). On the other hand, seasonal sea level and aquifer



fluctuations can have time scales ranging from tens of meters to days and months
(Taniguchi et al., 2019).

Figure 1.1.  Schematic depiction of an unconfined coastal aquifer with key
Submarine Groundwater Discharge channels subdivided by driving mechanism: 1)
Terrestrial groundwater discharge (typically fresh groundwater); 2) Density-driven
seawater circulation; 3) Seasonal exchange of seawater; 4) Shoreface seawater
circulation; and 5) centimeter-scale porewater exchange (taken from Garcia-
Orellana et al., 2021)

Groundwater usually contains high amounts of nutrients (Lecher et al., 2015;
Rodellas et al., 2015; Santos et al., 2021), metals (Mayfield et al., 2021; Trezzi et al.,
2017) and pollutants (B. A. Anderson et al., 2010; Fan et al., 2009; Knee & Paytan,
2012). The high amounts of nutrients can contribute algal blooms and eutrophication
with the increase of anthropogenic pressures such as agricultural activities, industrial
pollution, and land use changes (Hu et al., 2006; Hwang et al., 2005; Lecher et al.,
2017). Groundwater, which generally has a high dissolved inorganic nitrogen (DIN)
to dissolved inorganic phosphorus (DIP) ratio (>16), increases primary production
by reducing nitrogen limitation in coastal waters (Beusen et al., 2013; Santos et al.,

2021). Enhanced primary productivity reduces water quality, and may cause



hypoxic/anoxic conditions and damage to fish and invertebrate habitats (Montiel et
al., 2019; Paerl & Otten, 2013). However, submarine groundwater discharge does
not always contribute to adverse conditions. Studies in Obama Bay, Japan
(Utsunomiya et al., 2017) and the Mauritius tidal region have found that submarine
groundwater discharge can have positive effects on fish by increasing the growth
rates (Lilkendey et al., 2019).

The effects of submarine groundwater discharge may vary based on different
discharge rates and nutrient loads. Although the effects of SGD are widespread, the
spatiotemporal heterogeneity necessitates research at high temporal and spatial
scales in a study area. Hydrological and meteorological conditions in different
seasons, geophysical and morphological structures of aquifers, anthropogenic
factors, especially agricultural and industrial pressures, are the main reasons for this
heterogeneity seen in submarine groundwater discharge. Changing climatic
conditions and increasing anthropogenic pressures have given substantial
importance to SGD studies in terms of accurate determination of water, nutrients,
and metal budgets.

The Mediterranean basin has many submarine aquifers, and thus, needs special
attention as SGD contributes significantly to the water and nutrient budgets (Bayari
etal., 2011; Luijendijk et al., 2020; Rodellas et al., 2015). The basin was formed due
to the geological changes in the Tethys Ocean floor caused by the movements of the
African and Arabian plates over time (Bakalowicz, 2015). The continental margins
have been the setting of extensive carbonate formation under tropical climate since
the Late Triassic and Mediterranean karsts have formed millions of years of subaerial
exposure during the Late Jurassic, Early Cretaceous, Oligocene and Miocene
(Bakalowicz, 2015). Karst, which is ubiquitous in the region, generally forms karst
springs with 10-20 m%s flow rate and is the main source of intense groundwater
outflows (Zektser & Everett, 2004). Surface water and rain water can drain directly
from the cavities of the structure in the karstic geography, resulting a high amount
of observed groundwater discharges. In karstic carbonate regions, where SGD is

typically transmitted to the ocean through cracks or preferred flow ways, fresh



groundwater might be the main SGD component locally (Santos et al., 2021). In
regions with high karst content, such as the Mediterranean drainage basin, SGD can
have major effects on alkalinity (Kolker et al., 2021). Kolker et al. (2021) concluded
that fresh portion of SGD (FSGD) has a substantial impact on the total alkalinity
budget of the Eastern Mediterranean Sea especially in the winter. They estimated
that FSGD may contribute to the marine water budget up to 37% and 30% of the
riverine input and the input from Black Sea to the total alkalinity budget respectively
(Kolker et al., 2021). Furthermore they estimated the total alkalinity of 4656-6984
umol kgt for the Mersin-Erdemli basin coastal aquifers based on the study of
Demirel and Giiler (Demirel & Giiler, 2006). Although the SGD contributes to the
alkalinity budget, some studies show that it may lower the pH. Low-pH groundwater
may have a strong impact on the coastal systems and can cause coastal acidification
(Cardenas et al., 2020; De Weys et al., 2011; Wang et al., 2014).

Mediterranean Sea is oligotrophic by nature due to its anti-estuarine circulation and
limited nutrient inputs (Béthoux et al., 1998). Nutrient-poor Atlantic Surface Water
flows into the Mediterranean Sea through the Gibraltar Street. This water mass,
which moves eastward to balance the high amount of evaporation (~700 mm/year
net loss) in the Mediterranean, becomes warmer and saltier as it progresses, and cools
and condenses in winter, forming Levantine Intermediate Water (LIW) with down-
welling (Alhammoud et al., 2005; Mariotti et al., 2002; Powley et al., 2017). Other
main water masses are Atlantic or Modified Atlantic Water and Deep water (Figure
1.2). The deep waters are divided by Strait of Sicily into Western Mediterranean
Deep Water (WMDW) and Eastern Mediterranean Deep Water (EMDW). EMDW
is the most stagnant water mass in the entire Mediterranean Sea with a residence time
of approximately 150 years (Powley et al., 2016). The thermohaline circulation
causes bioavailable nutrients to exit the Strait of Gibraltar back to the Atlantic Ocean
before returning to the photic zone (Alhammoud et al., 2005; Malanotte-Rizzoli et
al., 2014; Powley et al., 2017). Therefore, LIW is very important not only for the
Mediterranean but also for the biogeochemistry of the Atlantic Ocean. One of the

regions where the formation of this important layer is the Cilician Basin



(Northeastern Levantine Basin) (Fach et al., 2021; Ozsoy et al., 1993; Sur et al.,
1992).
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Figure 1.2.  Mediterranean Water Masses (modified from Alhammoud et al.,
2005) (y-axis depicts depth as meters)

Any nutrient inputs from land or atmosphere are likely to have a substantial impact
on the biogeochemistry of the Mediterranean Sea because of its oligotrophic
character (Rodellas et al., 2015). Despite the oligotrophic conditions in the open
waters, eutrophic regions with high seasonal primary production can be observed in
the coastal areas in the Cilician Basin (Akgay et al., 2018; Yilmaz et al., 1992).

In a recent numerical modelling study, maximum and minimum fresh submarine
groundwater discharge in the Cilician Basin are estimated to be 250.09 x 108 m3/yr
and 0.72 x 10® m?/yr, respectively, with the best estimation equals to 75.34 x 10°
m?/yr (Luijendijk et al., 2020). Rodellas et al. (2015) demonstrated that the total SGD
contributes up to (0.3-4.8) x 10'? m3 y ! to the Mediterranean Sea, which is equal to
or greater than the riverine discharge by a factor of 16. Furthermore, they showed
the significant nutrient contribution of SGD with high DIN to DIP ratios (80-430),
by flux rates of 190 x 10°% 0.7 x 10° and 110 x 10° moles per year for nitrogen,
phosphorous, and silica, respectively, which are comparable to riverine and
atmospheric inputs (Rodellas et al., 2015). The high DIN:DIP ratios suggest that, in
addition to atmospheric deposition (Krom et al., 2010), SGD might be a substantial



factor for phosphorus limitation in the Mediterranean Sea which has an approximate
nitrate (NO3") to phosphate (PO4%) ratio of 28 in the deep water (Krom et al., 2004).
The phosphorus limitation is stronger in the Eastern Mediterranean Sea (Pujo-Pay et
al., 2011). Krom et al. (2010) have found that the phosphorus limitation is associated
with the nutrient inputs (i.e. atmospheric and riverine nutrient loads) in the Eastern
Mediterranean Sea rather than diazotrophic nitrogen fixation. This supports the
hypothesis that the SGD can be one of the important drivers of the phosphorus
limitation in the area. Additionally, the DIN:DIP ratios of 60 and 690 measured in
SGD from Dor Beach and Haifa, Israel, respectively, can be further indications of
the importance of SGD in the Levantine Sea (Weinstein et al., 2006, 2011).

The nutrient input from rivers and atmospheric deposition is a significant driver of
eutrophication in the Levantine Sea, which can cause harmful algal blooms, oxygen
depletion, and other negative impacts (Anderson et al., 2002; Paerl, 1997). However,
the role of SGD as a source of nutrients and its potential impact on coastal
eutrophication remain poorly understood.

The objective of this study is to quantify the submarine groundwater discharge and
associated nutrient fluxes in the Cilician Basin by using 228-Radium isotope (*?®Ra)
mass balance approach by i) estimating a residence time for the Cilician Basin water
masses to quantify the mixing of basin waters with the open sea in order to account
for the major loss term in the ?*Ra mass balance considering its half-life (5.75
years); ii) establishing well-defined 2?®Ra inventories for the Cilician Basin and
Iskenderun Bay as well as the ?®Ra activities of surrounding surface waters and
groundwater; iii) quantifying the submarine groundwater discharge by constructing
a 2?®Ra mass balance assuming steady-state; and iv) determining nutrient fluxes
associated with the submarine groundwater discharge and evaluate its potential
impacts on the primary production.

Therefore, this study's results will help fill this knowledge gap, especially regarding
prevalent phosphorus limitation, which can be strongly sustained by SGD.
Moreover, this is the first study to unravel the SGD rates and associated nutrient

fluxes in the region as SGD might be the key element in establishing a well-defined



water and nutrient budget in the Cilician Basin. Thus, it will improve our
understanding of the biogeochemical and hydrological dynamics in the Cilician
Basin including nutrient cycling, water quality, and coastal acidification. Overall,
this study's findings will improve our understanding of the biogeochemical processes
occurring in the region, which is necessary to manage and conserve coastal

ecosystems sustainably.



CHAPTER 2

MATERIAL & METHODS

2.1. Study Area

The study area is the Cilician Basin, Northeastern Mediterranean Sea, including
Iskenderun Bay (Gulf of Alexandretta) and Mersin Bay (Figure 2.1), where intense
agricultural and industrial activities occur along its catchments (Giiler et al., 2012;
Isola et al., 2017; Polat, 2007). It has a mean depth of ~520 m and surface area of
~28,000 km?2. The Cilician Basin and the Latakia Basin connect via a 700-meter-
deep waterway located almost halfway between Cyprus and Iskenderun Bay (Ozsoy
etal., 1993).The circulation dynamics dominated by year-long persistent Asia Minor
Current, which is the northern branch of Mid-Mediterranean Jet (Robinson et al.,
1991) or Libyo-Egyptian Current (Menna et al., 2021) (Figure 2.1). The area's
circulation is influenced by the current's meanders and the mesoscale eddies that
spiral out (Fach et al., 2021; Robinson et al., 2001). Furthermore, spatiotemporal
variations in recurrent yet not permenant Latakia eddy might play an important role
in the circulation dynamics of the area (Robinson et al., 1991). The basin has four
main water masses: Levantine Surface Water (LSW), Mediterranean Atlantic Water
(MAW), LIW, and Deep Water (DW). Heat and high evaporation rates generates this
thin surface layer in summer, characterized by its high salinity and temperature
(Hecht et al., 1988). LSW is carried by the Asia Minor Current as it flows westward
into the Aegean Sea (Alhammoud et al., 2005). In addition, the Cilician Basin has
been shown to be a potential formation place for LIW (Fach et al., 2021; Ozsoy et
al., 1993; Sur et al., 1992); thus, basin dynamics are essential not only for the basin

itself but for the whole Mediterranean Sea and even the Atlantic Ocean.
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Figure 2.1  Study Area - Red lines on the map represents the boundaries set to
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Figure 2.2.  Major currents (purple), eddies and gyres (red). AMC: Asia Minor
Current, CG: Cyprus Gyre, LE: Latakia Eddy, LEC: Libyo-Egyptian Current,
MMG: Mersa-Matruh Gyre, MMJ: Mid-Mediterranean Jet, NSE: North Shikmona
Eddy, RG: Rhodes Gyre, SSE: South Shikmona Eddy (Modified from Menna et al.,
(2021) and Robinson et al., (1991))

The Cilician Basin has an oligotrophic nature due to the rapid anti-estuarine
circulation, with low nutrient concentrations and primary production (Tugrul et al.,
2019). Yilmaz & Tugrul (1998) showed that offshore surface waters have an average
NOs and PO4* concentrations of 0.2 pM and <0.02 pM in late-summer, 0.8 pM and
0.03 uM in early-spring time respectively, during 1991-1994, in an anticyclonic
region of the basin. They reported that the NOs” and PO4* concentrations were nearly
stable along the entire deep water column converging to an average value of 5.5 uM
and 0.2 puM, respectively. Furthermore, the resulting NOs™ to PO4* ratios ranged
between 5-20 and went up to 120 at the top of the nutricline and practically stable in
the deep water with an average value of 28 (Yilmaz & Tugrul, 1998). Overall, the
large ratios with respect to the Redfield ratio pointed out that the basin is phosphorus
limited, as in the case of the entire Eastern Mediterranean Sea (Krom et al., 2004;
Redfield, 1963; Tugrul et al., 2019). More recent studies have found similar ranges
and patterns for DIN and PO4*" in the offshore waters of the Cilician Basin, however,
much higher concentrations found in the coastal waters of Iskenderun Bay and
Mersin Bay revealed elevated primary production levels probably caused by river,
wastewater discharges and other catchment based sources (Akgay, 2015; Polat,
2007; Yucel, 2018). Riverine and atmoshpheric nutrient inputs previously reported
as 1.2 x 10° mol km~2 yr* and 10 x 10° mol km=2 yr ! for DIN, 0.04 x 10° mol km™2
yrt,0.06 x 10° mol km2 yr* for POs* and 1.54 x 10° mol km2yr?, 0.16 x 10° mol
km~2 yr for dissolved silicate (Sidis), respectively (Kogak et al., 2010).

The catchment is largely dominated by karstic geology with neritic limestone from
Miocene (General Directorate of Mineral Research and Exploration, Tiirkiye, 2002)
(Figure 2.3). The area between the Taurus Mountains and the sea is mostly occupied
with undifferentiated Quaternary sediments in Adana (General Directorate of
Mineral Research and Exploration, Tiirkiye, 2002). Although peridotite is frequently
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observed around Samandag, limestones are once again evident to the east of
Iskenderun Bay (General Directorate of Mineral Research and Exploration, Tiirkiye,
2002). Five largest rivers in the catchment are, Ceyhan, Seyhan, Asi (Oronthes),
Goksu, and Anamur (Dragon) rivers according long term annual mean discharge
rates and their total disccharge accounts for more than 95% of total riverine discharge

into the basin (General Directorate of State Hydraulic Works, Tiirkiye, 2018).
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Figure 2.3.  Karst map of Turkey (Nazik et al., 2019)

2.2. Sampling and Analysis Strategy

In 2022, two basin-wide cruises (April & September), as well as two catchment
surveys (March & September), were performed to acquire Radium and nutrient
samples for seawater, rivers, and groundwater. In addition, total suspended sediment

samples were collected from the rivers.

Sea water samples were collected for Radium and nutrient analyzes during the
research cruises in April and September 2022 (hereafter wet season and dry season,
respectively) and during field expeditions that were carried out in March and

12



September 2022 for river and groundwater samples., 250, 120, and 60 liter
polyethylene tanks were utilized to collect, transport, and filter the samples. All the
tanks were immersed in seawater, washed and air-dried prior to the sampling in order

to get rid of any particles that may have absorbed Ra.

Mn-fibers supplied by Scientific Computer Instruments were used for seawater
samples in the dry season, while the fibers used in the wet season had been cooked
at METU-IMS. Fibers were impragnated by preparing a solution of 4 L of water and
325 grams of KMnQg4 at 65-70 C water temperature. 250 grams of acrylic fibers
added to the solution and cooked for 15-20 minutes at 70-80 °C on a hot plate
(Dulaiova & Burnett, 2004; Moore, 1976). Manganese-impragneted acrylic fibers
were washed with Radium-free water until the water is clear. Both fibers were used

for certain replicate samples to ensure equal efficiency of all the fibers employed.

Suspended solids carried by rivers may be a significant source of Radium. Therefore,
total suspended solid (TSS) measurements were carried out for Goksu, Berdan,
Seyhan, and Ceyhan rivers in the March expedition, and for Goksu, Berdan, Seyhan,
Ceyhan, Anamur, Asi, Deligay (Mersin), and Lamas rivers in the September cruise
by filtering additional 1 L sample through previously dry-weighed glass microfiber
filters (grade: GF/C). The filters were dried in a drying oven and then weighed. The
differences between pre-weigh and post-weigh was assigned as TSS concentrations.

2.2.1.  Cilician Basin Expeditions

Sea expeditions were carried out by Research Vessel Bilim 2, which operates within
the body of the Middle East Technical University Institute of Marine Sciences. 80,
and 118 28Ra samples from 21 and 38 stations were taken in the wet (April 13-16,
2022) and dry (August 31 — September 4, 2022) season cruises, respectively (Figure
2.4 & Figure 2.5), at different depths determined by analyzing temperature, salinity,
and density profiles simultaneously in the vessel to see variability between water

masses at the coordinates and depths specified in table provided in Appendix A. In
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addition, nutrients samples were taken along with each different Ra samples,
excluding the replicates. The surface waters (3m depth) were collected with the help
of the pump on the ship, and the deeper ones with the help of 12 Niskin bottles (12L
each) on the Rosette sampler equipped with a Seabird 911 CTD (conductivity-
temperature-depth) device. Pressure, conductivity, temperature and dissolved
oxygen were measured by using Seabird 911. Water sample of 120 liters for the first
600 m depth, and 250 liters for deep layers were taken. The volumes were decided
considering the potential detection limit of the analyzing instrument for ??®Ra,
previous findings in the Mediterranean Sea that suggested much lower activities in
the deep water (Rodellas et al., 2015), and logistics. Nutrient samples were taken
into plastic bottles of 250 ml, and kept in the freezer immediately after collection to

stop the biological activity.

The number of sampling stations were increased in the dry season cruise to have

more precise estimations of 22®Ra inventory in the iskenderun Bay (Figure 2.6).
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The water was collected in labelled tanks and then filtered through previously fluffed
25 gr (dry weight) acrylic fibers impregnated with MnO2 (Mn-fibers) (Charette et
al., 2012). Raw fibers were placed to filter any particle that might stuck in the Mn-
fiber, although the turbidity was low. Certain samples were passed through two
serially connected cartridges to calculate the Ra absorption efficiency of the fibers
(Appendix B). The filtration rate from acrylic fibers remained below 1 L/min from
the beginning to the end (Moore & Reid, 1973). After this process, the fibers were
labeled and stored in plastic zip-lock bags.

2.2.2. River and Groundwater Samplings

A total of nine rivers were sampled in addition to nine groundwater wells and a
karstic uderground lake (Figure 2.7). The Ra samples taken in the catchment
sampling surveys are listed in the table given in the Appendix B, along with the
locations, and depths. While Radium samples were taken as 60 liters, nutrient
samples were taken as 250 ml, as same with basin-scale cruises. The samples in
rivers were collected with a portable pump, and with the help of pumps already
existing and operating in wells. Prior to the water sampling in wells, at least three
times of the volume of the well was discarded. The samples were directly taken into
the 120 liter transfer tank, then passed them through different 1 pm filters for each
sample, labelled and stored them. The filters were kept to analyze radium diffusion
rates later. The filtered waters were transferred directly to 60 liter polyethylene tanks,
and acrylic fibers were filtered in these tanks. The filtration rate from acrylic fibers
remained below 1 L/min, then the fibers were labeled and stored in plastic zip-lock
bags. In addition, specific conductivity (SC) and temperature of each sample was
measured using a WTW 3110 hand-held probe.
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Figure 2.7.  Catchment sampling stations

Annual riverine nutrient loads were calculated using weighted-average nutrient
concentrations of one wet season sample and one dry season sample, according to
monthly discharge rates in the most recent river fluxes reported by General
Directorate of State Hydraulic Works of Tiirkiye (2018). Weighted averages were
multiplied by long-term averages of annual fluxes and by fluxes of 2014-2015,
seperately to observe the difference between long-term average assumption and the
most recent fluxes. For wet and dry seasons concentrations, samples retrieved in
March and September were used, respectively, if available. Otherwise, April and
October concentrations were used in the calculations.

An additional survey conducted in April 2023 to measure DO levels in groundwater
samples as anoxic conditions may cause Ra isotopes to escape from the Mn-fibers
(Kousa et al., 2021; Vinson et al., 2013). DO concentrations were measured using
YSI ProDSS handheld multiparameter meter, which is calibrated before every

sampling with standard solutions and water-saturated air.
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2.2. 3. Radioisotope and Nutrient Analysis

2. 2.3. 1. Radium Analysis by Gamma-ray Spectrometry

Radium activities were measured by gamma spectroscopy at Louisiana State
University (LSU) using three Canberra well-type coaxial Germanium (Ge) detectors,
two GCW3022 and one GCW353 models. *’Ra activities of samples from the
Iskenderun Bay in the dry season cruise were measured with an ORTEC GWK
model coaxial high purity Ge detector in Turkish Accelerator and Radiation
Laboratory (TARLA) in order to check its usability for the thesis research as it may
provide convenience for logistics. The detector used at TARLA was calibrated using
10.71 g of IAEA-RGTNh-1 reference material prepared on behalf of the International
Atomic Energy Agency by the Canada Centre for Mineral and Energy Technology.
The detector has built-in shield on the sides and additional lead plates with a total
thickness of 17.5 cm, were placed under the samples in order to create an
environment similar to the well type detectors. The activities measured at TARLA
were only used to calculate the ?®Ra inventory in the bay, and they were not used in
the SGD estimations as the detector at LSU and the one at TARLA were not inter-
calibrated, and using all the activities in one model might be inconsistent. In the SGD
calculations, only the ??®Ra activities measured at LSU were considered.

The samples were sealed to achieve an equilibrium between Ra and its daughter
isotopes, at least three weeks prior to the analysis. 2°Ra emissions were detected by
the 2%Pb peak at 351.9 keV, the activity of ??°Ra was identified through the
photopeak of its daughter ?22Ac at 911.6 keV. The analyses were carried out for 1-3
days, until the spectrum settled and had a plausible statistics. The measured ?*°Ra
activities were used solely to calculate ?22Ra to 2?°Ra activity ratios as a potential
tracer of water masses in the layers and of origins of Ra fluxes. Germanium detectors

in the LSU were fundamentally responsible for some errors.

The surface activities were extrapolated through basin by DIVA method (Barth et

al., 2014) using Ocean Data View software. Furthermore, activities measured at
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TARLA for iskenderun Bay surface samples were interpolated using the Generic
Mapping Tools version 6 (Wessel et al., 2019) and extrapolated using Surfer®
(Golden Software, LLC) software employing Delaunay Triangulation and Krigging
methods, respectively. The different methods were employed to identify potential
differences and gain more insight into the 228Ra enrichment zones. The Delaunay
triangulation is defined as the one with the lowest interpolation error for the isotropic
function, considering a certain number of vertices (Chen & Xu, 2004). The kriging
approach, which seeks to convey hypothesized patterns in irregularly spaced data, is
a geostatistical gridding tool. Essentially, it is guessing the value of the function at a
given place by calculating the weighted average of the known values of the function

in the point's vicinity (Jassim & Altaany, 2013).

2.2.3.2. Dissolved Inorganic Nutrient Analysis

The dissolved inorganic nutrients (NOs -, NO2 -, NHz *, PO+ ¥, and Si) were measured
by a four-channel Bran+Luebbe model Autoanalyzer using standardized
colorimetric methods (Caspers, 1970; Grasshoff et al., 2007, SEAL Analytical
Booklet) at the DEKOSIM laboratories at METU-IMS, which have passed the
International QUASIMEME proficiency tests.

2.3. SGD Estimations

2.3.1. 228-Radium Mass Balance

Radium isotopes (323224226228Rq) are generated by the disintegration of Thorium
isotopes (?27228.230232Th) in Uranium-Thorium decay chains, and, unlike their parent
Thorium, dissolves in seawater (Jenkins, 2003). The most important element
influencing the exchange of Ra between solids and groundwater has been identified
as the solution's ionic strength, which is mostly determined by the salinity of the

groundwater (Garcia-Orellana et al., 2021, and references therein). High ionic

19



strength hinders the adsorption of Ra®* and encourages the desorption of surface-
bound Ra due to cationic exchange (Garcia-Orellana et al., 2021). Specific
conductivity (SC) was used as a direct proxy of salinity of groundwater and river
samples. Since Ra isotopes are conservative in seawater, decay at a constant rate and
have higher concentration in groundwater, they are widely utilized as important
geochemical tracers in SGD (Garcia-Orellana et al., 2021). All four isotopes have a
different half-life, and therefore they correspond to different SGD pathways with
different spatial and temporal scales (Taniguchi et al., 2019) (Figure 2.8 & Figure
2.9).
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Figure 2.8.  Temporal vs spatial scales for different SGD drivers (Taniguchi et
al., 2019)
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As a tracer of SGD, ?%Ra isotope (half-life: ~5.75 years) was utilized, which is the
suitable isotope considering its spatiotemporal scales and enables to investigate
discharges driven by terresterial hydraulic head differences and seasonal water
exchange in the aquifers, as the expected residence time of the basin is in the order
of months to years. A mass balance approach was used assuming all the inputs are
equal to outputs (Moore, 1996; Moore et al., 2008). The basin was divided into three
water masses, namely, Surface Layer (SL) (0-150 m), Intermediate Layer (IL) (150-
600 m), and Deep Layer (DL) (>600 m) according to the previous studies in the
Mediterranean Sea (Rodellas et al., 2015; Sanchez-Cabeza et al., 2002). A box model
was established for the upper 600 meters, the upper layer (UL), as the primary ??®Ra
inputs take place in this layer, and ?Ra influx from deep sediment (>600 m) was
neglected (Moore et al., 2008; Rodellas et al., 2015). ?®Ra inputs were defined as
atmospheric deposition, river fluxes (including desorption from suspended
sediments), sediment diffusion, inflow from the southern boundary (Figure 2.10),

and advection from the deep water layer, where the only outputs were specified as
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radioactive decay, outflow from the western boundary, and vertical advection.
Assuming steady-state conditions, the mass balance equation gives SGD input as the

residual (Equation 1).
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Figure 2.10. Schematic representation of the box model. The water surface is
delimited by the blue solid line and dashed black line is the lower limit of the upper
layer (UL), and the area below the dashed black line is the Deep Layer (DL). Black
arrows indicate sources and red arrows indicate losses in the ??®Ra inventory.

Fsgd + Fsed + Friv + Fatm + Fadvin + Fexin = Fdec + + Fadvout + Fexout [1]

where, Fyzq (dpmlyr) is the ?2°Ra input from SGD, Fs.q (dpm/yr) is *®Ra diffusion
from sediment, F,;, (dpm/yr) is ?®Ra supplied by river fluxes, and F,,,, (dpm/yr) is
the atmospheric ??®Ra deposition. F,4,, (dpm/yr) is verticle advection input and

Fy,, (dpm/yr) is offshore water exchange input, where F,g,, , (dpm/iyr), Fox .

(dpm/yr), and Fy.. (dpm/yr) represent loss terms for vertical advection, offshore

water exchange, and radioactive decay, respectively.

Vertical exchange term was estimated by establishing another 22Ra mass balance
equation for DL (Equation 2). In addition to the abovementioned neglected sediment
input (Fseq), Offshore water exchange (Fey, , Fex,,) Was also neglected as the
residence time of EMDW (150 years) (Powley et al., 2016) is much larger than the
half-life of 26Ra (~5.25 years).
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Fadvout = Fadvin + Faec [2],
Thus, the mass balance equation [2] can be arranged as Equation 3:

Qaav X Aur,, = Qaav X ApL + VpL x Aprx A [3],

AprXVpr XA
Qaav = _ [4],
AULex— ADL

where Q,4, (km?/yr) is the exchange flux between DL and UL. Ap; (dpm/km?) and
Ay, (dpm/km?) represent the activities per unit volume exchanged between the DL
and UL, respectively. Vp; (km?) is the water volume of DL, and A is the radioactive
decay constant. Then, F4,, . (dpm/yr) and Fgqy,,,, (dpm/yr) can be calculated as

in the Equation 5 and 6:
Fadvin = App X Qaav [5],
Fadvout = AULex X Qaay [6].

Finally, F,,, (dpm/yr) and F, (dpm/yr) were calculated as the product of the

Xout

activities of inflow from the southern boundary (4;,,, dpm/km?) and outflow from
the western boundary (A4,,¢, dpm/km?), capturing 2®Ra enrichment in the basin, and

the offshore water exchange rate, Q,, (km3/yr):

Fexin = Ain X Qex [7],
Fexout = Aout X Qex [8].

Q. (km?/yr) was estimated by dividing the volume of the box, V (km?), by residence
time, t (1/yr), the time that a water parcel resides within a water body before leaving
through one of the boundaries. The residence time was computed by a Lagrangian

particle tracking model (see 2. 4. 2.).

Sediment diffusion rates were calculated by using the rates reported by Moore et al.,
(2008) according to the grain sizes and slopes. The grain size distribution given for
the Northeastern Mediterranean Basin (Yemenicioglu & Tunc, 2013) were
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extrapolated. Areas were calculated by digitizing the bathymetry data obtained from
General Bathymetric Chart of the Oceans (GEBCO) Web Map Service
(https://download.gebco.net/), using QGIS (version 3.26.0) software (QGIS
Development Team, 2022).

River-borne ??Ra was calculated multiplying total river discharge by weighted-
average activity in the rivers. Further, desorption from suspended particles in the
river water was estimated as a product of total suspended particles and the diffusion
rate of 0.5 = 0.4 disintegration per minute (dpm) per gram as it covers a major portion
for the estimates in the literature (Moore & Shaw, 2008; Ollivier et al., 2008;

Rodellas et al., 2015). Total ?®Ra input from river is represented by F,;,,.

Ediger (2020) reported an annual atmospheric dust deposition of 20.25 g:-m2-y?t in
the Mersin Bay and iskenderun Bay. The estimation were extrapolated to the whole
basin to have a conservative approach on SGD-derived ??Ra. 2®Ra desorption rate
was set to 2 dpm.gr? considering that it is close to the highest documented value in
the literature (Moore et al., 2008; Moore & Shaw, 2008; Rodellas et al., 2015). The

total annual airborne dust deposition and the desorption rate was represented in the

Fatm-

Decay term was calculated by multiplying the decay constant of 22Ra, A, ~0.12 y,
by the total ??Ra inventory of the box defined. The inventory was estimated by
defining the mean 2?®Ra activities and volume of each layer using GEBCO
bathymetry data and QGIS.

The residual SGD #®Ra flux, Fy,q (dpm/yr), was divided by a range of *®Ra
activities (dpm/km?) found in groundwater samples, end-member activities, in order
to obtain the SGD rates. For end-members, the activities in the groundwater samples
along the Cilician Basin coasts were used. In addition, the SGD rates were re-
calculated using the first and third quartiles of end-member activities reported for the
Mediterranean Sea as no saline groundwater sample was obtained in the catchment

surveys (see Chapter 3 and Chapter 4), and it incorporates a large portion of the data
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and eliminates abnormal concentrations. Therefore, using the quartiles as the range
of end-member activity is suggested to be the best approach for characterizing *?Ra

concentration (Rodellas et al., 2015, and references therein).

2.3. 2. SGD Associated Nutrient Fluxes

PO.*, DIN, and Si fluxes through SGD were estimated by multiplying nutrient end-
member concentrations with above-mentioned SGD rates. The nutrient fluxes were
conservatively calculated only from the fresh portion of the submarine groundwater
discharge. This approach assumes a net nutrient flux to the basin and does not
account for potential biogeochemical changes in the aquifers or subterranean
estuaries (Rodellas et al., 2015). Nutrient end-member concentration range was
assigned as the first and third quartiles of measured concentrations in the
groundwater samples. The percentage contribution range reported by Bayari et al.,
(2011) for a neighboring area with very similar geological and meteorological
conditions located on the coast of Antalya, between Kalkan and Kumluca, in
Turkey's Mediterranean coast, was used to estimate fresh SGD rates. Pore-water
exchange was neglected as the 22Ra, which has approximately 5.75 years of half-
life, does not capture the necessary centimeter scales (Taniguchi et al., 2019).
Therefore, our estimations only included long-scale recirculation processes as saline
SGD (Rodellas et al., 2015).

2.4. Residence Time

Residence time studies that are required to estimate offshore seawater exchange rates
have been conducted using E.U. Copernicus Marine Service Information and a
Lagrangian particle tracking model, OceanParcels (Delandmeter & van Sebille,
2019; Kehl et al., 2023). Furthermore, one ARGO float (World Meteorological
Organization #6901876), which is an autonomous robotic instrument used for

oceanographic research and data collection that drifts with the ocean currents and
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gets profiles of temperature, salinity, pressure, and desired biogeochemical
properties (Jayne et al., 2017), was investigated to observe their residence times in

the basin and compare them with the model results.

2.4. 1. Hydrodynamic Model Product

Copernicus Marine Environment Monitoring Service (CMEMS) has hydrodynamic
analysis and forecasting products. Copernicus Marine Mediterranean Sea MultiYear
Physical Product “MEDSEA_MULTIYEAR PHY 006 004" of CMEMS used to
obtain the daily velocity fields from 2016 to 2020, which has a horizontal grid
resolution of about 4 km and one hundred and forty-one irregularly spaced depth

levels (E.U. Copernicus Marine Service Information (CMEMS), accessed in 2022).

Annual fluxes were calculated by summing daily net fluxes through the boundary
sections for a given year (Figure 2.11). The water volumes in the regions were found
using the QGIS (version 3.26.0) software (QGIS Development Team, 2022) and the
bathymetry data from the GEBCO. The water residence time for the entire water
column was determined by dividing the calculated flow rates. The process was
repeated for the years from 2016 to 2020, separately. Five consecutive years were

selected in order to investigate inter-annual variations in the residence time.
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Figure 2.11. Boundaries and cross-sections used for Hydrodynamic Model
Product method

2. 4. 2. Particle Tracking Model

OceanParcels enables the creation of Lagrangian particle tracking simulations using
hydrodynamic model outputs and can be used to track particles (Delandmeter & van
Sebille, 2019; Kehl et al., 2023). The necessary hydrodynamic data input was
obtained from above-mentioned CMEMS product for the four years through 2019-
2022, in order to carry out particles in a flow field. OceanParcels works only with
two-dimensional flow data at the depth at which the particles are released, rather than
following the particles according to three-dimensional circulation. The model
inherently allows us to calculate residence time taking the return flow into account,
contrary to the analytical method using hydrodynamic model product (2. 4. 1) which
integrates daily net flows regardless of whether the water is going in and out of the

same boundary, in other words, whether it returns or not.
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For the Cilician Basin, a thousand particles were released in the water column with
ten meter intervals until 600 meters depth at the southern boundary (Figure 2.12).
Separate simulations were carried out for each depth. For the water residence time
calculations, the departure times of the particles from the basin were determined. The
residence time distributions of the particles were analyzed and the median departure
times of the particles were used in the residence time estimates. Stuck particles — if
any occurs — were removed from median calculations to avoid any geometry bias.
The model script is given in the repository, https://github.com/kuyumcu-b/thesis
under the MIT License. Further, the results interpolated with the DIVA tool of Ocean
Data View software. The average residence time is considered as the offshore

exchange rate in the 22Ra mass-balance model.
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Figure 2.12. Particle release points and an example of flow field. Solid black lines

shows particle release locations.

2.5. Data and Statistical Analysis

Data and statistical analysis and visualization were conducted by RStudio version
2023.3.1.446 (Posit team, 2023), utilizing the programming language R (R Core
Team, 2022) and the packages corrplot (Wei & Simko, 2021) for the correlation
graph, effectsize (Ben-Shachar et al., 2020) for calculating effect size, ggmagnify

28



(Hugh-Jones, 2023), ggpubr (Kassambara, 2023a), RColorBrewer (Neuwirth, 2022),
and scales (Wickham & Seidel, 2022) for visualization, PerformanceAnalytics
(Peterson & Carl, 2020) and rstatix (Kassambara, 2023b) for statistical analysis, ,
readx! (Wickham & Bryan, 2023) and writexl (Ooms, 2023) to read and write data

on excel sheets, and tidyverse (Wickham et al., 2019) for data wrangling.

Shapiro-Wilk test was used to identify normality in the dataset, by assuming normal
distribution for p-value greater than 0.05. Correlation tests were carried out utilizing
Pearson’s product moment method. Analysis of variance (ANOVA) and Kruskal-
Wallis tests were utilized to investigate differences between the means of different

groups and effects sizes were calculeted by eta square approach.

29






CHAPTER 3

RESULTS

3.1. Physico-chemical Results

3. 1. 1. Catchment Surveys

In addition to the in-situ recorded SC and temperature data, eighty-seven
groundwater samples and eighteen riverine samples were analyzed for nutrient
concentrations. Table 1 and Table 2 shows the SC values of the groundwater
samples, and river samples, respectively, that had ?®Ra and 2%Ra activities
measured. Pearson correlation test showed no significant correlation between SC
values and radium activities in groundwater (p = 0.70 for 2Ra, p = 0.83 for ??°Ra)
and river samples (p = 0.59 for ?2®Ra, p = 0.70 for ?°Ra). Note that, the highest SC
in groundwater samples was 3460 uS/cm (Samandag Well) which corresponded to
a salinity value of approximately 2 parts per thousand (ppt). Therefore, there were
no saline end-member of groundwater in our sample set. Also, the highest SC in river

samples was 988 uS/cm.
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Table 1. SC and Temperature values of groundwater samples
Sample _ ] SC Temperature
Station Date Campaign
ID (nSfcm) (°C)
IMS SK5
10 ) ) 10/19/2021 Pilot 670 22.2
(in-series) 1
IMS SK50 )
13 _ ] 10/19/2021 Pilot 820 20.6
(in-series) 1
IMS SK50 — .
34 _ 12/15/2021 Pilot 852 19.5
US fiber
IMS SK50 — )
35 _ 12/15/2021 Pilot 852 19.5
TR fiber
Anamur Wet Season
39 3/2/2022 731 17.5
Well Catchment
Gilindire Wet Season
40 3/2/2022 2810 20.2
Cave Catchment
Bogsak Wet Season
41 3/2/2022 2500 13.3
Well Catchment
Wet Season
42 Goksu Well | 3/2/2022 908 20.1
Catchment
Wet Season
45 Tarsus Well | 3/3/2022 2230 19.5
Catchment
Dortyol Wet Season
48 3/4/2022 1122 20.1
Well Catchment
Samandag Wet Season
51 3/4/2022 3460 17.9
Well Catchment
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Table 2. Specific conductivity (SC) values of river samples
. . SC
Sample ID Station Date Campaign
(uS/cm)
Lamas River
16 ) ) 10/20/2021 Pilot 415
(in-series) 1
Asi River — US _
31 ) 12/13/2021 Pilot 897
fiber
Asi River - TR
32 ) 12/13/2021 Pilot 897
fiber
Lamas River — _
36 _ 12/15/2021 Pilot 481
US fiber
Lamas River —
37 12/15/2021 Pilot 481
TR fiber
Wet Season
38 Anamur River 3/2/2022 480
Catchment
] Wet Season
43 Goksu River 3/2/2022 428
Catchment
) Wet Season
44 Berdan River 3/3/2022 804
Catchment
) Wet Season
46 Seyhan River 3/3/2022 500
Catchment
) Wet Season
47 Ceyhan River 3/4/2022 705
Catchment
Delicay (Hata Wet Season
49 ¢ y ( ) 3/4/2022 307
River Catchment
o Wet Season
50 Asi River 3/4/2022 988
Catchment
Wet Season
52 Lamas River 3/10/2022 364
Catchment
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The April 2023 sampling survey revealed that none of the groundwater samples were
anoxic (Table 3). Despite the fact that the DO concentrations in the Goksu-1 and
Samandag samples were low—between 1-2 mg/L—, nitrate concentrations (Table
8) combined with the DO prevented Ra from escaping off Mn-fibers (Vinson et al.,
2013). According to Vinson et al. (2013), the existence of dissolved oxygen or nitrate
creates thermodynamically stable circumstances for solid-phase metal oxides,

facilitating the removal of Ra from groundwater.

Table 3. DO concentrations of groundwater samples, April 2023

Station DO, mg/L DO, %
Anamur 7.23 78.2
Gilindire 8.05 92.3
Bogsak 5.01 53.2
Goksu-2 4.32 48.0
Goksu-1 1.23 13.7
Tarsus 5.99 67.2
Dortyol 7.75 85.3
Samandag 1.81 19.9
SK50 3.92 43.4

3.1.2 Basin-scale Research Cruises

In the wet season expedition, a total of 75 samples of seawater were gathered from
21 distinct sampling locations, while the dry season expedition yielded 112 samples
from 38 different stations. CTD profiles were acquired for each station, except in
cases where solely 3-meter depth samples were procured. The Figure 3.1 presents
salinity and temperature profiles of the stations. The sampling depths of Ra in
addition to the 3 m, 600 m depths and 30 m from the seabed were determined by
analyzing the profiles. For example, in St-001 (Figure 3.2); 40 m was decided to
sample the low-end of the mixed surface layer, where 100 m was sampled to get the

below of the layer and 250 m was sampled for the salinity maxima.
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Figure 3.1.  Temperature and salinity profiles in wet season for coastal (a, b) and
offshore (c, d) stations.
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Figure 3.2.  Temperature and salinity profiles of St-001 in the wet season

The first 30 meters of the water column was well mixed in the wet season cruise with
almost constant temperature (17.36 °C) and salinity (39.05) in the central station (St-
001) (Figure 3.2). Then, the salinity gradually increased to its maximum, 39.17,
while the temperature decreased to ~16.19 °C at 250 meters depth. This salinity
maximum area usually is the sign of LIW, which is found at between approximately
130 m and 290 m depths. After the salinity maxima, there was a sharp halocline
through ~400 m, where the salinity dropped to 38.87. Salinity dropped further with
depth afterwards, and had the minimum value of 38.79. Furthermore, dissolved
oxygen (DO) concentrations reached their maximum between 30 m and 170 m
depths with 196.25 uM.

Overall, the wet season surface salinities changed between 37.75 and 39.16 with an
average value of 38.97. The variation was largely caused by the distance from river
mouths, e.g. St-009 and St-011 had the minimum surface salinities. Interestingly,
highest values were found in the western boundary stations (St-014, St-015, and St-
016). Moreover, the surface DO values were generally higher in the coastal stations
located in the vicinity of river discharge points, and St-011 (which is only 2.9
nautical miles away from the mouth of Lamas River) had the highest value of 217.91
uM.
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observed in wet season survey. Each dot shows the profile data on the stations, and
the color palette shows the pressure/depth. Gray lines are isopycnals.
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In general, the salinity peaked at the surface of the offshore stations in the dry season,
with a range between 39.4-39.6. The first 25 meters were strongly stratified and
homogeneous with high temperature (~28.96 °C), salinity (~39.60), and DO
concentrations (191.00 uM). Shallow coastal stations except the ones located river
mouths, also had the same well-mixed saline surface layer with salinity between 39.4
and 39.5. Below, a sharp thermocline was located until 50 m depth and temperature
decreased to 16.73 °C at 100 m. The halocline was even sharper and salinity
decreased to 39.02 at ~37 m depth almost overlapping with the maximum DO
concentration of 257.67 uM (115.18% saturation). Then, salinity rose again to 39.12
at almost 150 m depth, where the center of LIW appeared. Figure 3.6 delineates a
high salinity, high temperature LSW in the upper ~30 meters, which lies on top of
the MAW placed between ~35 and90 m. Below MAW, LIW covered the depths
between ~90 to ~250 meters. The salinity decreased smoothly in the DW with depth
and had a minimum value of 38.75.
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Figure 3.6.  Temperature and salinity profiles in dry season for coastal (a, b) and

offshore (c, d) stations.

The minimum surface salinity value, 38.42, was reached at St-021 which was located
near to Ceyhan River. In general, iskenderun Bay salinity values were lower
compared to other stations despite the fact that the bay had the highest temperature
values. Moreover, the bay had the lowest surface DO concentrations (lowest 185.00
uM), in contrast with the results of the wet season cruise. There were oxygen
minimum zones between 40-50 m depths in the Iskenderun Bay, with a minimum
value of 115.76 uM (51.11% saturation) at the St-028.
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observed in dry season survey. Each dot shows the profile data on the stations, and
the color palette shows the pressure/depth. Gray lines are isopycnals.
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Figure 3.8.  September 2022 Sea surface salinity map
3.1.3.  Nutrient Distribution

3.1.3.1. Riverine nutrient loads

The nutrient concentrations were analyzed in a total of nine different rivers.
Although the surveys were conducted in 2022, only the results of one wet season
samplings and one dry season samplings are presented here as the verification
analyses are still ongoing. The highest PO4% and DIN concentrations were found in
Delicay River (Hatay) and Anamur River, respectively, in the wet season (Table 4)
with concentrations of 2.77 uM and 460.09 uM. Anamur River had the highest
DIN:POg ratio of 3539 where the average DIN:PO4 of the remaining rivers had a
value of 279 in the wet season. Another notable extreme value was found for NH4"
concentration in the Deligay (Hatay), which had 133.39 uM, almost ten times of the
second highest concentration in the wet season (Anamur River) (Table 4).
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Table 4. River nutrient concentrations

. PO4 DIN NH34 Si Season
RIVer | @my | @m) | @wy | @wy | PMNPO:
Anamur | 0.13 | 460.09 | 0.79 | 112.93 3539 Wet
Asi 2.02 | 197.97 | 14.41 | 24757 98 Wet
Berdan | 0.78 | 196.35 | 12.49 | 149.31 252 Wet
Ceyhan | 0.79 | 271.05 | 9.65 | 137.66 343 Wet
(Hgtz;fay 277 | 14751 | 133.39 | 47.49 53 Wet
(Mlgf;ilﬁ';‘y 062 | 14516 | 221 | 122.29 234 Wet
Goksu | 0.97 | 7954 | 3.82 63.38 82 Wet
Lamas | 0.12 | 11597 | 0.86 | 111.62 966 Wet
Seyhan | 0.52 | 10558 | 16.6 | 130.63 203 Wet
Anamur | 0.66 | 68.67 | 12.32 | 45.10 104 Dry
Asi 494 | 292.70 | 121.66 | 304.96 59 Dry
Berdan | 0.58 | 107.61 | 19.10 | 100.99 186 Dry
Ceyhan | 0.61 | 175.35 | 11.87 | 154.28 287 Dry
(Hgt‘;g;?ay 199 | 8014 | 7319 | 179.77 40 Dry
(Mlzf;ilﬁ';‘y 378 | 7501 | 12.25 | 180.40 20 Dry
Goksu | 0.71 | 61.66 | 16.89 | 78.71 87 Dry
Lamas | 0.99 | 157.99 | 14.33 | 140.96 160 Dry
Seyhan | 5.2 | 14462 | 11.8 | 156.50 28 Dry

NH4" concentrations were usually higher in the dry season except for Deligay
(Hatay) and Seyhan Rivers, where Asi River had the peak concentration of 121.66
uM. Conversely, Si concentrations were lower than the wet season concentrations
with the exception of the concentrations in Anamur and Berdan Rivers (Table 5).
Saliently, Asi River had the highest DIN, NH4", and Si concentrations in the dry
season. Moreover, the high PO4> levels were observed in Seyhan, Asi, and Delicay
(Hatay) rivers with 5.2, 4.94, and 3.78 uM, respectively. Overall, the results revealed
a strong decrease in DIN:POj ratios in the dry season, with the sole instance Goksu
River which had an increase from 82 to 87.
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Overall, weighted-average concentrations according to the discharges revealed that
the maximum PO4* and NH4" values were present in Delicay (Hatay) river (Table
5). The values were more close to the wet season concentrations as it had the major
portion of the annual discharge (General Directorate of State Hydraulic Works,
Tiirkiye, 2018).

Table 5. Weighted-averages of river nutrient concentrations

River PO4(uM) | DIN(uM) | NHi(uM) Si(uM) DIN:PO4
Anamur | 0.26 362.34 3.67 95.99 1381
Asi 2.39 209.87 27.88 254.78 88
Berdan 0.72 169.24 1451 134.55 235
Ceyhan 0.73 237.95 10.42 143.41 327

(Hgt‘;gfay 2.62 134.56 121.82 72.91 51

(Mlzf;iig';‘y 0.85 140.05 2.94 126.52 165
Goksu 0.92 75.97 6.43 66.44 83
Lamas 0.25 122.32 2.89 116.05 487
Seyhan 0.90 108.76 16.21 132.74 121

The long-term averaged discharges and the most recent discharge data (2014-2015)
along with the weighted-average nutrient concentrations revealed that total of 0.407,
35.469, 2.619, and 53.289 kT/yr (Table 6) and 0.457, 36.126, 3.096, and 57.351
kT/yr (Table 7) PO4-P, DIN-N, NHs-N, and SiOs-Si loads for long-term averaged
discharges and the recent discharge, respectively. Ceyhan River is the main
contributor of DIN-N and SiO4-Si with more than 50% and more than 38%,
respectively, while Asi River had the highest loads of PO4-P with more than 36% of
total POs-P loads. Furthermore, DIN:PO4-P ratio of total annual riverine discharge
was higher than the Redfield Ratio, by the ratios of 79 and 87 for the recent year and
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long-term calculations, respectively. All the rivers had weighted-average values

greater than the Redfield ratio, while Anamur River had the highest.
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3. 1.3.2. Groundwater nutrient concentrations

A total of 87 groundwater samples were analyzed for POs*, NOs+NOz, NO2, NH4*
and Si from 10 sites (Appendix C). Two of them are located in METU-IMS with
different depths and two of them are neighbor wells in Goksu delta. Correlation
analysis indicated that there is a significant negative correlation between PO4* and
DIN, however NH4* is positively and strongly correlated with PO4* (Figure 3.9).
Furthermore, Shapiro-Wilk Normality test showed that none of the nutrients were
distributed normally, therefore median values of nutrient concentrations for each site
were used in the SGD-associated nutrient flux estimation to obtain robust statistics.
One-way analysis of variance (ANOVA) test without assuming equal variances
revealed that Si concentrations are significantly different between wet and dry
seasons (p-value = 0.0013, Eta2 = 0.15). In general, the dry season Si concentrations
were higher than the wet season concentrations (Figure 3.10).
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Figure 3.10. Box plot of Si concentrations in groundwater in wet and dry seasons

Table 8 provides the median and mean concentrations of nutrients in each
groundwater sampling site. Goksu 1 groundwater had the highest PO4* (mean: 6.55
uM; median: 6.28 uM) values by a large difference between the second highest,
Dortyol (mean: 0.71 uM; median: 0.98 pM). Dortyol had the highest concentrations
of DIN (mean: 449.69 uM; median: 529.85 uM) and Si (mean: 432.20 uM; median:
339.67 uM), whereas Goksu 1 had the maximum NH4* levels (mean: 46.30 uM,;
median: 46.65 uM). In addition, the coastal deep well located in the IMS (IMS 50)
had the highest and extreme mean DIN:POj4 ratio of 4402.95 with a median value of
1523.29 (n=8).
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3.2. Residence Time

The residence time of the Cilician Basin was estimated for the first time, using two
different approaches, namely, utilizing the CMEMS product and particle tracking
model. In the latter one, the residence time was assessed for only upper 600 meters
depth of the basin in order to calculate offshore exchange rates of the box model,
where the residence time the whole water body in the basin was calculated in the
first method to assess a broader scale circulation dynamics and associated variatons

between different years.

3.2.1.  Hydrodynamic Model Product

Digitizing GEBCO bathymetry data using QGIS software as decribed in Chapter 2
revealed that the water volume of the basin equals to approximately 14645 km?.
Table 9 lists the annual volume transport through the southern boundary, Cape
Karpass — Latakia. The average residence time was 172+ 34 days, and ranged
between 133 and 215, indicating significant inter-annual variability. The maximum
annual volume transport was 40170 km? in 2019, and the minimum was 27831 in
2020.

Table 9. Volume transports and associated residence time values.
Year Transport (km?3/yr) Residence time (days)
2016 37346 143
2017 27831 192
2018 29951 178
2019 40170 133
2020 24884 215

3.2.2. Particle Tracking Model

Particle tracking model results revealed that the residence time varied significantly
with depth. The simulation time was not sufficient to calculate residence time of IL
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after 13 months (Figure 3.15) as the median value had not yet been reached.
Therefore, to avoid any bias towards lower values, first the time-averages of each
depth were taken, then the residence time was calculated as the depth-average. That
corresponded to approximately 345 days of residence time for the control volume
(Table 10).

Table 10. Summary of residence times calculated by the particle tracking
model according to layers

Layers RT, days

0-150 m (Surface Layer) 55

150-600 m (Intermediate Layer) 442
Weighted average 345

Seasonal and inter-annual variations in the average residence time were much higher
in the first 400 m depth with a maximum of 70% variation between dry (158 days)
and wet (93 days) seasons in 2019. The seasonal variation in the RT of SL reached
its maximum, 304% in 2019. Furthermore, the highest inter-annual variation was
36% in SL (between 2020 and 2021). For the deeper layer, 400-600 m, the seasonal
variation in the average residence time was lower than 1%. Moreover, mixing paterns
were observed during winter periods by a homogenization in the residence times in
the first 200 meters. This effect was weeker in the 2021, yet its effects lasted longer

than previous two years.
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Figure 3.15. Residence times calculated with the particle tracking model.

3.2.3.  ARGO Float

Moreover, an ARGO float trajectory (World Meteorological Organization
#6901876) was analyzed. It entered the basin on December 12, 2015 from the
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southern boundary and left on January 12, 2016 (Figure 3.16). Even though it went
up to 900 m depths for the stations to get profiles, it resided 31 days in the basin

(https://fleetmonitoring.euro-argo.eu/).

Figure 3.16. Trajectory of the ARGO float. Numbers denote the profile IDs.
3.3.  Radium Activities

3.3.1. Cilician Basin

Overall, two-hundred-and-eight Radium samples were taken in two basin-wide
cruises. Yet, thirty-eight samples were analyzed for Radium within the scope of this
study, and they were all wet season samples. Table 11 provides ?*Ra and ?®Ra
activities and associated errors of 38 seawater, 15 catchment (8 rivers, 7 wells)
samples from our wet season cruise and catchment survey, in addition to the 17 pilot

study samples. Seawater samples consists of 15 stations which all have surface
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(depth = 3m) activities. St-001, St-002, St-004, St-007, St-010, St-014, St-015, and
St-017 also include samples analyzed and presented at different depths. METU IMS
Wells SK-5 and SK-50 from the wet season catchment field expedition were absent,
however, the activities were measured from earlier pilot samplings (October and
December 2021).

The surface *®Ra activities have a range between 15.61-44.40 dpm/m? with a mean
activity of 26.83 dpm/m? (median activity of 26.90 dpm/m?q). The activities found at
the surface of western boundary, where the major outflow occurs, have higher
activities (44.4, 35.84 dpm/m?®) than southern inflow boundary (29.5, 18.92 dpm/m?)
with the exception of St-014 (25.86 dpm/m®). All surface activities are higher than
deep sample activities (depth >600). In the stations between 3m and 150m depths,
generally there was an increase in ??®Ra activities with depth. In contrast, activities
are consistently lower in the samples collected at >150 m and reach minimums at
depths >= 600m except for St-002, 40 m sample which had 18.90 dpm/m3. Figure
3.19 demonstrates the 2?®Ra activity distribution according to the seawater layers.
Correlation tests revealed that 2?®Ra activities were not correlated with the salinities,
however, there was significant negative correlation between ?®Ra activities and

depth (Pearson's product-moment correlation coefficient: -0.76, p-value: 2.6 x 10°)

Table 11. Radium activities

228Ra 228Ra 226Ra 226Ra
Sample D ) Depth
D ate Station m) dpm. error dpm. error
m-= % m- %
Offshore
1 10/13/2021 Surface 3 12.21 24.39 | 14356 | 2.62
(in-Series) 1
Offshore
2 10/13/2021 Surface 3 0.00 0.00 16.43 | 16.80
(in-Series) 2
4 10/13/2021 ngi;gre 580 7.47 1594 | 20250 | 1.08
Coastal
5 10/13/2021 | Surface (in- 3 25.75 12.57 | 169.60 | 2.40
Series) 1

59



228Ra 228Ra 226Ra ZZGRa
Sa:?)ple Date Station D(erﬁ;h dpm. error dpm. error
m-3 % m-3 %
Coastal
6 10/13/2021 | Surface (in- 3 000 | 000 | 11.90 | 19.20
Series) 2
8 10/13/2021 CoaStal' Deep | o0 | 2090 | 1069 | 148.46 | 212
IMS SK5
10 10119/2021 | o' C ) 5 1435 | 1467 | 17.64 | 13.08
11 1011972021 | [ IMSSK5 5 0.88 | 29815 | 000 | 0.00
(in-series) 2
IMS SK50
13 1019/2021 | o0 nos | 50 61.64 | 527 | 163.34 | 2.31
14 10119/2021 | MSSKS0 1 000 | 000 | 603 | 3911
(in-series) 2
16 10/20/2021 | Lamas River - 3227 | 10.30 | 49343 | 1.22
(in-series) 1
31 12/13/2021 | A Eg’er - ; 37.73 | 1433 | 32724 | 252
32 12/13/2021 | A $'F;’ er- - 4435 | 1241 | 31586 | 2.57
34 12/15/2021 | "MSSKS0—1 501 00 | 785 | 10585 | 3.24
US fiber
35 12/15/2021 | MSSKS0— 1051 2501 | 753 | 20195 | 3.12
TR fiber
36 | 12/15/2021 Lam_afg"’er - | 3318 | 17.93 | 47978 | 1.73
37 | 12/15/2021 Lam_a.s‘rFF;'V” - | 2699 | 1363 | 48239 | 161
38 3/2/2022 Anamur - | 11898 | 310 | 34348 | 1.30
River
39 3/2/2022 ACS;TIW 18 63.26 | 581 | 1292 | 332
40 3/2/2022 Gilindire ; 13833 | 364 | 36829 | 1.71
Cave
a1 3/2/2022 | Bogsak Well | 15 | 89.75 | 435 | 42861 | 133
42 31212022 | Goksu Well 9 257.73 | 251 | 388.80 | 1.64
43 3/2/2022 | Goksu River | - 8959 | 692 | 53098 | 1.75
44 3/3/2022 | Berdan River | - 14449 | 377 | 47430 | 157
45 3/3/2022 | TarsusWell | 120 | 9431 | 598 | 265.09 | 253
46 3/3/2022 | Seyhan River - 90.57 5.08 239.31 2.28
47 3/4/2022 CF‘;'?C‘E"’;” ; 110.75 | 423 | 335.66 | 1.76
48 3/4/2022 | Dértyol Well | 32 6290 | 631 | 437.81 | 1.45
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228Ra 228Ra ZZGRa 226Ra
Sa:?)ple Date Station D(erﬁ;h dpm. error dpm. error
m % m %
Deligay
49 3/4/2022 (Hatay) - 174.13 538 | 918.01 | 1.50
River
50 3/4/2022 Asi River - 124.36 400 | 58359 | 124
51 3/4/2022 Sanvl\f‘;fag 30 | 4312 | 935 | 22893 | 255
52 3/10/2022 Lamas River - 40.61 8.14 408.22 1.29
63 4/13/2022 St-012 3 26.90 13.65 | 155.20 | 2.67
66 4/13/2022 St-013 3 20.68 15.92 | 14520 | 242
69 4/14/2022 St-016 3 35.84 20.25 | 194.31 3.79
74 4/14/2022 St-015 3 44.4 10.18 | 167.35 3
75 4/14/2022 St-015 1177 8.1 15.18 21 0.91
77 4/14/2022 St-015 600 3.16 159.78 | 224.01 2.59
78 4/14/2022 St-015 300 19.78 17.42 | 199.14 2.15
79 4/14/2022 St-015 160 38.146 15.25 | 215.48 2.96
81 4/14/2022 St-014 3 25.86 26.31 | 207.67 3.37
84 4/14/2022 St-014 160 18.71 2055 | 167.78 2.64
86 4/14/2022 St-001 3 16.32 30.63 | 173.17 2.98
87 4/15/2022 St-001 917 7.8 1491 | 161.16 1.04
88 4/15/2022 St-001 875 10.68 19.88 | 216.29 1.47
89 4/15/2022 St-001 600 9.35 26.08 | 183.34 1.7
90 4/15/2022 St-001 250 11.63 19.57 | 128.63 1.89
91 4/15/2022 St-001 100 35.71 15.85 | 184.67 3.15
92 4/15/2022 St-001 40 24.58 1593 | 171.66 2.55
93 4/15/2022 St-002 3 29.5 9.59 174.2 1.87
95 4/15/2022 St-002 600 18.90 1439 | 23332 | 1.56
96 4/15/2022 St-002 250 15.64 28.82 191.7 2.74
97 4/15/2022 St-002 40 25.03 19.71 | 170.81 3.1
98 4/15/2022 St-002 1083 6.57 33.59 | 201.32 151
104 4/15/2022 St-004 3 18.92 14.1 173.13 1.74
105 4/15/2022 St-004 340 15.32 27.4 224.89 2.24
106 4/15/2022 St-004 225 23.87 16.99 | 181.65 2.67
107 4/15/2022 St-004 150 19.43 12.29 135.1 1.94
108 4/15/2022 St-004 40 29.33 11.37 | 161.05 247
109 4/15/2022 St-005 3 32.42 13.19 | 172.86 2.77
112 4/15/2022 St-018 3 15.61 14.23 | 106.10 2.09
116 4/16/2022 St-007 3 30.29 11.4 150.3 2.43
117 4/16/2022 St-007 62 25.87 9.96 138.04 1.96
127 4/16/2022 St-009 3 33.01 11.52 | 155.58 2.7
131 4/16/2022 St-017 3 21.6 13.24 | 140.39 2.07
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228Ra 228Ra 226Ra 226Ra

Sa:?)ple Date Station D(erﬁ;h dpm. error dpm. error
m % m %

132 4/16/2022 St-017 105 15.94 16.74 | 13793 | 194
133 4/16/2022 St-017 30 26.28 10.69 | 168.85 | 2.11
135 4/16/2022 St-010 3 16.69 22.65 | 16243 | 2.35
136 4/16/2022 St-010 47 29.53 9.88 | 158.16 | 2.11
138 4/16/2022 St-011 3 34.47 894 | 14103 | 2.25

The groundwater end-member activities ranged from 14.35 to 257.73 dpm/m? with
a mean value of 94.19 dpm/m?® (median=84.00, Q1=62.90, Q3=94.31 dpm/m?3). The
river end-member activities ranged from 40.61 to 174.13 dpm/m® with a mean
activity of 111.68 dpm/m? (median=114.86, Q1=90.32, Q3=129.39 dpm/m?). Géksu
groundwater sample had significantly high activity (257.73) as it is almost double
that of the second highest groundwater activity (Gilindire - 138.33 dpm/m?3). On the
other hand, Lamas River had the lowest activity among river samples as it is lower

than half of the second lowest activity in rivers (Goksu River, 89.59 dpm/m?3).

Replicate samples and in series fibers experiments indicated that the both fibers are
sufficient to adsorb radium efficiently except for the sample #133, that the second
fiber in-series had an activity of 10.73 dpm/m?. For that reason, the activity in St-
017 30 m depth was assumed to be the activity found in sample #133.

Figure 3.17 shows the ??®Ra activities of the seawater samples at 3m depth, wells,

and rivers, where the surface activity map is given in the Figure 3.18.
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Figure 3.19. 2?®Ra activity box-plot according to seawater layers

228Ra to ?%°Ra activity ratios (AR) had a range between 0.66 to 0.01 except for one
significantly high value found in Anamur groundwater sample (Sample ID: 39, AR
=4.90). Kruskal-Wallis test revealed that there was no significant difference between
river and groundwater samples and the differences were significant between
seawater and river, and between seawater and groundwater samples regardless of the
inclusion of the obvious outlier, sample 39 (Figure 3.20). Similarly, designated
seawater layers were significantly different from each other (Figure 3.21). One
relatively high AR (~0.386) was found at 1177 m depth of outflow station, St-015,

which is the deepest sample.
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Type . River . Groundwater . Seawater

1.004 Kruskal-Wallis, p = 0.00089
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River Groun'dwater Sea\:vater

Figure 3.20. Violin plot of AR values according to sample type (**: p <0.01, ns
(non-significant): p > 0.05)
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Figure 3.21. Violin plot of AR values of seawater according to layer (*: p <0.05,
**:p<0.01)

3.3.2.  liskenderun Bay

The 2%8Ra activities measured in the Iskenderun Bay ranged between 31.1 and 91.2
dpm/m? with a mean activity of 61.35 dpm/m? (Table 12). Eight samples were from
the surface (3 m depth) (Figure 3.22), out of the thirteen samples analyzed. Other
five samples were from various depths at three different stations. The deeper waters
had a higher average activity than surface waters, yet there were not enough data to
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statistically interpret differences. The results were not compared with the Cilician

Basin activities as the detectors were not inter-calibrated.

The highest activity was found in St-021 at 20 m depth, contrasting the activities
measured in the vicinity of St-021 (St-032: 31.1 dpm/m3, St-034: 37.9 dpm/m?). The
Shapiro-Wilk test revealed that the normal distribution can be assumed. Therefore,
the average activity was used to determine 2®Ra activity in the bay. Figures 3.23 and
3.24 shows the interpolated and extrapolated surface activities in the bay as described
in the Chapter 2.

Table 12. Iskenderun Bay ??®Ra activities
SarE)ple Date Station Lat Long D(enq;h 55%}?&
218 3.09.2022 | St-006 | 36.482 | 35.902 45 81.1
219 3.09.2022 | St-006 | 36.482 | 35.902 33 53.8
220 3.09.2022 | St-007 | 36.591 | 35.981 3 55.4
221 3.09.2022 | St-030 | 36.537 | 35.950 3 49.6
222 3.09.2022 | St-029 | 36.623 | 36.047 3 57.7
226 3.09.2022 | St-018 | 36.774 | 36.125 3 80.0
227 | 3.09.2022 | St-019 | 36.818 | 35.990 49 71.2
229 | 3.09.2022 | St-025 | 36.801 | 36.049 3 52.8
233 | 3.09.2022 | St-023 | 36.658 | 35.908 3 65.2
238 | 3.09.2022 | St-032 | 36.687 | 35.774 3 311
240 3.09.2022 | St-021 | 36.611 | 35.775 60 70.6
241 3.09.2022 | St-021 | 36.611 | 35.775 20 91.2
242 3.09.2022 | St-034 | 36.550 | 35.823 3 37.9
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Figure 3.22. ??®Ra activities of Iskenderun Bay surface waters
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Figure 3.23. Interpolated ??®Ra activities of iskenderun Bay surface waters using
triangulation method
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Figure 3.24. Extrapolated >®Ra activities of Iskenderun Bay surface waters using
krigging method

3.4. 22Ra Inventories of the Cilician Basin and iskenderun Bay

The bathymetry data shows that the DL has approximately 4103.92 km? of water
mass, where SL and IL have 3507.64 km?® and 7033.02 km?, respectively.
Multiplying the volume by the average activity of the layer calculated as 7.818
dpm/m? excluding inflow stations St-002 and St-004, resulted that ??Ra inventory
of DL was ~3.21 x10%® dpm. The average and total activities were calculated
separately for the SL and IL. SL had an average activity of 26.95 dpm/m? where the
IL had 22.07 dpm/m?. The computation revealed 9.45 x10* dpm and 15.52 x10%
dpm inventories for the SL and IL, respectively, that add up to a total of ~24.97 x10%3
dpm in the UL between 0-600 m depth.

228Ra inventory of Iskenderun Bay was found as 5.57 x 10*? dpm by multiplying the
volume of 90.75 km® and the average 2?®Ra activity, 61.35 dpm/m3. The results
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showed that the dry season iskenderun Bay inventory might have the 2.2% of the

total 2®Ra inventory in the Cilician Basin’s upper 600 m in the wet season.

3.5.  Submarine Groundwater Discharge and Associated Nutrient Fluxes
3.5. 1. Mass-balance

3.5.1. 1. Sediment Diffusion, Fg.q4

The continental shelf area and slope area (between 400-600 m depth) were calculated
as 9868.85 km? and 5543.56 km? using the method described in the Chapter 2.
Moreover, the shelf area was divided into two according to grain size distribution as
fine grained and coarse grained. The integrated data from Yemenicioglu & Tunc
(2013) suggested that the average fine-grained sediment contributes 40% of the shelf.
Multiplying these areas with the ?2Ra diffusion rates reported by (Moore et al.,
2008) as 11 + 5 x10® dpm'm2-yrt, 230 + 110 dpm'm2-yrt, 2.3 £ 1.1 dpm-m2-yr?,
from fine-grained shelf sediments, coarse-grained shelf sediments, and slope
sediments, respectively, resulted in 4.346 x10*3, 0.136 x10*3, and 1.275 x10™ dpm/yr
of fluxes (Table 13).

Table 13. 228Ra fluxes from sediments
(- IOIE;L&’BWW Contribution, %
Fine-grained shelf sediments 4.346 75.49%
Coarse-grained shelf sediments 0.136 2.36%
Slope 1.275 22.15%
Fgeq, TOTAL 5.757 100.00%

3.5.1.2. River-borne ?2®Ra fluxes, F,;,

Total suspended solid measurements revealed that average TSS concentrations of
Berdan, Ceyhan, Goksu, and Seyhan rivers were 60 mg/L and 246.22 mg/L for the
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dry and wet seasons, respectively. The total flux in the most recent available year
(2014-2015), ~13.453 km?/yr, was used in order to have a conservative approach for
estimating the SGD. The total annual TSS load was calculated to be 2059.79 kT.

River-borne ??®Ra fluxes, F,;,, include both the desorption from suspended particles
and the activity in river water. Annual TSS load desorption and the desorption rate
of 0.5 dpm/g sediment (Moore & Shaw, 2008; Ollivier et al., 2008; Rodellas et al.,
2015) as described in the Chapter 2 revealed that desorption may have contributed
~1.03 x10'? dpm/yr. On the other hand, the product of weighted-average **Ra
activity in rivers and the annual flux showed that ~1.38 x10*? dpm/yr of input came
from river fluxes. Therefore, total annual river-borne ?Ra fluxes, F,;,, yields about

2.35 x10* dpm per year.

3.5.1.3. Atmospheric Deposition, F 4,

The atmospheric deposition input of 22Ra was found to be ~1.13 x10*2 dpm per year
by extrapolating annual dust deposition of 20.25 g-m-yr™ reported by Ediger (2020)
to the area of the Cilician Basin, ~27916.28 km?.

3.5.1.4. ?%Ra Loss by Radioactive Decay, F jo,
The total 2®Ra inventory estimated for the UL above with the decay term of ~0.12
yrresulted in a ??®Ra sink of ~3.01 x10*2 dpm/yr.

3.5.1. 5. Net Vertical Advection From/To the Deep Layer

As it is described in the Chapter 2, another ?Ra mass-balance equation was
established for the DL to estimate the advection rate (Eq. 4). From the equation [4],
Qaav (km*/yr) was calculated as ~1458.77 km*/yr. Then, the difference of F4,, [EQ.

5] and Faqy,,,, [EQ. 6] resulted in a net ?®Ra outflow of 0.39 x10* dpm/yr caused by

vertical advection.
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3.5.1.6. Net Offshore Water Exchange, Fy;,,

The offshore exchange rate, Q,,, was calculated as 11484.6 km?®/yr, by dividing the
box's volume by the residence time defined in the Chapter 2 as the amount of time
a water parcel spends inside a body of water before departing through one of its
boundaries. St-014, St-015, and St-016 were the outflow stations that represent the
water mass flowing out of the basin directly through the western boundary. Table 14
indicates that the average ??®Ra activities were 35.37 dpm/m?3, 19.78 dpm/m?, and
5.63 dpm/m? for SL, IL, and DL, respectively. However, only the upper 600 m were
in concern of the mass-balance. Therefore, the equation [4] was computed for only
SL and IL, separately. The loss terms converged to ~2.943 x10** dpm/yr and ~2.497
x10%® dpm/yr for SL and IL, respectively.

Table 14. Mean 2%Ra activities
Average Basin Inflow Outflow
Layer Activity, dpm/m® | Activity, dpm/m*® | Activity, dpm/m?
0-150 m (SL) 26.95 (n=19) 24.44 (n=5) 35.37 (n=3)
150-600 m (IL) 22.07 (n=4) 18.28 (n=3) 25.54 (n=3)
>600 m (DL) 7.82 (n=5) 12.73 (n=2) 5.63 (n=2)

3.5.1.7. ??RaFluxes through Submarine Groundwater Discharge, Fy4q

The equation [1] revealed that Fy,4 is the dominant net ?®Ra source in the basin with

a rate of ~2.872 x10%* dpm/yr. It was almost 4 times higher than the second largest

net input of 2®Ra, sediment diffusion. Offshore exchange brought more ??®Ra into
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the basin, however overall it was the major sink term as it flushes out a greater
amount of ?®Ra than any other component of the box model.
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Figure 3.25.  2?®Ra Sources of the Cilician Basin
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Figure 3.26. ??®Ra Sinks of the Cilician Basin
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Figure 3.27. Contributions of ??®Ra inputs
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3.5.2.  Submarine Groundwater Discharge into the Cilician Basin

Table 15 provides the ranges of end-member activities used in order to calculate

SGD rates. As it is described in the Chapter 2, F,,, was divided by both the quartile

ranges of this study and previously reported groundwater activities (Rodellas et al.,

2015), separately.

Table 15. Groundwater end-member activity ranges

End-member activities

This study,
dpm/m?

Rodellas et al., 2015,
dpm/m?

Q1

63.08

640

Q3

116.32

2200

The results obtained and comparisons with total annual river discharge are set out in

Table 16 below. Regardless of which range was selected, SGD rates were at least

one order of magnitude higher than the river discharge.
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Table 16.

SGD rates in to the Cilician Basin, TARD: Total Annual River

Discharge)
) Using the range given by
SGD This itUdy’ Rodellas et al., 2015,
rates km3/yr km?/yr
Q1 2297 121
(x180 TARD) (x10 TARD)
Q3 4236 417
(x332 TARD) (x33 TARD)

The SGD rates were most sensitive to the residence time of the surface layer, except
for the Ra activities. Halving the RT of SL would increase the SGD rate by 94%,
while doubling it would yield a 47% decrease. The variation gets more dramatic with

a further decrease in RT in contrast to the smoother variation obtained by a further

increase (Figure 3.28).

222 Ra input of SGD, x10™ dpm/year

Figure 3.28.
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Considering the highest variation in RT of SL, between the wet and dry seasons of
2019 (24 and 74 days, respectively), approximately a three-fold change was
presented in SGD rates. It yielded the SGD rates of 7 to 21 times of total annual
riverine discharge in the area for dry and wet seasons in 2019, respectively, using the

highest end-member activity, 2200 dpm/m?, given in the Table 15.

3.5.3. SGD-associated Nutrient Fluxes

In order to calculate the net nutrient fluxes in a conservative manner, FSGD portion
was estimated utilizing the median of minimum FSGD contents reported from ten
sites by Bayari et al., (2011) as described in the Chapter 2. The median percentage
was 12% which indicates at least 14.57 km?* of annual FSGD into the basin which is
~14 % higher than the annual river discharge, using the minimum SGD rate
estimated above (121 km?3/yr). Taking the median PO4*, DIN, and Si concentrations
of 0.60 uM, 184.89 uM, and 124.41 uM, the net nutrient loads associated with SGD
were estimated at least 0.27, 37.73, 50.92 KkT/yr, respectively. These values
corresponded to 66%, 106%, and 96% of riverine PO4-P, DIN-N, and SiO4-Si loads,
respectively, calculated by using long-term averages of riverine discharge rates.
Furthermore, DIN-N:PO4-P was ~139, which is at least 1.6 times of what is found in
rivers. The highest SGD rate estimated above (4236 km?3/yr) would account for 35
times larger nutrient fluxes, more than 23, 37, and 34 times riverine P-PO4, DIN-N,

and SiOs-Si loads, respectively.

77



Q, km?/year

P-PO4, kt/year

B FsGD
B River

TIN, kt/year

Si, kt/year

o
g
=]

40
Load

Figure 3.29.  Annual minimum FSGD & Annual Riverine Discharge and Nutrient
Loads Comparison in KT/yr
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CHAPTER 4

DISCUSSION

4.1. Physico-chemistry of the Basin and the Catchment

Salinity profiles collected in the Cilician Basin showed a typical pattern of “scorpion
tail” with a salinity maximum between 150-250 m in the wet season and between
100-200 m in the dry season, which defines LIW. Subsurface oxygen maxima were
also prevalent for both seasons, most likely owing to the strong ventilation during
the winter, as it was also depicted in previous studies (Fach et al., 2021; Manca et
al., 2004). Interestingly, surface temperatures were lower that what was observed 6
years ago, April 18 — 19, 2016 (Fach et al., 2021). It can be deduced that warming
took place earlier in 2016, resulting in LIW being situated at a deeper part in this
study. Additionally, salinity and DO values found in the coastal areas indicated that
river discharges had a significant impact on these values. DO concentrations were
consistently higher in the vicinity of river mouths that might be due to the high

concentrations in river waters and aeration effect of the discharge.

Iskenderun bay had the highest temperatures, although overall the salinity levels
there were lower than at other sites, likely due to the fresh riverine water input to the
bay. Asi, Ceyhan and Delicay (Hatay) rivers are three of the main rivers in the
catchment, and all three might have an influence on the salinity of the Iskenderun
Bay. Moreover, the minimum DO concentrations were found between the depths of
40 and 50 meters might have been the consequence of biological processes such as
the respiration of organic matter produced in the upper photic zone. Ventilation and
circulation dynamics could be other factors contributing to the lower oxygen
concentrations, yet further study on metabolic regimes is needed to better understand

these dynamics and their impacts on the bay’s ecosystem.
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High nutrient concentrations found in river and groundwater samples indicated a
significant nutrient pollution that could be derived from the intense agricultural and
industrial activities. Riverine inputs were estimated using both long-term averaged
fluxes and 2014-2015 flux data which was the most recently recorded, and the total
riverine flux was 5% higher in the recent year data than the long-term average (Table
6 & Table 7). The Deligay (Hatay) River's annual discharge showed the largest shift,
nearly doubled compared to the most recent data, likely due to variations in
precipitation throughout the year. The highest concentrations found in Ceyhan (for
DIN-N and SiOs-Si) and in Asi River (for POs-P) indicated that iskenderun Bay
might be prone to riverine nutrient pollution. The semi-enclosed structure of the bay
also increases the potential for eutrophication events since the flushing of the bay

waters is limited.

Goksu 1 groundwater had an extremely high concentration of PO4%, approximately
nine times higher than the second-highest, Dortyol groundwater. This is most likely
caused by a connection with the local sewage system in the area. The scent of the
sample and the well observed during the fieldwork also strengthened the doubt of
contamination. The highest DIN and Si concentrations were found in Déortyol, which
might have been sustained by excessive use of fertilizers and longer residence time
of water in the aquifers as the area is not dominated by karst structures (Figure 2.3).
Furthermore, the positive correlation between PO* and NHs* might be due to
organic matter breakdown, especially where higher organic matter levels persist
through sewage connections. The negative correlation between DIN and PO4* on the
other hand, could arise from PO4>* depletion caused by enhanced biological activity
with high concentrations of NO3z". Complex biological dynamics in aquifers might
have led to these correlations; therefore, investigating environmental conditions and
microbial interactions can be useful in the future to have a more precise

understanding of these dynamics.
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4.2. Residence Time

The residence time of the Cilician Basin was estimated for the first time, which can
be a major factor controlling eutrophication dynamics (Defne & Ganju, 2015).
According to hydrodynamic product results, this value averaged out at
approximately 172 days but varied depending on certain factors as circulation
dynamics. Specifically, temporal changes responsible for fluctuations appear linked
to variations within both Latakia Eddy (Robinson et al., 1991) & mesoscale eddy
patterns (Fach et al., 2021). In addition, the eddies formed by northward currents
along the eastern coasts (coasts of Lebanon Syria) may have an influence on the
variations as they may avert the Atlantic waters carried by the Mid-Mediterranean
Jet, and feed the Cilician current (Alhammoud et al., 2005).

This disparity in observations pointed out earlier directly relates to how accurately
Particle Tracking Methods account for particulars such as ingress, egress, and re-
entry until final exit. It's important to mention that this distinctive process comes up
through the consideration of a phenomenon named return flow (Savatier & Rocha,
2021).

Particle tracking results also indicated considerable fluctuations occurring seasonally
and inter-annually, especially in the first 400 meters depth. Since this model is
operated to a depth of 600 meters, caution is advisable when comparing the results
with the first method results. Nevertheless, the 345-day mean value found is
considerably higher than those calculated analytically with the flow data. The
disparity is attributed to the particle tracking method that calculated the particles
entering and leaving the basin and then re-enter until the last exit date, which can be
explained by the return flow term (Savatier & Rocha, 2021). Furthermore, the
seasonal and inter-annual variations can be associated with the reasons explained
above. Lower residence times estimated in the wet season indicated a more rapid
circulation, which is most probably related to atmospheric variability considering
wind-driven circulation in the basin. As a result, higher seasonal differences with

more contrasting meteorological conditions can be expected. Long-term monitoring
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of hydrological, meteorological, and oceanographic data is required for any

statistical data to be presented and correlated with variables.

The ARGO float’s residence time in the basin was also consistent with the particle
tracking results, considering it entered the basin in December 2015 and left in
January 2016. Rapid circulation at that time of the year may have led the float to
reside in the basin for only 31 days, where the average residence time of the surface
layer was estimated as 37 days and 27 days for December and January, respectively,

using the particle tracking method.

Although residence time estimation of open water bodies is not always
straightforward (Moore et al., 2006; Savatier & Rocha, 2021), residence time
calculations are crucial for determining the ?®Ra inventory and, ultimately, the SGD
discharge in the basin. Variability in both time and space must be considered.
Although these results need to be interpreted with caution due to the caveats stated
below (4.1. Caveats and Limitations), the residence time of the Cilician Basin is
estimated for the first time here, and the results revealed that it is the major loss term
of 228Ra. The residence time may also be employed as well to establish comparable
box models in the area for interpreting mixing dynamics, which might be essential

for both biogeochemical and circulation dynamics.

4.3. Radium Activities

Overall, the average ??®Ra activities found in the basin (27 dpm/m? for SL, and 22
dpm/m? for IL) were generally consistent with what was previously reported in
Levantine Sea waters (28 + 2 dpm/m? for SL, and 27 + 2 dpm/m? for IL) (Rodellas
et al., 2015). The increasing activities through depth until 150 m might be caused by
higher ??Ra input until 150 m and rapid circulation in the surface waters. Rapid
surface water circulation might have contributed to the increased activity at higher
depths up to 150 m.
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All groundwater activities were below 300 dpm/m?, with the Goksu delta having the
maximum activity with 257.73 dpm/m3. The higher activity found in Géksu might
have been caused by longer residence time of water in aquifers or saline water
intrusion. However, all the groundwater samples were fresh at the time of sampling.
Hence, the increase in 2%Ra could be attributed to any contamination as previously
noted. 2?8Ra activities were generally lower than previously reported ones as the
quartile range was presented as 640-2200 dpm/m* (Rodellas et al., 2015 and
references therein) for the Mediterranean sea. The significantly lower activities can
be attributed to two main reasons. First, all groundwater samples were freshwater
(Specific conductivity<3500 uS/cm) (Table 1), as higher activities can be expected
with salinity due to the higher ionic strength in saline waters lead radium to desorb
(Moore, 2003; Paytan et al., 2006). Second, the karstic geology of the area can cause
very low activities due to rapid flow of groundwater in cracks and fractures, which
does not provide the necessary time for radium to enrich in the groundwater (Parise
et al., 2018). Another potential reason could be the inefficiency of Mn-fibers due to
the potential anoxic conditions in groundwater (Vinson et al., 2013). However, an
additional survey conducted in April 2023 revealed that the measured DO levels
together with the high nitrate concentrations do not allow for escaping Ra isotopes
from Mn-fibers (Table 3) as the existence of dissolved oxygen or nitrate creates
thermodynamically steady circumstances for solid-phase metal oxides, which

facilitate the extraction of Ra from groundwater (Vinson et al., 2013).

Dissolved ??®Ra activities in rivers exhibited a range between 41 and 175 dpm/m? (n
= 8), where only a single sample (Lamas River) demonstrated an activity below 80
dpm/m?. The potential reasons of lowest activity found in Lamas River can be
speculated as high adsorption and sedimentation rates. To fully understand the
processes underlying this low activity, additional research is required. These results
agreed well with the previously reported activities in the Mediterranean rivers that
had a range of 80-180 dpm/m? (Garcia-Solsona et al., 2008; Ollivier et al., 2008;
Rapaglia et al., 2010; Rodellas et al., 2015 and references therein). However, TSS

measurements revealed that, the average riverine suspended particle inputs were
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significantly lower than the prevailing assumption for the entire Mediterranean
(Rodellas et al., 2015). However, the current TSS measurements include only regular
flow and are not representative of extreme flow and flooding TSS loads, thus
probably underestimating annual average TSS loads. In addition, another study in
the region showed significantly lower concentrations than the Mediterranean Sea
assumption (Ediger, 2020). Low discharge rates, increasing number of dams in the
catchment, geologic, and geomorphic factors might be the reasons of low suspended
matters measured (Hoos et al., 2000; Sow et al., 2016; Vasylenko et al., 2018;
Wildhaber, 2013).

Elevated activities found in the outflow provides evidence for an overall ?*°Ra
enrichment within the basin. The ?2°Ra enrichment zones (>30 dpm/m3) might be
explained by the coastal submarine groundwater discharge distribution along the
coast (Luijendijk et al., 2020) (Figure 4.1).

Coastal Groundwater Discharge x108 m3/year |
0 5 10 15 20

37.0°N -

36.5°N -

Latitude

36.0°N -

35.5°N =

33.0° 335°E 39.0°E 34,5 35.0° 35,5 36.0°E 36.5°E
Longitude

Figure 4.1.  Coastal Groundwater Discharge rates according to Luijendijk et al.
(2020)
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The significant difference between AR values of seawater and catchment samples
may imply that the residence time, hence inflowing water, and other Radium sources
such as sediment diffusion had an impact on overall Radium inventory in the basin
(Moore, 2015). Moreover, there were notable variations between AR’s of each layer
in basin. It can provide information about different water masses and their
movements in the basin (Krest & Moore, 1999; Mears et al., 2020). Further
investigation is needed to have more insight about distinguishing water masses and
their flow patterns using AR. Yet, observed ratios were consistent with the residence
times of the layers as the lowest residence time had the highest AR (Surface Layer),
where the maximum residence times were estimated at the deep layer which had the

minimum AR.

228Ra inventory calculations revealed that upper 600 meters of the Cilician Basin had
approximately 3.4% of the upper 600 m inventories of the Levantine Basin (Rodellas
et al., 2015). Considering the water volumes, 2.28 x 10'® m? (Rodellas et al., 2015)
for the Levantine Basin and 1.05 x 10 m? for the Cilician Basin (~4.6% of the
Levantine Basin), the activities in the Cilician Basin were lower than what might
have been anticipated from these volumes. Presumably, the heterogeneous nature of
radium sources and circulation patterns are the main drivers of the uneven

distribution of 28Ra in the Levantine basin.

Generally, Iskenderun Bay had elevated 2?®Ra activities. One of the potential drivers
of the enrichment in the bay might be the high activities found in Delicay (Hatay)
river. St-018, the closest station to the Deligay (Hatay) River, had the maximum
activity in the bay (Table 11), which further supported the argument. The bay’s
catchment geology is not dominated by Kkarst structures (undivided quaternary
deposits and peridotite were dominant) in contrast to the remaining catchment of the
Cilician Basin (Figure 2.3) (General Directorate of Mineral Research and
Exploration, Tiirkiye, 2002). Correspondingly, infiltration rates can be lower than
what is expected in karst, and the longer residence times in aquifers might lead to an

increase in Ra activities in the submarine groundwater. Furthermore, the enrichment
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in the Iskenderun Bay has been anticipated as the bay’s semi enclosed structure limits

the offshore seawater exchange.

4.4. Submarine Groundwater Discharge and Associated Nutrient Fluxes

SGD rates were higher than riverine discharges, even though the mass-balance was
established with a conservative approach by using the higher quartile end-member
activity, and it resulted in at least 10 times larger discharge rates than riverine
discharges. The estimation yielded shore normalized rate of 152 x 10® m3.km™.y?,
which is comparable with the upper end of the range estimated for the Mediterranean
Sea (6 x 10° to 100 x 10 m3.kmty™?) (Rodellas et al., 2015), and the lower end of
range estimated for the Atlantic Ocean (230 x 10° to 470 x 10° m3.km™.y %) (Moore
et al., 2008). The area normalized SGD rate (4350 x 10% m*.km2.y 1) was higher
than the predicted ranges of the Mediterranean Sea (110 x 10° to 1900 x 103
m3.km2.y 1) (Rodellas et al., 2015) and the Atlantic Ocean (200 x 10° to 410 x 103
m2.km=2y™) (Moore et al., 2008) that is most likely a consequence of using wet
season ?®Ra end-member and seawater activities (see. 4.5). Furthermore, the DIN-
N, POs-P, and SiOs-Si annual loads associated with SGD were 9%, 44%, and 18%
of DIN-N, DIP-P, and DIS-Si annual loads estimated for the Mediterranean Sea
(Rodellas et al., 2015), respectively. Estimated shore-normalized loads were
significantly higher in the Cilician Basin than what were reported for the
Mediterranean Sea (Rodellas et al., 2015) by factors of 7, 35, and 15 for the DIN-N,
POs-P, and SiOs-Si, respectively. This comparison further implies that SGD-
associated nutrient fluxes may have a huge impact on the nutrient budget of the

Cilician Basin.

The mass-balance approach revealed that the largest net 22Ra contributor was SGD
(Figure 3.25 & 3.26). F,,, Was the second largest net source of ?22Ra and contributed
approximately 23% of F; 4. The dominant fine-grained shelf sediment composition
was the main factor that led to high ??®Ra inputs through sediment diffusion (Table

13). The lower ??®Ra contribution of rivers can be attributed the low levels of TSS.
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These results demonstrated that SGD may have a huge impact on water budget in
the Cilician Basin. Along with the discharge rates, it might be deduced that SGD is
one of the critical processes for any material transport in to the basin. The PO4*,
DIN, and Si contribution by solely FSGD were calculated to obtain net nutrient
fluxes driven by SGD. The findings highlighted that SGD associated nutrient fluxes
might have a substantial influence on nutrient budget of the basin. The large DIN-
N:PO4-P ratios found to be supplied by SGD support the hypothesis that SGD
contributes to the severe P limitation in the area, in addition to the high ratios of
atmospheric input (Kogak et al., 2010). In fact, this might cause changes in
phytoplankton community and interactions between trophic levels by reducing
carbon uptake and fluxes between trophic levels or generating different phenotypes
for phytoplankton through variations in epigenetic regulations and gene expression
(Cabrerizo et al., 2022; Lin, 2023). Correspondingly, SGD can have an impact on
primary production. Although very high DIN:PO4* ratios (Table 8), there is also a
significant amount of PO4* transported to the basin which can lead to an increase in
the primary production and may cause coastal eutrophication, especially in shallow
sub-basins such as Iskenderun Bay, where the SGD-associated nutrient fluxes can
directly enter the euphotic zone. Assuming the median value of minimum FSGD
contributions and selecting the highest end-member 22®Ra activity in the given range
(Table 15) yielded 0.27 kT of SGD-driven PO4> annual load. While selecting this
approach enabled a more conservative SGD estimation, the karst-dominant geology
and measured activities in the catchment raise the possibility of larger SGD rates and

associated nutrient fluxes.

Moreover, temporal variations might be the key element to understand occasional
coastal eutrophication in the basin as extreme SGD rates can lead to episodic nutrient

enrichment (Diego-Feliu et al., 2022).

The conservative approach by taking the literature end-member activities into
account resulted in an imprecise span (131—4553 km?3/yr of SGD) as no saline

groundwater was sampled during the study. Future work is needed to obtain saline
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end-member activities that enable more precise estimations by having precise values

for end-member activities and FSGD content.

4.5. Caveats and Limitations

The large range of end-member activity that arose from the lack of saline end-
members has led to a wide span of SGD rates. Furthermore, the annual estimation
made by using wet season activities and high temporal variability in the residence
time further increased the uncertainty in the estimations. The maximum estimated
SGD rate was substantially higher than the riverine discharge by a factor of 332,
which may not be realistic. Therefore, caution is advised when using these rates, and
future work is suggested to obtain more precise and accurate results, although this
study showed that the SGD and associated nutrient input might have a crucial role in

the water and nutrient budgets in the Cilician Basin for the first time.

The particle tracking model used in this study does not have vertical fluxes and
particles are not allowed to move vertically. Therefore, the estimated residence times
should not be regarded as general values for the region, and furthermore, cannot be
representative of coastal areas. Case specific analysis for each sub-region is required.
In the future, a 3D hydrodynamic model may be used to calculate the resident time

in the sub-basin scale so that the impact of vertical motions can be considered.

There might be significant variability in the SGD rates and associated nutrient fluxes
considering that the seasonal variation only in the calculated RT values accounts for
a significant change in SGD rates, therefore, mass-balance approaches must be
considered tentatively when extrapolating the results temporally. 2%Ra activities
constrained through a year using the snapshot results can lead to uncertainties in
SGD rate estimations as there might be significant temporal variations in the

activities and the residence time (Tamborski et al., 2020).

Measurements of Ra activities were carried out at LSU and TARLA simultaneously

because of the logistics. Although the detector in TARLA was calibrated with a
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standard material and necessary background measurements were carried out, the fact
that the detectors were not inter-calibrated makes it impractical to compare the
measured activities of different detectors. Accordingly, only the activities measured
at LSU were used in SGD estimations. These samples included only the wet season
samples, therefore SGD rates might be overestimated in the study. Although
approximately two-hundred-and-eighty Ra samples were taken, only thirty-eight
seawater, fifteen catchment samples were analyzed to use in the mass balance within
the scope of this study. Future work including the other samples may allow more
precise and accurate estimations as well as the inclusion of future saline end-member
activities. Similarly, nutrient loads associated with the SGD would vary with more
precise SGD estimations. Moreover, TN and TP analysis that will be conducted in
the future may enhance the comprehension of the nutrient loads and their impacts on

the ecosystem, in addition to the verification of nutrient analysis.

There are inherent uncertainties emerging from the methodology in addition to the
temporal heterogeneity, such as the assumption of steady-state for the 2Ra mass
balance. Nevertheless, because the spatial scale is large and radium is not prone to
gas exchange, it is unlikely that it resulted in a significant error (Rodellas et al.,
2021). On the contrary, lacking any saline end-member might result in remarkable
overestimation in SGD rates. In order to overcome these issues, a large range of end-

member activity were used as a conservative approach.
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CHAPTER 5

CONCLUSION

The Cilician Basin is a peculiar marine environment as a formation place for the LIW
(Fach et al., 2021; Ozsoy et al., 1993; Sur et al., 1992) and with a karst-dominant
catchment (General Directorate of Mineral Research and Exploration, Tiirkiye,
2002), playing a crucial role in the variability of water masses and circulation
dynamics in the Mediterranean Sea. Despite the oligotrophic nature of the Eastern
Mediterranean waters (Béthoux et al., 1998; Krom et al., 2004), increasing industrial
and agricultural activities along its coast expose the basin to a serious eutrophication
threat. In fact, eutrophication takes place especially where the circulation is limited
(i.e., Iskenderun Bay, Mersin Bay) (I. Akcay et al., 2018; Yilmaz et al., 1992).
Therefore, the ecosystem health is in great danger and there is an urgent need to
define and monitor nutrient sources to the basin that will allow efficient ecosystem

management (Ali et al., 2022).

SGD has been shown to be a major component of both the global and the
Mediterranean Sea nutrient budgets (Kwon et al., 2014; Rodellas et al., 2015). The
study hypothesized that SGD might contribute to the water and nutrient budgets of
the Cilician Basin significantly. The objectives of the study were identified as
follows: first, to estimate the residence time of the Cilician Basin and quantify the
water exchange rate between the open sea and the basin; second, to establish ?®Ra
inventories of the Cilician Basin and iskenderun Bay; third, to assess the SGD rates
by utilizing 2?®Ra mass balance, assuming a steady-state condition; and fourth, to
estimate the nutrient flows associated with the groundwater discharge and evaluate
their potential effects on primary production. This study revealed the SGD rates and
associated nutrient fluxes into the Cilician Basin for the first time, and filled the gap
in the literature that had overlooked the SGD and associated nutrient fluxes into the
basin so far. Moreover, the residence time of the basin was estimated for the first
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time, which can be an essential element in any future box model studies as it
represents the offshore water exchange rate (Garcia-Orellana et al., 2021). ?*’Ra
mass balance approach was utilized by establishing a box model. Defining each
source and sink in the balance equation provided SGD related ?2°Ra fluxes as the
residual of the equation. The activities were measured by gamma-spectrometry for
the samples collected through a basin-wide cruise in April 2022 and a catchment
survey conducted in March 2022. The measurements yielded approximately 24.97 x
10®® dpm 2%Ra inventory in the defined box, and the inventory of iskenderun bay
was found as 5.57 x 10*? dpm. Furthermore, the residence time of the basin using
numerical modeling was reported for the first time, indicating a rapid circulation
through the surface layer with a high temporal variability. Assuming a large range
of end-member activity including also the available literature data yielded at least
121 km? of annual discharge, while the maximum rate was estimated as 4236 km?*/yr.
SGD rates were most sensitive to the residence time of the surface layer except for
the Ra activities as the maximum seasonal variation in residence time of the surface
layer, 24 days in the wet season and 74 days in the dry season, corresponded
approximately threefold change in SGD rate. Consequently, calculating SGD rates

taking the variability into account is advisable for more accurate estimates.

These results indicated that SGD might have had a substantial role in the nutrient
budget of the basin, even in the most conservative scenario, where the loads
corresponded to 66%, 106%, and 96% of riverine PO4-P, DIN-N, and SiOs-Si loads.
Moreover, the high DIN:PO.* ratio, 139, suggested that SGD might be the major
driver of observed phosphorus limitation in the area (Krom et al., 2010). Therefore,
it might have a potential influence on primary production by altering phytoplankton
community structure and dynamics between trophic levels (Cabrerizo et al., 2022;
Lin, 2023). Nonetheless, further investigation is needed to better estimate the SGD
related fluxes to the basin and understand the effects of SGD on the marine

ecosystem.
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APPENDICES

A. Sea sample stations

Latitude | Longitude
Date Station Type | (decimal | (decimal
degrees) | degrees)

Sample
ID

Depth
(m)

Offshore
1| 10/13/2021 S“(?;ﬁce Seawater | 36.0460 | 33.9320 | 3
Series) 1

Offshore
2 | 10/13/2021 S“(?;ﬁce Seawater | 36.0460 | 33.9320 | 3
Series) 2

Offshore
3 10/13/2021 | Surface | Seawater | 33.9320 36.0460 3
(Single)

4 | 10/13/2021 Og‘zg‘;re Seawater | 36.0460 | 33.9320 | 580

Coastal
5 | 10/13/2021 S“(EECG Seawater | 36.3050 | 33.8800 | 3
Series) 1

Coastal
6 | 10/13/2021 Su(ﬁce Seawater | 36.3050 | 33.8800 | 3
Series) 2

Coastal
7 10/13/2021 | Surface | Seawater | 33.8800 36.3050 3
(Single)

8 | 101372021 | €01l | seavater | 36.3050 | 33.8800 | 20
Deep 1

o | 10/132021 | 03l | oo vater | 36.3050 | 33.8800 | 20
Deep 2

St-005
62* 15.04.2022 109 Seawater | 36.2431 35.6657 3
Double
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Sample _ Latifcude Long_itude Depth

1D Date Station Type (ddeu mal | (decimal m)
egrees) | degrees)

63 13.04.2022 | St-012 | Seawater | 36.1697 | 33.8571 3
64 13.04.2022 | St-012 | Seawater | 36.1697 | 33.8571 49
65 13.04.2022 | St-012 | Seawater | 36.1697 | 33.8571 20
66 13.04.2022 | St-013 | Seawater | 36.0986 | 33.3970 3
67 13.04.2022 | St-013 | Seawater | 36.0986 | 33.3970 30
68 13.04.2022 | St-013 | Seawater | 36.0986 | 33.3970 92
69 14.04.2022 | St-016 | Seawater | 35.6977 | 32.9087 3
70 14.04.2022 | St-016 | Seawater | 35.6977 | 32.9087 | 1230
71 14.04.2022 | St-016 | Seawater | 35.6977 | 32.9087 600
72 14.04.2022 | St-016 | Seawater | 35.6977 | 32.9087 250
73 14.04.2022 | St-016 | Seawater | 35.6977 | 32.9087 100
74 14.04.2022 | St-015 | Seawater | 35.8710 | 32.9624 3
75 14.04.2022 | St-015 | Seawater | 35.8710 | 32.9624 | 1177
76 14.04.2022 | St-015 | Seawater | 35.8710 | 32.9624 | 1121
77 14.04.2022 | St-015 | Seawater | 35.8710 | 32.9624 600
78 14.04.2022 | St-015 | Seawater | 35.8710 | 32.9624 300
79 14.04.2022 | St-015 | Seawater | 35.8710 | 32.9624 160
80 14.04.2022 | St-015 | Seawater | 35.8710 | 32.9624 30
81 14.04.2022 | St-014 | Seawater | 36.0074 | 32.9618 3
82 14.04.2022 | St-014 | Seawater | 36.0074 | 32.9618 339
83 14.04.2022 | St-014 | Seawater | 36.0074 | 32.9618 270
84 14.04.2022 | St-014 | Seawater | 36.0074 | 32.9618 160
85 14.04.2022 | St-014 | Seawater | 36.0074 | 32.9618 30
86 14.04.2022 | St-001 | Seawater | 36.0000 | 34.2294 3
87 15.04.2022 | St-001 | Seawater | 36.0000 | 34.2294 917
88 15.04.2022 | St-001 | Seawater | 36.0000 | 34.2294 875
89 15.04.2022 | St-001 | Seawater | 36.0000 | 34.2294 600
90 15.04.2022 | St-001 | Seawater | 36.0000 | 34.2294 250
91 15.04.2022 | St-001 | Seawater | 36.0000 | 34.2294 100
92 15.04.2022 | St-001 | Seawater | 36.0000 | 34.2294 40
93 15.04.2022 | St-002 | Seawater | 35.9691 | 35.0476 3
94 15.04.2022 | St-002 | Seawater | 35.9691 | 35.0476 958
95 15.04.2022 | St-002 | Seawater | 35.9691 | 35.0476 600
96 15.04.2022 | St-002 | Seawater | 35.9691 | 35.0476 250
97 15.04.2022 | St-002 | Seawater | 35.9691 | 35.0476 40
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Sample _ Latif[ude Long_itude Depth
1D Date Station Type (ddeC|maI (decimal m)
egrees) | degrees)
98 15.04.2022 | St-002 | Seawater | 35.9691 | 35.0476 | 1083
99 15.04.2022 | St-003 | Seawater | 35.9499 | 35.3147 3
100 | 15.04.2022 | St-003 | Seawater | 35.9499 | 35.3147 | 1014
101 | 15.04.2022 | St-003 | Seawater | 35.9499 | 35.3147 600
102 | 15.04.2022 | St-003 | Seawater | 35.9499 | 35.3147 250
103 | 15.04.2022 | St-003 | Seawater | 35.9499 | 35.3147 40
104 15.04.2022 | St-004 | Seawater | 36.0911 | 35.5133 3
105 | 15.04.2022 | St-004 | Seawater | 36.0911 | 35.5133 340
106 | 15.04.2022 | St-004 | Seawater | 36.0911 | 35.5133 225
107 | 15.04.2022 | St-004 | Seawater | 36.0911 | 35.5133 150
108 | 15.04.2022 | St-004 | Seawater | 36.0911 | 35.5133 40
109* | 15.04.2022 | St-005 | Seawater | 36.2431 | 35.6657 3
110 | 15.04.2022 | St-005 | Seawater | 36.2431 | 35.6657 99
111 | 15.04.2022 | St-005 | Seawater | 36.2431 | 35.6657 40
112 | 15.04.2022 | St-018 | Seawater | 36.4823 | 35.9019 3
113 | 15.04.2022 | St-006 | Seawater | 36.5897 | 35.9805 3
114 | 15.04.2022 | St-006 | Seawater | 36.5897 | 35.9805 71
115 | 15.04.2022 | St-006 | Seawater | 36.5897 | 35.9805 30
116 | 16.04.2022 | St-007 | Seawater | 36.7182 | 36.0254 3
117 | 16.04.2022 | St-007 | Seawater | 36.7182 | 36.0254 62
118 | 16.04.2022 | St-007 | Seawater | 36.7182 | 36.0254 50
119 | 16.04.2022 | St-007 | Seawater | 36.7182 | 36.0254 20
120* | 16.04.2022 | St-019 | Seawater | 36.7739 | 36.1248 3
121* | 16.04.2022 | St-020 | Seawater | 36.8183 | 35.9897 3
122 | 16.04.2022 | St-021 | Seawater | 36.7174 | 35.8198 3
123 | 16.04.2022 | St-008 | Seawater | 36.6117 | 35.7738 3
124 | 16.04.2022 | St-008 | Seawater | 36.6117 | 35.7738 69
125 | 16.04.2022 | St-008 | Seawater | 36.6117 | 35.7738 25
St-008
126 | 16.04.2022 125 Seawater | 36.6117 | 35.7738 25
Double
127 | 16.04.2022 | St-009 | Seawater | 36.4641 | 35.4622 3
128 | 16.04.2022 | St-009 | Seawater | 36.4641 | 35.4622 70
129 | 16.04.2022 | St-009 | Seawater | 36.4641 | 35.4622 30
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Sample _ Latifcude Long_itude Depth
1D Date Station Type (ddeu mal | (decimal m)
egrees) | degrees)
St-009
130 | 16.04.2022 129 Seawater | 36.4641 | 35.4622 30
Double
131 | 16.04.2022 | St-017 | Seawater | 36.3407 | 34.9669 3
132 | 16.04.2022 | St-017 | Seawater | 36.3407 | 34.9669 105
133 | 16.04.2022 | St-017 | Seawater | 36.3407 | 34.9669 30
St-017
134 | 16.04.2022 133 Seawater | 36.3407 | 34.9669 30
Double
135 | 16.04.2022 | St-010 | Seawater | 36.6813 | 34.6999 3
136 | 16.04.2022 | St-010 | Seawater | 36.6813 | 34.6999 47
137 | 16.04.2022 | St-010 | Seawater | 36.6813 | 34.6999 7
138 | 16.04.2022 | St-011 | Seawater | 36.5540 | 34.3070 3
139 | 16.04.2022 | St-011 | Seawater | 36.5540 | 34.3070 70
140 | 16.04.2022 | St-011 | Seawater | 36.5540 | 34.3070 30
St-019
141 | 16.04.2022 120 Seawater | 36.7739 | 36.1248 3
Double
St-020
142 | 16.04.2022 121 Seawater | 36.8183 | 35.9897 3
Double
143 | 31.08.2022 | St-012 | Seawater | 36.1702 | 33.8563 3
144 | 31.08.2022 | St-012 | Seawater | 36.1702 | 33.8563 51
145 | 31.08.2022 | St-012 | Seawater | 36.1702 | 33.8563 20
146 | 31.08.2022 | St-013 | Seawater | 36.0898 | 33.3899 3
147 | 31.08.2022 | St-013 | Seawater | 36.0898 | 33.3899 110
148 | 31.08.2022 | St-013 | Seawater | 36.0898 | 33.3899 30
149 | 31.08.2022 | St-014 | Seawater | 36.0000 | 32.9500 364
150 | 31.08.2022 | St-014 | Seawater | 36.0000 | 32.9500 3
151 | 31.08.2022 | St-014 | Seawater | 36.0000 | 32.9500 460
152 | 31.08.2022 | St-014 | Seawater | 36.0000 | 32.9500 600
153 | 31.08.2022 | St-014 | Seawater | 36.0000 | 32.9500 160
154 1.09.2022 | St-014 | Seawater | 36.0000 | 32.9500 60
156 1.09.2022 | St-015 | Seawater | 35.8500 | 32.9500 3
157 1.09.2022 | St-015 | Seawater | 35.8500 | 32.9500 | 1118
158 1.09.2022 | St-015 | Seawater | 35.8500 | 32.9500 | 1085
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Sample _ Latif[ude Long_itude Depth
1D Date Station Type | (decimal | (decimal m)
degrees) | degrees)
159 1.09.2022 | St-015 | Seawater | 35.8500 | 32.9500 600
160 1.09.2022 | St-015 | Seawater | 35.8500 | 32.9500 300
161 1.09.2022 | St-015 | Seawater | 35.8500 | 32.9500 160
162 1.09.2022 | St-015 | Seawater | 35.8500 | 32.9500 10
163 1.09.2022 | St-016 | Seawater | 35.7000 | 32.9800 3
St-016
164 1.09.2022 163 Seawater | 35.7000 | 32.9800 3
Double
165 1.09.2022 | St-016 | Seawater | 35.7000 | 32.9800 3
St-016
166 1.09.2022 165 Seawater | 35.7000 | 32.9800 3
Double
1212
167 1.09.2022 | St-016 | Seawater | 35.7000 | 32.9800 1240
1158
168 1.09.2022 | St-016 | Seawater | 35.7000 | 32.9800 1154
169 1.09.2022 | St-016 | Seawater | 35.7000 | 32.9800 600
170 1.09.2022 | St-016 | Seawater | 35.7000 | 32.9800 250
171 1.09.2022 | St-016 | Seawater | 35.7000 | 32.9800 75
St-016
172 1.09.2022 171 Seawater | 35.7000 | 32.9800 75
Double
173 1.09.2022 | St-016 | Seawater | 35.7000 | 32.9800 75
St-016
174 1.09.2022 173 Seawater | 35.7000 | 32.9800 75
Double
175 1.09.2022 | St-016 | Seawater | 35.7000 | 32.9800 20
176 1.09.2022 | St-001 | Seawater | 36.0000 | 34.2500 3
St-001
177 1.09.2022 176 Seawater | 36.0000 | 34.2500 3
Double
178 1.09.2022 | St-001 | Seawater | 36.0000 | 34.2500 3
St-001
179 1.09.2022 178 Seawater | 36.0000 | 34.2500 3
Double
180 1.09.2022 | St-001 | Seawater | 36.0000 | 34.2500 908
181 1.09.2022 | St-001 | Seawater | 36.0000 | 34.2500 867
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Sample _ Latifcude Long_itude Depth
1D Date Station Type (ddeu mal | (decimal m)
egrees) | degrees)
182 2.09.2022 | St-001 | Seawater | 36.0000 | 34.2500 600
183 2.09.2022 | St-001 | Seawater | 36.0000 | 34.2500 150
184 2.09.2022 | St-001 | Seawater | 36.0000 | 34.2500 50
185 2.09.2022 | St-001 | Seawater | 36.0000 | 34.2500 20
186 2.09.2022 | St-002 | Seawater | 35.9833 | 35.0500 | 1092
187 2.09.2022 | St-002 | Seawater | 35.9833 | 35.0500 3
188 2.09.2022 | St-002 | Seawater | 35.9833 | 35.0500 | 1067
189 2.09.2022 | St-002 | Seawater | 35.9833 | 35.0500 600
190 2.09.2022 | St-002 | Seawater | 35.9833 | 35.0500 180
191 2.09.2022 | St-002 | Seawater | 35.9833 | 35.0500 80
192 2.09.2022 | St-002 | Seawater | 35.9833 | 35.0500 30
193 2.09.2022 | St-035 | Seawater | 35.9067 | 35.0600 3
194 2.09.2022 | St-035 | Seawater | 35.9067 | 35.0600 180
195 2.09.2022 | St-035 | Seawater | 35.9067 | 35.0600 80
196 2.09.2022 | St-035 | Seawater | 35.9067 | 35.0600 20
197 2.09.2022 | St-003 | Seawater | 35.9444 | 35.2854 3
198 2.09.2022 | St-003 | Seawater | 35.9444 | 35.2854 | 1094
199 2.09.2022 | St-003 | Seawater | 35.9444 | 35.2854 600
200 2.09.2022 | St-003 | Seawater | 35.9444 | 35.2854 160
201 2.09.2022 | St-003 | Seawater | 35.9444 | 35.2854 80
202 2.09.2022 | St-003 | Seawater | 35.9444 | 35.2854 20
203 2.09.2022 | St-036 | Seawater | 36.0011 | 35.5612 3
204 2.09.2022 | St-036 | Seawater | 36.0011 | 35.5612 180
205 2.09.2022 | St-036 | Seawater | 36.0011 | 35.5612 80
206 2.09.2022 | St-036 | Seawater | 36.0011 | 35.5612 30
207 2.09.2022 | St-004 | Seawater | 36.0833 | 35.5167 364
208 2.09.2022 | St-004 | Seawater | 36.0833 | 35.5167 140
209 2.09.2022 | St-004 | Seawater | 36.0833 | 35.5167 80
210 2.09.2022 | St-004 | Seawater | 36.0833 | 35.5167 20
211 2.09.2022 | St-004 | Seawater | 36.0833 | 35.5167 3
212 2.09.2022 | St-005 | Seawater | 36.2418 | 35.6696 101
213 2.09.2022 | St-005 | Seawater | 36.2418 | 35.6696 60
214 2.09.2022 | St-005 | Seawater | 36.2418 | 35.6696 3
215 2.09.2022 | St-005 | Seawater | 36.2418 | 35.6696 20
216 3.09.2022 | St-038 | Seawater | 36.4071 | 35.7324 3
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Sample _ Latif[ude Long_itude Depth
1D Date Station Type (ddeC|maI (decimal m)
egrees) | degrees)
217 3.09.2022 | St-038 | Seawater | 36.4071 | 35.7324 75
218 3.09.2022 | St-006 | Seawater | 36.4823 | 35.9019 45
219 3.09.2022 | St-006 | Seawater | 36.4823 | 35.9019 33
220 3.09.2022 | St-007 | Seawater | 36.5905 | 35.9807 3
221 3.09.2022 | St-030 | Seawater | 36.5370 | 35.9500 3
222 3.09.2022 | St-029 | Seawater | 36.6230 | 36.0470 3
223 3.09.2022 | St-022 | Seawater | 36.6540 | 36.0990 60
224 3.09.2022 | St-022 | Seawater | 36.6540 | 36.0990 31
225 3.09.2022 | St-026 | Seawater | 36.7230 | 36.1370 3
226 3.09.2022 | St-018 | Seawater | 36.7739 | 36.1248 3
227 3.09.2022 | St-019 | Seawater | 36.8183 | 35.9897 49
228 3.09.2022 | St-019 | Seawater | 36.8183 | 35.9897 20
229 3.09.2022 | St-025 | Seawater | 36.8010 | 36.0490 3
230 3.09.2022 | St-008 | Seawater | 36.7221 | 36.0253 3
231 3.09.2022 | St-028 | Seawater | 36.6890 | 35.9730 55
232 3.09.2022 | St-028 | Seawater | 36.6890 | 35.9730 30
233 3.09.2022 | St-023 | Seawater | 36.6580 | 35.9080 3
234 3.09.2022 | St-031 | Seawater | 36.6230 | 35.8580 3
235 3.09.2022 | St-024 | Seawater | 36.7750 | 35.9040 3
236 3.09.2022 | St-027 | Seawater | 36.7470 | 35.8660 3
237 3.09.2022 | St-020 | Seawater | 36.7174 | 35.8198 3
238 3.09.2022 | St-032 | Seawater | 36.6870 | 35.7740 3
239 3.09.2022 | St-033 | Seawater | 36.6500 | 35.7190 3
240 3.09.2022 | St-021 | Seawater | 36.6111 | 35.7751 60
241 3.09.2022 | St-021 | Seawater | 36.6111 | 35.7751 20
242 3.09.2022 | St-034 | Seawater | 36.5500 | 35.8230 3
243 3.09.2022 | St-037 | Seawater | 36.5155 | 35.6597 67
244 3.09.2022 | St-037 | Seawater | 36.5155 | 35.6597 20
245 3.09.2022 | St-009 | Seawater | 36.4641 | 35.4626 3
246 3.09.2022 | St-009 | Seawater | 36.4641 | 35.4626 74
247 3.09.2022 | St-009 | Seawater | 36.4641 | 35.4626 60
248 3.09.2022 | St-009 | Seawater | 36.4641 | 35.4626 20
249 3.09.2022 | St-017 | Seawater | 36.3400 | 34.9667 3
250 3.09.2022 | St-017 | Seawater | 36.3400 | 34.9667 106
251 3.09.2022 | St-017 | Seawater | 36.3400 | 34.9667 80
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Sample _ Latifcude Long_itude Depth
1D Date Station Type (ddeu mal | (decimal m)
egrees) | degrees)
252 3.09.2022 | St-017 | Seawater | 36.3400 | 34.9667 44
253 3.09.2022 | St-010 | Seawater | 36.6808 | 34.7009 50
254 3.09.2022 | St-010 | Seawater | 36.6808 | 34.7009 3
255 3.09.2022 | St-010 | Seawater | 36.6808 | 34.7009 30
256 3.09.2022 | St-010 | Seawater | 36.6808 | 34.7009 15
257 4.09.2022 | St-011 | Seawater | 36.5532 | 34.3078 3
258 4.09.2022 | St-011 | Seawater | 36.5532 | 34.3078 75
259 4.09.2022 | St-011 | Seawater | 36.5532 | 34.3078 55
260 4.09.2022 | St-011 | Seawater | 36.5532 | 34.3078 16
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B. Catchment sample stations

Sample
ID

Date

Station

Type

Latitude
(decimal
degrees)

Longitude
(decimal
degrees)

Depth
(m)

10

10/19/2021

METU
Well SK5
(in-series)

1

Well

36.5688

34.2576

11

10/19/2021

METU
Well SK5
(in-series)

2

Well

36.5688

34.2576

12

10/19/2021

METU
Well SK5
(Single)

Well

36.5688

34.2576

13

10/19/2021

METU
Well
SK50 (in-
series) 1

Well

36.5688

34.2576

50

14

10/19/2021

METU
Well
SK50 (in-
series) 2

Well

36.5688

34.2576

50

15

10/19/2021

METU
Well
SK50

(Single)

Well

36.5688

34.2576

50

16

10/20/2021

Lamas
River (in-
series) 1

River

36.5580

34.2470

17

10/20/2021

Lamas
River (in-
series) 2

River

36.5580

34.2470

18

10/20/2021

Lamas
River
(Single)

River

36.5580

34.2470

19

12/11/2021

Gilindire
Cave

Karstic
Undergr
ound
Lake

36.1309

33.4027
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Anamur

20 | 12/11/2021 . River | 36.0772 | 32.8734 ;
River
21 | 1271172021 Acsgflur Well | 36.1013 | 33.0109 | 18
22 12/11/2021 B\‘,’Vg;ﬁk Well | 362702 | 338131 | 15
23 1211212021 | GOksu River | 36.3305 | 34.0285 -
River
24 | 1271212021 C\},i’/l;flu Well | 36.3428 | 34.0105 9
25 | 12/12/2021 | Delicay | River | 36.8150 | 34.7078 .
26 | 12/12/2021 | BErdaN | piver | 367528 | 34.9028 | -
River
27 | 121122020 | SEYMAN | piver | 367850 | 35.0630 | -
River
28 | 12/13/2021 | Ceyhan River | 36.6149 | 35.5898 ;
River
Dortyol
29 | 1211302021 | o Well | 36.8861 | 36.1427 | 32
30 12/13/2021 Sanvl\j‘;fag Well | 36.0683 | 35.9976 30
31 | 12/32021 | ARYET | River | 360450 | 359647 | -
Asi River .
32 | 1271302021 | "% 20 River | 36.0459 | 35.9647 ;
33 | 12/14/2021 T\f‘vrgﬁs Well | 36.8949 | 34.9604 | 120
METU
34 | 12/15/2021 | Well Well | 365688 | 34.2576 | 50
SK50 - US
METU
35 | 12/15/2021 |  Well Well | 365688 | 34.2576 | 50
SK50 - TR
36 | 12/15/2021 | AMas 1 poier | 365580 | 34.2470 i
River - US
37 | 1211502021 | 1AM | pier | 365580 | 342470 | -
river - TR
38 3//2022 | Anamur | pouor | 360772 | 328734 | -
River
39 3/2/2022 A\’}\‘j‘gl‘lur Well | 36.1013 | 33.0109 | 18

126




Gilindire

Karstic
Undergr

40 3/2/2022 36.1309 | 33.4027 ;
Cave ound
Lake
41 3/2/2022 B\‘,’f;ﬁk Well | 362702 | 338131 | 15
42 3/2/2022 (;’,i’};slu Well | 36.3428 | 34.0105 9
43 3/2/2022 Goksu River | 36.3305 | 34.0285 -
River
a6 | 33022 | BerdAN |\ pier | 367528 | 34.9028 | -
River
45 3/3/2022 T\f‘vr::‘f Well | 36.8949 | 34.9604 | 120
46 332022 | S&Yhan | e | 367850 | 35.0630 | -
River
47 342022 | CoYhanN | pier | 36.6149 | 355898 | -
River
Dortyol
48 3/4/2022 Well Well | 36.8861 | 36.1427 | 32
Delicay
49 3/4/2022 (Hatay) River 36.8334 | 36.1734 -
River
50 3/4/2022 | AsiRiver | River | 36.0477 | 35.9688 -
51 3/4/2022 San\;\j‘;fag Well | 36.0683 | 35.9976 | 30
52 3/10/2022 | LA@mas River | 36.5580 | 34.2470 ;
River
METU
53 3/10/2022 Well Well | 36.5688 | 34.2576 | 50
SK50
Karstic
261 | 14.9.202 | CGllindire | Undergr | 501300 | 334027 ;
Cave ound
Lake
262 14.9.2022 | Anamur River | 36.0772 | 32.8734
River
263 | 14.9.2022 AC@;TIW Well | 36.1013 | 33.0100 | 18
264 14.9.2022 B\‘/’Vgesfl‘k Well | 36.2702 | 338131 | 15
265 15.9.2022 Goksu River | 36.3305 | 34.0285
River
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Goksu

266 15.9.2022 Well | 36.3414 | 34.0101
Well-2

267 | 15.9.2022 T\f‘vrzluls Well | 36.8949 | 34.9604 | 120

268 | 15.9.2022 | Berdan River | 36.7528 | 34.9028
River

269 | 15.9.2022 | Seyhan River | 36.7850 | 35.0630
River

270 | 16.9.2022 | CeYhan | poier | 36.6149 | 35.5898
River
Dortyol

271 16.9.2022 Well Well | 36.8861 | 36.1427 32

272 16.9.2022 | AsiRiver | River | 36.0477 | 35.9688

273 16.9.2022 Sanvl\j‘;fag Well | 36.0683 | 35.9976 30

274 16.9.2022 Sanvl\j‘;fag Well | 36.0683 | 35.9976 30

275 17.9.2022 | Delicay River | 36.8150 | 34.7078

276 | 20.9.2022 SK-50 Well | 36.5688 | 34.2576 50
SK-50

277 20.9.2022 276 Well | 36.5688 | 34.2576 50
Double

278 | 20.9.2022 SK-50 Well | 36.5688 | 34.2576 50
SK-50

279 | 20.9.2022 278 Well | 36.5688 | 34.2576 50
Double

280 | 20.9.2022 Lamas River | 36.5580 | 34.2470
Lamas

281 20.9.2022 280 River | 36.5580 | 34.2470
Double

282 20.9.2022 Lamas River | 36.5580 | 34.2470
Lamas

283 | 20.9.2022 282 River | 36.5580 | 34.2470
Double
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C. Nutrient concentrations in groundwater samples

Station

IMS 50
Anamur
Gilindire
Bogsak
Goksu 1

Tarsus
Dortyol

Samandag

Anamur
Gilindire
Bogsak
Goksu 1

Tarsus
Dértyol

Samandag

IMS 50
Anamur
Gilindire
Goksu 1

Tarsus
Dortyol

Samandag

IMS 50

IMS 5

Date

13.12.2021
11.12.2021
12.12.2021
13.12.2021
14.12.2021
13.12.2021
11.12.2021
11.12.2021
22.01.2022
22.01.2022
22.01.2022
22.01.2022
23.01.2022
23.01.2022
23.01.2022
28.02.2022
02.03.2022
02.03.2022
02.03.2022
03.03.2022
04.03.2022
04.03.2022
26.04.2022
26.04.2022

PO,
)

0.03
0.16
0.53
0.23
7.82
0.34
0.53
0.40
0.67
0.79
0.61
0.83
0.86
0.82
0.83
0.13
0.29
0.18
6.02
0.14
0.31
0.28
0.26
0.34

NO3+NO;

(M)
649.80
0.94
3.17
1.37
46.94
2.02
3.20
2.38
498.66
88.28
103.93
1.98
183.98
530.14
171.40
470.33
475.08
107.81
2.88
465.06
516.08
515.53
444 .56
387.10
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NO;
(M)

0.22
0.41
0.28
0.47
0.25
0.51
0.42
0.60
0.11
0.08
0.21
0.07
0.67
0.10
0.57
0.33
0.26
0.36
0.13
8.77
0.31
5.86
0.31
0.29

NH,
(M)

0.09
0.97
2.37
1.34
45.91
7.77
0.94
2.44
2.18
1.64
2.82
36.11
0.91
1.52
1.48
0.88
0.34
2.38
43.33
0.79
0.10
1.07
1.07
0.68

Si
(uM)
321.00
58.21
19.42
39.57
226.15
154.72
198.95
73.09
34.88
15.83
31.21
30.98
65.23
147.71
151.60
229.88
115.54
62.57
220.24
235.57
515.06
304.03
17.35
93.98

DIN
(uM)

649.89
1.91
5.54
2.71

92.85
9.79
414
4.82

500.84

89.92

106.75

38.09

184.89

531.66

172.88

471.21

475.42

110.19

46.21

465.85

516.18

516.60

445.63

387.78



Station

Anamur
Gilindire
Bogsak
Goksu 1
Goksu 2
Tarsus
Dortyol
Samandag
IMS 50
IMS 5
Anamur
Gilindire
Bogsak
Goksu 1
Goksu 2
Tarsus
Dortyol
Samandag
IMS 50
Anamur
Bogsak
Goksu 1
Goksu 2
Tarsus
Dértyol

Samandag

Date

26.04.2022
26.04.2022
26.04.2022
26.04.2022
26.04.2022
26.04.2022
27.04.2022
27.04.2022
26.05.2022
26.05.2022
26.05.2022
26.05.2022
26.05.2022
26.05.2022
26.05.2022
26.05.2022
26.05.2022
26.05.2022
22.06.2022
22.06.2022
22.06.2022
22.06.2022
22.06.2022
23.06.2022
23.06.2022
23.06.2022

PO,
(M)

0.34
0.90
0.31
10.99
0.57
0.52
0.67
0.14
0.39
0.35
0.29
0.23
0.28
8.59
0.73
0.91
0.77
0.14
0.23
0.16
0.17
6.10
0.76
0.60
0.65
0.11

NO3z+NO,
(uM)

483.33
59.00
188.23
3.35
0.74
125.71
519.15
603.33
518.18
501.33
495.67
133.23
215.25
6.59
1.61
288.12
543.08
603.33
469.40
0.97
1.01
36.61
4.57
221.27
3.89
0.65

130

NO, NHs
(uM)  (uM)
0.26  6.09
042 3.77
055 1.07
0.29 33.33
0.08 18.18
031 1.58
041 8.8
7.78  2.66
049 154
024 1.22
036 1.37
052 0.75
031 1.29
0.14 49.61
0.05 1.04
047 222
035 0.92
7.78  2.66
0.37 0.53
0.46 2.54
042 1.10
0.20  40.49
033 1.76
037  0.27
022 1.70
030 1.42

Si
(nM)
30.79
34.00
39.33
60.70
63.37
80.90

291.94
168.33
49.53
133.32
57.81
30.33
6.60
79.99
100.83
147.43
472.68
168.33
29.33
7.95
24.56
64.71
47.94
64.09
341.46
24.94

DIN
(nM)

489.42
62.77
189.30
36.68
18.92
127.29
528.03
605.99
519.72
502.55
497.04
133.98
216.54
56.20
2.65
290.34
544.00
605.99
469.93
3.51
211
77.10
6.33
221.54
5.59
2.07



Station

Anamur
Gilindire
Bogsak
Goksu 1
Goksu 2
Tarsus
Dortyol
Samandag
IMS 50
Anamur
Gilindire
Bogsak
Goksu 1
Goksu 2
Tarsus
Dortyol
Samandag
Anamur
Gilindire
Bogsak
Goksu 1
Goksu 2
Tarsus
Dértyol
Samandag

IMS 50

Date

19.07.2022
19.07.2022
19.07.2022
19.07.2022
19.07.2022
20.07.2022
20.07.2022
20.07.2022
21.07.2022
14.09.2022
14.09.2022
14.09.2022
15.09.2022
15.09.2022
15.09.2022
16.09.2022
16.09.2022
18.10.2022
18.10.2022
18.10.2022
18.10.2022
18.10.2022
19.10.2022
19.10.2022
20.10.2022
23.11.2022

PO,
(M)

0.37
0.86
0.33
6.46
0.59
0.52
241
0.21
0.37
0.28
0.32
0.60
5.03
0.37
1.14
0.74
1.44
0.79
1.46
0.76
4.76
0.72
0.55
0.58
1.04
0.64

NO3+NO;

(nM)
2.20
5.15
1.98

38.77
3.56
3.10

14.47
1.26
2.23

497.74
170.32
506.52

14.42

2.44
270.86
565.71
425.15
508.09
194.85
501.74

14.14

2.18
284.72
562.45
424.96
497.18

131

NO;
(M)

0.44
0.72
1.25
0.38
0.44
0.17
0.22
0.76
0.25
0.32
0.10
0.65
0.20
0.16
0.17
0.15
0.79
0.41
0.28
1.14
0.23
0.15
2.93
0.26
0.91
0.12

NH,
(M)

2.25
6.56
1.48
47.38
0.59
1.25
11.71
2.46
2.20
9.87
13.00

60.64
13.63
14.60
12.95
0.21
11.42
12.60
9.16
53.14
13.13
2.45
12.22
1.36
1.56

Si
(nM)
24.34
34.64
33.29

100.97
47.35
50.93

124.41

116.35
27.50

248.51

107.63

171.93

498.69

309.56

485.06

809.42

444,98

250.99

110.14

175.09

541.26

314.10

532.47

1082.49
519.35
269.54

DIN
(nM)

4.45
11.71
3.46
86.15
4.15
4.35
26.18
3.72
4.43
507.61
183.32
506.52
75.06
16.07
285.46
578.66
425.36
519.51
207.45
510.90
67.28
15.31
287.17
574.67
426.32
498.74



Station

IMS 5
Anamur
Gilindire
Bogsak
Goksu 1
Goksu 2

IMS 50

IMS 5

Tarsus
Dortyol

Samandag

Date

23.11.2022
26.11.2022
26.11.2022
26.11.2022
26.11.2022
26.11.2022
25.11.2022
25.11.2022
23.11.2022
24.11.2022
25.11.2022

PO,
(M)

0.13
2.03
2.33
2.29
8.89
2.05
0.68
0.60
0.20
2.32
1.06

NO3;+NO;

(nM)
390.51
745.94
140.85
439.43

4.43

2.74
489.97
425.66
259.18
1162.45
324.38

132

NO;
(M)

0.16
10.10
11.47
10.64

0.10

0.09

0.10

0.18

1.03
19.99

1.13

NH,
(M)

1.30
24.65
25.12
25.73
53.06
21.21

1.13

1.39

1.25
25.32

0.96

Si
(nM)
430.21
247.18
72.38
128.71
440.61
333.03
236.57
490.51
456.17
337.87
494.00

DIN
(nM)

391.81
770.59
165.97
465.16
57.49
23.95
491.10
427.05
260.43
1187.77
325.34



