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ABSTRACT

COASTAL EUTROPHICATION AND HYPOXIA UNDER FOCUS: REDOX
DEPENDENT BENTHIC NUTRIENT FLUXES ACROSS SEA BOUNDARIES
IN THE NORTHEASTERN MEDITERRANEAN AND MARMARA SEA

Akcay, Ismail
Doctor of Philosophy, Oceanography
Supervisor: Assoc. Prof. Dr. Mustafa Yiicel

February 2022, 154 pages

Seafloor biogeochemistry can dramatically shift in response to deoxygenation and
eutrophication-driven  organic carbon production. In  such conditions,
biogeochemical cycling of key nutrients can be highly coupled to oxygen
concentrations and metal redox cycles, often leading to the increase in dissolved
nutrients and metals concentrations in the deep water column. In this thesis, such
biogeochemical feedbacks have been studied for the first time for the Turkish Seas.
Porewater and solid-state biogeochemistry were determined in the Northeastern
(NE) Mediterranean and Marmara Sea, displaying distinct biogeochemical
properties, between March 2018 and July 2019. Sediment porewater diffusive
nutrient fluxes were calculated from the obtained core samples in these distinct
marine environments. The study results indicated that contribution of porewater
diffusive nutrient fluxes to the total nutrient fluxes from sea boundaries
surrounding the NE Mediterranean Sea was calculated as 5.8% for phosphate, 12%
for nitrate, 19% for ammonium and 22% for reactive silicate, respectively.
Porewater nitrate, sulfate and hydrogen sulfide profiles obtained in the Marmara

Sea showed that organic matter degradation processes in the upper 20-30 cmbs

vii



have occurred by oxic respiration, denitrification and sulfate reduction whilst
organic matter decomposition was limited by oxic respiration in the upper
sedimentary column in the southern Marmara Sea. The distribution of porewater
sulfate, hydrogen sulfide, and major elements throughout the sediment cores
obtained specifically from the Izmit Bay, suggested principal biogeochemical and
early diagenetic processes such as anaerobic oxidation of methane (AOM),
carbonate precipitation, iron reduction, iron sulfide precipitation and low-
temperature silicate diagenesis. Furthermore, the biogeochemical cycling of
sedimentary phosphorus (P) was studied in the NE Mediterranean, Marmara and
Black Seas and the pool of “potentially mobile P”” was determined for the studied
sites. The study results showed that porewater and sediment biogeochemistry
displayed remarkable spatial variability in the studied sites with the maximum
concentrations of porewater phosphate, ammonium, reactive silicate, surface
sediment organic carbon, nitrogen, phosphorus and total phosphorus measured in
the hypoxic Marmara Sea and suboxic/anoxic Black Sea. The decline in the total
phosphorus concentrations of all sediment core samples indicated P-mobilization to
the overlying water. The pool of “potentially mobile P” varied between 0.023 and
0.148 mol/m? in the studied sites with the minimum values recorded in the marine
environments with highly oxygenated deep waters. The correlation between
calculated diffusive nutrient fluxes and the deep waters dissolved oxygen
concentrations indicated the redox-dependency on the benthic nutrient dynamics in
the NE Mediterranean and Marmara Sea as the lower deep water dissolved oxygen
concentration resulted in higher porewater diffusive phosphate, ammonium and
reactive Si fluxes. For the ecosystem health of NE Mediterranean and recently
deoxygenating Marmara Sea, studying redox dependent benthic nutrient dynamics
and organic matter geochemistry are of critical importance to attain Good

Environmental Status (GES) for these distinct marine basins.

Keywords: Benthic nutrient fluxes, Sediment, Biogeochemistry, Northeastern

Mediterranean Sea, Marmara Sea.
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KIYISAL OTROFiKASYON VE HiPOKSi MERCEK ALTINDA:
KUZEYDOGU A[(DENiZ VE MARMARA DENIZi’NDE REDOKSA
BAGLI BENTIK BESIN TUZU AKILARI

Akcay, Ismail
Doktora, Osinografi
Tez Yoneticisi: Dog. Dr. Mustafa Yiicel

Subat 2022, 154 sayfa

Deniz sedimani biyojeokimyasal Ozellikleri oksijensizlesme ve Otrofikasyon
sonucu olusan agir1 organik karbon iiretimi ile yakindan iliskilidir. Otrofik
kosullarin gelistigi denizel ortamlarda besin tuzlari biyojeokimyasi oksijen
degerleri ve metal rekods dongiilerine baglidir ve genellikle dip sularda oksijen
seviyesi diistiikce sedimandan dip sulara besin tuzu ve metal girisi olmaktadir. Bu
tez calismasi ile Tiirkiye denizlerinde ilk defa biyojeokimyasal siirecler ve geri
bildirim mekanizmalar1 ortaya konmustur. Farkli biyojeokimyasal 6zelliklere sahip
Kuzeydogu Akdeniz ve Marmara Denizi'nde gozenek suyu ve sediman
biyojeokimyas1 Mart 2018 ve Temmuz 2019 donemi arasinda incelenmistir. Elde
edilen sediman karot 6rneklerinde gbzenek suyu besin tuzu akilar1 hesaplanmistir.
Elde edilen sonuglara, gore verimsiz ve oksik 6zellikle Kuzeydogu Akdeniz’de
sediman gozenek suyu besin tuzu akilarinin toplam besin tuzu akilarina 6nemli
Olciide katki sagladigi belirlenmistir; toplam besin tuzu akilarinin fosfat akilari
%S5.8, nitrat akilar1 %12, amonyak akilar1 %19 ve reaktif silikat akilar1 9%22’sini
olusturmustur. Marmara Denizi’nde elde edilen sonuglara gore, nitrat, siilfat ve
hidrojen siilfiir profilleri organik madde degradasyonun sediman tabakasinin ilk 20-

30 cm’de oksik respirasyon, denitrifikasyon ve siilfat indirgenmesi ile olustugunu



gostermistir. Giiney Marmara Denizi’nde ise sediman {iist tabakada sadece oksik
respirasyonla smirli kaldig1 goriilmiistiir. Ayrica, ozellikle Izmit Koérfezi’nde,
sediman gozenek suyu siilfat, hidrojen siilfiir ve major elementlerin derinlik
profilleri, oksijensiz metan oksidasyonu (AOM), karbonat presipitasyonu, demir-
oksit indirgenmesi, demir-siilfiir presipitasyonu ve diisiik sicaklikta gergeklesen
silikat diyajenezi gibi bir¢cok biyojeokimyasal ve erken diyajenetik siireclerin
gerceklestigini gostermistir. Bu ¢alismada ayrica sedimanda fosfor biyojeokimyast
Kuzeydogu Akdeniz, Marmara ve Karadeniz’de ¢alisilmis ve sedimandan mobilize
olan fosfor miktarlari belirlenmistir. G6zenek suyu besin tuzu degerleri ve sediman
biyojeokimyasal 6zellikleri Kuzeydogu Akdeniz, Marmara Denizi ve Karadeniz’de
dikkate deger alansal degisim gostermistir. En yliksek gozenek suyu fosfat,
amonyak ve reaktif silikat, sediman organik karbon, organik azot, organik fosfor ve
toplam fosfor degerleri suboksik 6zellikte Marmara Denizi’'nde ve Karadeniz’in
suboksik ve anoksik Ozellik gosteren alanlarinda Olgililmiistiir. Sediman karot
orneklerinde elde edilen toplam fosfor profilleri derinlikle azalan bir egilim
gostermistir ve bu durum sedimandan dip sulara fosfor mobilizasyonunun
oldugunu gostermistir. Sedimandan dip sulara mobilize olan fosfor degerleri 0.023
ve 0.148 mol/m? arasinda degisim gostermistir ve en diisiikk degerler dip sular
oksik oOzellik gosteren alanlarda hesaplanmistir. Kuzeydogu Akdeniz’de ve
Marmara Denizi’nde besin tuzu akilar1 ve dip su ¢ozlinmiis oksijen degerlerinin
korelasyonuna bakildiginda bentik besin tuzu dinamiklerinin redoks durumuna
bagli oldugu goriilmistiir. Dip su ¢oziinmiis oksijen degerleri azaldikg¢a
sedimandan dip sulara yiiksek miktarlarda fosfat, amonyak ve reaktif silikat girdisi
olmaktadir. Kuzeydogu Akdeniz ve oksijensizlesmenin goriildiigii Marmara
Denizi’nin ekosistem saghigmin korunmasi ve lIyi Cevresel Durum (ICD)
ozelliklerine ulasmasi agisindan bentik besin tuzu akilar1 ve organik madde

jeokimyasal 6zelliklerinin belirlenmesi kritik 6neme sahiptir.

Anahtar Kelimeler: Bentik besin tuzu akilari, Sediman, Biyojeokimya, Kuzeydogu

Akdeniz, Marmara Denizi.
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CHAPTER 1

GENERAL INTRODUCTION AND THESIS OUTLINE

1.1 General Background

The latter half of the 20" century witnessed dead zones spreading in many coastal
areas mainly due to excessive anthropogenic nutrient (N, P) inputs that
dramatically increased primary productivity and led to development of
eutrophication and depletion of deep water oxygen in the coastal zones (Diaz and
Rosenberg, 2008). Recent studies showed that the N and P releases from the
estuarine and coastal marine sediments are considered to be important sources for
phytoplankton production as the sediments supply an average of 15-32% of N and
17-100% of P for phytoplankton demand and in some regions, the N and P releases
from sediments can be larger than terrestrial nutrient inputs (Boynton et al., 2018).
In a study recently performed in the Baltic Sea, for example, annual release of P
ranged between 100-1330 tonnes yr'* from the sediment which is in the same order
of magnitude as the regional P input from the terrestrial inputs (Malmaeus et al.,
2012). Biogeochemical cycling of key nutrients (N, P) is highly coupled to oxygen
concentrations and metal (Fe, Mn) cycles (Williams, 1987; Jargensen, 1996). The
increase in dissolved inorganic phosphorous and iron concentrations in the oxygen
minimum zones is highly related to anoxic conditions in the marine environment as
the role of sediments in the low-oxygen areas is important for dissolved iron and
inorganic-P sources to the bottom water (Noffke et al., 2012; Mu et al., 2017,
Schroller-Lomnitz et al., 2019; Ballagh et al., 2020; Spiegel et al., 2021; Moncelon
etal., 2021).

The Mediterranean Sea is an oligotrophic sea due to limited nutrient inputs from
internal and external sources (UNEP, 1989; Yilmaz and Tugrul, 1998; Kress and
Herut, 2001; Krom et al., 2004; Tugrul et al., 2016; 2018). Surface dissolved



inorganic nutrient concentrations in offshore waters of the Northeastern (NE)
Mediterranean Sea (Figure 1.1) are measured as low as for inorganic phosphate and
nitrate during the spring-autumn period (Yilmaz and Tugrul, 1998) and increased
slightly in winter due to vertical mixing (Yilmaz and Tugrul, 1998; Dogan-
Saglamtimur and Tugrul, 2004, Tugrul et al., 2016 and references therein).
Furthermore, atmospheric nutrient inputs, both dry and wet deposition, have
remarkable contribution to sustain primary productivity in the Northeastern
Mediterranean (Kocak et al., 2010; Kocak, 2015). For example, contribution of
atmospheric P fluxes to the algal production was calculated as high as 0.9% in
offshore waters of the Cilician Basin of the Northeastern Mediterranean whereas
atmospheric N fluxes would sustain 8.4% of primary production in offshore waters
and the contribution of atmospheric nutrient fluxes would become drastically high
during the stratified summer-autumn period (Kocak, 2015). Though low nutrient
concentrations in offshore waters of the NE Mediterranean (Figure 1.1) are
recorded in the upper layer, its coastal ecosystem is highly fueled by terrestrial
nutrient and organic matter inputs from the major rivers and wastewater discharges
leading to development of coastal eutrophication in the inner bay waters (Dogan-
Saglamtimur and Tugrul 2004; Tugrul et al., 2009; 2011; 2016; 2018). The
sedimentation rates in the oligotrophic Eastern Mediterranean Sea ranges from
0.003 to 0.014 cm y™ (Van Santvoort et al., 2002; Katz et al., 2020) much lower
than recorded in the Marmara Sea (0.008 to 0.19 cm y™) (Ergin and Yériik, 1990;
Ergin et al., 1994; Cagatay et al., 2004). The primary production in the surface
waters of the oligotrophic Eastern Mediterranean is also as low as 12-88 g C m? y*
(Van Santvoort et al., 2002) compared to measurements reported in the Marmara
Sea (Ergin et al., 1994; Yilmaz, 2002). However, increased inputs of nutrients from
terrestrial sources (rivers, wastewaters) to the NE Mediterranean coastal areas have
enhanced primary production and biodegradable particulate organic matter
production (Coban-Yildiz et al., 2000; Yilmaz, 2002; Dogan-Saglamtimur and
Tugrul, 2004), leading to eutrophication in the inner bays (Tugrul et al., 2011,
2016, 2018, Kaptan, 2013).



The Marmara Sea (Figure 1.1) is a typical example of a two-layer enclosed sea
connecting the Black Sea to the Mediterranean via the two shallow and narrow
straits, called Bosporus and Dardanelles. This connected oceanographic system is
also called the Turkish Straits System (TSS) (Unliiata et al. 1990; Besiktepe et al.
1994; Ediger et al., 2016 and references therein). Marmara Sea ecosystem has
distinct biogeochemical properties due to water exchanges between the Black Sea
and the Mediterranean Sea through the TSS (Polat, and Tugrul, 1995; Tugrul and
Polat, 1995, Tugrul et al., 2002; Yalgin et al., 2017). It has also been affected by
anthropogenic pressures by direct discharges mainly from the istanbul city (Tugrul
and Morkog, 1989; Tugrul and Polat, 1995; Ediger et al., 2016; Yal¢in et al., 2017,
Tan and Aslan, 2020). The development of eutrophication in the Northwestern
Black Sea (Konovalov and Murray, 2001; Mee, 1992; Tugrul et al., 2014) also
adversely affected Marmara Sea ecosystem (Polat and Tugrul, 1995; Ediger et al.,
2016; Yalgin et al., 2017). Recent studies in the Marmara Sea indicated dissolved
oxygen deficiency in the deep waters due to increasing organic matter inputs in the
upper layer (Ediger et al., 2016; Yalgin et al., 2017) and limited ventilation of deep
waters by strong density gradient between water masses (Besiktepe et al. 1994;
Tugrul and Polat, 1995; Tugrul et al., 2002; Ediger et al., 2016). Though
biochemistry of water column and biogeochemistry of surface sediments in the
Northeastern (NE) Mediterranean and Marmara Sea have been studied extensively,
relatively few studies were performed to understand the sediment porewater and
solid-phase biogeochemistry in these regions having distinct trophic conditions and

deep water redox state.



TURKEY

Figure 1.1. Surface water chlorophyll-a distributions obtained by Satellite MODIS

Aqua in the NE Mediterranean, Marmara and Black Seas in September 2019.

1.2

Scope of the Study

The main objectives of this study are:

>

To uncover the biogeochemical processes occurring in the seafloor sediment
derived from sediment porewater profiles in the oxic NE Mediterranean and
suboxic Marmara Sea,

To determine redox dependent benthic nutrient fluxes in the NE Mediterranean
and Marmara Sea,

To reveal how sedimentary phosphorus (P) fractions (loosely bound-P, iron
bound-P, organic-P, aluminum bound-P, calcium bound-P and total
phosphorous) in the sediment change with redox conditions,

To determine the amount of mobile phosphorous in the NE Mediterranean and
Marmara Sea sediments,

To compare nutrient influxes from sediment with the total of river, wastewater

and atmospheric inputs to the NE Mediterranean shelf waters.

Chapter 2 investigates porewater and sediment biogeochemistry in the

oligotrophic NE Mediterranean Sea. Porewater nutrients and sediment



biogeochemical variables were determined from the five sediment core samples
obtained from the NE Mediterranean Sea. The results of this study reveal that a
series of redox reactions (oxic respiration, denitrification, iron reduction) take place
in the NE Mediterranean subseafloor. Furthermore, it was shown that diffusive
nutrient fluxes constitute a remarkable fraction of the total nutrient budget in the

NE Mediterranean Sea displaying oxic conditions in the deep waters.

Chapter 3 extends our knowledge of the porewater and sediment biochemistry in
the increasingly hypoxic (<50 uM O,) and eutrophic Marmara Sea. The dissolved
oxygen concentrations in the Cinarcik Basin deep waters (eastern Marmara Sea)
decreased by almost 90% percent during the last two decades and the hypoxic and
anoxic conditions were developed specifically in the eutrophic regions under the
influence of Black Sea inflow, domestic and industrial discharges and riverine
inputs. In this chapter we discussed the impacts of deoxygenation and coastal
eutrophication on the sedimentary biogeochemical processes in the deoxygenating
Marmara Sea. This study showed that the dynamics of porewater and solid-state
biogeochemistry in the Marmara Sea have been influenced by eutrophication,
bottom water hypoxia as well as seismicity in the region. Vertical profiles of
biogeochemical variables indicated principal biogeochemical and early diagenetic
processes such as anaerobic oxidation of methane (AOM), carbonate precipitation,
Fe-reduction, Fe-S precipitation and low-temperature silicate diagenesis in the
Marmara Sea subseafloor. This study also showed high rates of organic matter

decomposition and limited trapping of nutrients in the benthic interface.

Chapter 4 builds on the findings of previous chapters and further focus on
biogeochemical cycling of sedimentary P species and also related variables
(porewater nutrients, sediment carbon, nitrogen and iron) in the three
interconnected marine basins: Black Sea, Marmara and NE Mediterranean Seas.
The pool of “potentially mobile P” was also determined for the studied sites. The
study results showed that porewater and sediment biogeochemistry displayed great
variability in the studied sites with the maximum concentrations of porewater

phosphate, ammonium, reactive silicate, surface sediment organic carbon, nitrogen,



phosphorus and total phosphorus measured in the suboxic Marmara Sea and
suboxic/anoxic Black Sea. The decline in the TP concentrations of all sediment
core samples indicated P-mobilization to the overlying water. It was also shown
that the deoxygenation and eutrophication would further lead to the releases of P in

these three interconnected marine basins.

Chapter 5 presents a comparison and synthesis of the redox dependent benthic
nutrient fluxes across sea boundaries in the NE Mediterranean and Marmara Sea.
The study results indicated that maximum porewater phosphate, ammonium and
silicate concentrations and fluxes were recorded in the suboxic Marmara Sea
having greater sedimentation rate and surface water primary productivity. The
correlation between calculated diffusive nutrient fluxes and the deep waters
dissolved oxygen concentrations suggested the redox-dependency on the benthic
nutrient dynamics in the NE Mediterranean and Marmara Sea as the lower deep
water dissolved oxygen concentration resulted in higher porewater diffusive
nutrient fluxes. For the ecosystem health of NE Mediterranean and recently
deoxygenating Marmara Sea, studying redox dependent benthic nutrient dynamics
and organic matter geochemistry are of critical importance to attain Good

Environmental Status (GES) for these distinct marine basins.



CHAPTER 2

POREWATER AND SEDIMENT BIOGEOCHEMISTRY IN THE
NORTHEASTERN MEDITERRANEAN SEA: A NEW NUTRIENT BUDGET
INCLUDING THE BENTHIC FLUXES

Abstract

The coastal ecosystem of the Northeastern (NE) Mediterranean has been affected

by nutrient inputs originated from regional rivers and wastewater discharges

leading to development of eutrophication. Atmospheric nutrient inputs have also

remarkable contribution to marine nutrient pool in the NE Mediterranean,

especially in dry periods. Sediment porewater nutrient fluxes into the deep waters

are strongly associated with eutrophic and suboxic/anoxic conditions. There was

only limited number of studies performed on the PW and sediment

biogeochemistry in the NE Mediterranean Sea having oxic conditions in the deep

waters. In this study, therefore, sediment PW nutrient (Si, N, P) and sediment

organic matter biogeochemistry were studied. The study results indicated a series

of redox reactions (oxic respiration, denitrification, iron reduction) as well as

remarkable contribution of porewater diffusive nutrient fluxes to the total nutrient

budget in the NE Mediterranean Sea. Lower Si/N and higher N/P molar ratios in

the total nutrient inputs are very likely to modify phytoplankton composition and

abundance in the phosphorus deficient NE Mediterranean productive shelf waters

leading to development of mesotrophic/eutrophic conditions in the NE

Mediterranean Sea.



2.1 Introduction

The Mediterranean Sea is a typical example of oligotrophic seas due to limited
nutrient inputs from internal and external sources (UNEP, 1989; Yilmaz and
Tugrul, 1998; Kress and Herut, 2001; Krom et al., 2004; Tugrul et al., 2016; 2018).
Surface dissolved inorganic nutrient concentrations in offshore waters of the
Northeastern Mediterranean (NE) (Figure 2.1) are measured as low as for inorganic
phosphate and nitrate during the spring-autumn period (Yilmaz and Tugrul, 1998)
and increased slightly in winter due to vertical mixing (Yilmaz and Tugrul, 1998;
Dogan-Saglamtimur and Tugrul, 2004, Tugrul et al., 2016 and references therein).
Furthermore, atmospheric nutrient inputs, both dry and wet deposition, have
remarkable contribution to sustain primary productivity in the Northeastern
Mediterranean (Kocak et al., 2010; Kocak, 2015). For example, contribution of P
fluxes to the algal production was calculated as high as 0.9% in offshore waters of
the Cilician Basin of the NE Mediterranean Sea whereas N fluxes would sustain
8.4% of primary production in offshore waters and the contribution of atmospheric
nutrient fluxes would become drastically high during the stratified summer-autumn
period (Kocak, 2015). In the low-nutrient upper layer waters of the Mediterranean
Sea, primary production is mainly limited by phosphorus due to unusually high
NO3/PO, molar ratios in the deep waters as ~28/1 (Krom et al., 1991; Yilmaz and
Tugrul, 1998) and in atmospheric and regional rivers (Kocak at al., 2010) as also
reported recently by the **C bioassay experiments conducted in the Turkish coastal
waters of the Mediterranean and Aegean Seas (Tufekci et al, 2013). Though low
nutrient concentrations in offshore waters of the NE Mediterranean (Figure 2.1) are
recorded in the upper layer, its coastal ecosystem is highly fueled by terrestrial
nutrient and organic matter inputs from the major rivers and wastewater discharges
leading to development of coastal eutrophication in the inner bay waters (Dogan-
Saglamtimur and Tugrul 2004; Tugrul et al., 2009; 2011; 2016; 2018). In the
offshore waters of the NE Mediterranean Sea, for example, concentrations of total

phosphorous (TP) and chlorophyll-a (Chl-a) were as low as 0.05-0.07 uM for TP



and 0.02-0.05 pg/L for Chl-a, reaching to peak values in eutrophic coastal waters
(Tugrul et al., 2011; 2016; 2018).

Figure 2.1. Annual surface chlorophyll-a distribution of the NE Mediterranean
shelf waters, obtained by MODIS Satellite in 2009 (modified after Tugrul et al.,
2016).

Biogeochemical cycling of key nutrients (N, P) is highly coupled to oxygen
concentrations and metal (Fe, Mn) cycles (Williams, 1987; Jergensen, 1996). The
increase in dissolved inorganic phosphorous and iron concentrations in the oxygen
minimum zones (OMZs) is highly related to anoxic conditions in the marine
environment as the role of sediments in the OMZs is important for dissolved iron
and inorganic phosphate sources to the bottom water (Noffke et al., 2012).
Furthermore, in the eutrophic and hypoxic/anoxic Baltic Sea, the intrusion of
oxygen-rich North Sea waters into the Eastern Gotland Basin decreased to releases
of inorganic phosphate and ammonium from deep sediments (Sommer et al., 2017).
Though many studies were performed to understand cycling of key elements (C, N,
P, dissolved nutrients, metals (Fe, Mn), trace and major elements) depending on
different redox conditions in the suboxic/anoxic marine environments, limited
number of studies was carried out to understand porewater and sediment
biogeochemistry in the oligotrophic NE Mediterranean Sea having oxic conditions

in the deep waters.



Since the cycles of oxygen, phosphorous and nitrogen are highly coupled, ongoing
eutrophication in the Baltic Sea induced hypoxia and reduced seafloor resulting in
internal phosphorous loading due to changing redox state of the seafloor (Vahtera
et al., 2007; Ferreira et al., 2011; Malmaeus et al., 2012; Noffke et al., 2012).
Seafloor can, therefore, play a key role in rapid degradation of labile organic matter
and nitrification/denitrification processes as well as other abiotic processes in the
uppermost millimeters of sediment layer resulting in nutrient releases from the
sediments studied extensively during the last decades (Christensen et al., 1988;
Ignatieva, 1999; Rasheed, 2004; Al-Rousan et al., 2004; Hille et al., 2005; Rasheed
et al.,, 2006; Rydin et al., 2011; Cheng et al., 2014; Mu et al.,, 2017). Redox
dependent benthic nutrient fluxes would enhance algal production (Christensen et
al., 1988; Ignatieva, 1999; Rasheed et al., 2006). In a study conducted on the
oligotrophic Eastern Mediterranean Sea continental shelf, the phosphate and nitrate
fluxes into the water column supported as much as 11.7 % and 2 % of the
phytoplankton P and N demand, respectively (Christensen et al., 1988). Therefore,
studying both external (riverine, wastewater, atmospheric inputs) and internal
(sediment, submarine groundwater) nutrient fluxes into the oligotrophic and
eutrophic marine environments is critical to understand biogeochemical cycling of
key elements for further use in biogeochemical modeling and eutrophication

management efforts.

Organic matter geochemistry of the sediments has been affected by a series of
redox reactions (Jergensen, 1996) as well as terrestrial inputs of the particulate
inorganic/organic matter that might be transported to offshore regions of the
continental seas (Middelburg et al., 1993; Yemenicioglu and Tunc, 2013; Erdogan,
2014; Akcay, 2015, Ermis, 2017; Deininger and Frigstad, 2019; Katz et al., 2020).
In the Eastern Mediterranean Sea, surface sediment geochemistry and grain size
distributions have been studied extensively during the last decades (Eijsink et al.,
2000; Yemenicioglu and Tunc, 2013; Erdogan, 2014, Akcay, 2015; Ermis, 2017),
with the limited number of studies based on sediment core samples to understand

organic matter geochemistry (sedimentation, degradation, accumulation and burial
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of organic carbon) of the upper 25-40 cm sedimentary column (Van Santvoort et
al., 2002; Katz et al., 2020).

The objectives of this study are, therefore, i) to understand porewater nutrient (S,
N, P) dynamics, ii) to determine sediment geochemical (Carbon; C, nitrogen; N,
reactive iron; r-Fe) properties, iii) to determine sediment porewater diffusive
nutrient fluxes, iv) to determine riverine and wastewater nutrient fluxes, v) to
compare both external (riverine, wastewater and atmospheric (Kocak et. al., 2010)
inputs) and internal (sediment porewater diffusive inputs) nutrient fluxes in the NE

Mediterranean shelf waters.

2.2 Methodology

The study area is located at the NE Mediterranean Sea (Figure 2.2). Field studies
were carried out using R/V Bilim-2 of METU-IMS. Sediment core samples were

obtained from the five stations (

Table 2.1) in March-April 2018 by a multi-corer sediment sampling device, the
Multiple Corer (Oktopus, Kiel), which is a novel technique and applied for the first
time in the NE Mediterranean Sea. The multicorer is a sediment sampler used in
marine research for the transition zone between the sediment and the near bottom
water. By using a dampener, the tubes penetrate the sediment slowly and samples
can be collected while causing only minimal swirling on the surface layer. For the
extraction, lids close the core tubes with special seals and prevent the samples from
escaping. The obtained samples were taken out on board and the sediment samples
were sliced by layers on board by means of an extruder. Sediment core samples
were obtained from the Lamas River influenced region, shelf break and offshore
regions in the March 2018 and Goksu River influenced coastal region, shelf break

and one deep reference station (Depth: 1165 m) in April 2018 (Figure 2.2,

Table 2.1). Porewater extraction procedure of the collected samples was performed
as described by the studies of Christensen et al. (1988), Sundby et al. (1992),
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Rasheed et al. (2006), Gao et al. (2008), Noffke et al. (2012), Cheng et al. (2014).
Each sediment core was sliced on board under minimum oxygen conditions using
N2 gas and sediment horizons were determined as 0-1 cm, 1-2 cm, 2-3 cm, 3-4 cm,
4-6 cm, 6-8 cm, 8-10 cm, 10-15 cm, 15-20 cm, 20-25 cm, 25-30 cm, 30-35 cm, 35-
40 cm and 40-45 cm. After obtaining sliced sediments, each sample was put in a 50
mL falcon tube and centrifuged at 3000 rpm for 30 min. After separation of solids,
the porewater samples were extracted using syringe-coupled GF/F filters through
0.45 pm and placed in 15 mL falcon tubes and stored in the freezer (-20 °C) for the
analysis of nutrients. Sediment samples were also stored at -20 °‘C for the
determination of total carbon (TC), total organic carbon (TOC), total nitrogen (TN)
and dithionite extractable reactive iron (r-Fe) concentrations. Freshwater samples
were collected seasonally at the downstream points of five regional rivers (Ceyhan,
Seyhan, Berdan, Lamas, Goksu) in the period of 2008-2015 (Figure 2.2).
Furthermore, domestic and industrial wastewater samples were obtained seasonally
between 2006 and 2009 from the five major local facilities constructed along the
NE Mediterranean region. Volume fluxes of the regional rivers and domestic and

industrial wastewater facilities are presented in Table 2.2.

37°N 25m

1 50m

100 m
36.5°N 250 m
500m

750 m
36°N

1000 m
1500 m
35.5°N 2000.m
2500 m

32°E 33°E 34°E 35°E 36°E
Figure 2.2. Locations of sediment core and river stations (black dots represent

March 2018, red dots represent April 2018, one green dot represents both March
and April 2018 and blue dots represent river stations).
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Table 2.1. Locations of sediment core stations with trophic status and deep water

redox state

. Latitude Longitude Depth . Deepwater

Date Station (DD) (DD) (m) Trophic Status Redox State
20.03.2018 1 36.5482 34.2644 52 Mesotrophic to Eutrophic Oxic
20.03.2018 2 36.4400 34.3458 208 Oligotrophic Oxic
20.03.2018 3 36.3536 34.3811 323 Oligotrophic Oxic
17.04.2018 4 36.1379 33.9235 85 Mesotrophic to Eutrophic Oxic
18.04.2018 5 35.8520 33.0170 1165 Ultra-oligotrophic Oxic

Table 2.2. Annual mean volume fluxes of the regional rivers (Kocak et al. 2010)

and local facilities (Tugrul et al., 2009) in the NE Mediterranean

River Q (m/s) | Wastewater Q (m%fs)
Seyhan R. 168 Mersin Discharge 0.60
Ceyhan R. 144 Antalya Discharge 0.45
Goksu R. 45 Iskenderun Discharge 0.26
Berdan R. 6 Toros Discharge 0.014
Lamas R. 3 KromSan Discharge 0.006

Dissolved inorganic nutrients (nitrate+nitrite, ammonium, phosphate and silicate)
were determined using a Bran+Luebbe Model four-channel autoanalyzer by
standardized colorimetric methods (Grasshoff et al., 1983). The detection limits of
measured nutrients are 0.02 uM, 0.04 uM, 0.01 pM and 0.04 pM for nitrate,
ammonium, phosphate and reactive silicate, respectively. For the measurements of
nutrients, the oceanography laboratories of the METU-IMS has successfully
participated in the international QUASIMEME Laboratory Performance Studies.
TC, TOC and TN concentrations were determined by dry oxidation method using
the Vario EI Cube Elementar Model CHN Analyzer (UNEP/MAP, 2006). The
obtained sediment samples for the TC, TOC and TN measurements were initially
freeze-dried. Dry sediments were then powdered and sieved to homogenize the
samples. For TOC analysis, nearly 30 mg of dry and homogeneous sediment
samples were put into the pre-combusted silver cups. Then, 5-10 uL of distilled
water was added into each silver cup to wet the samples. After distilled water
addition, 10 pL of 20 % HCI (vol/vol) was added to remove inorganic carbon from

the sediment samples. The HCI additions were continued until all the inorganic
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carbon was removed in the form of CO,. Then, the carbonate-free samples were
dried at 60 °C for one day. After drying the sediment samples, silver cups were
compacted and put into autosampler of the CHN analyzer. TC and TN analyses in
sediments were performed by the same method as for the TOC analysis, but
without acid addition. TN concentrations were also measured on HCl-added
samples and there was no significant difference between HCl-treated and untreated
samples. The reactive iron (r-Fe) concentrations were determined by colorimetric
ferrozine method (Stookey, 1970; Jeitner, 2014) after dithionite (0.3 M solution in
a buffer containing 0.35 M sodium acetate and 0.2 M sodium citrate (pH=4.8))
extraction of freeze-dried sediments (Kostka and Luther, 1994; Raiswell et al.,
1994, Yicel et al.,, 2010). In this extraction technique, r-Fe refers to iron
oxy(hydr)oxides, but it should be noted that dithionite can also dissolve acid
volatile sulfides (ASV)-bound Fe(ll) (Yiicel et al., 2010).

Porewater dissolved inorganic nutrients (nitrate+nitrite, ammonium, phosphate and
silicate) were determined as described method above (Grasshoff et al., 1983).
Diffusive nutrient fluxes were calculated based on Fick’s First Law of Diffusion as
the following equation (Al-Rousan et al., 2004; Cheng et al., 2014; Mu et al.,
2017):

F = ¢ D (dC/dz)

Where F corresponds to the diffusion flux across sediment-water interface, dC/dz
to the concentration gradient of nutrients across sediment-water interface, ¢ to the
porosity of sediment, Ds to the actual molecular diffusion coefficient corrected for

the sediment tortuosity.

Ullman and Aller (1982) proposed an empirical formula related to the actual

diffusion coefficient, Ds, and porosity, ¢:
Ds = ¢ Do (¢<0.7)

Ds=¢°Dy  (¢6>0.7)
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where Dy is the self diffusion coefficient of ions at infinite dilution corrected by in
situ temperature. For phosphate, nitrate, nitrite and ammonium Dy values are used
from Li and Gregory (1974) and for Si, D, values were used from Rebreanu et al.
(2008) as 7.34x10° cm? s™ for PO,, 19.0x10° cm? s™ for NOs, 19.1x10°® cm? s*
for NO,, 19.8x10° cm?® s for NH, and 11.7x10° cm® s* for Si, at 25 °C
respectively. Porosity of wet sediments was determined by drying the surface layer

sediment subsamples at 60 °C for 24 h.

Porewater diffusive, riverine and wastewater nutrient fluxes (normalized to NE
Mediterranean shelf area) with atmospheric deposition (Kocak et al., 2010) were
evaluated to determine quantification of internal and external nutrient sources for
the NE Mediterranean shelf waters to understand biogeochemical cycling of key
elements for further use in biogeochemical modeling and eutrophication

management efforts of the oligotrophic Mediterranean Sea.

2.3 Results and Discussion

231 Porewater Nutrient Dynamics in the NE Mediterranean Sea

The core samples collected from the selected sites of the NE Mediterranean Sea
(Figure 2.2) appeared to represent undisturbed particulate accumulations. Except
for the Goksu River influenced region (St. 4), the upper part of the sediment
columns was light brown. However, at a depth of 8-10 cm and below this depth,
the sediment profile became darker suggested that there is a drop or decrease in
redox potential. The sediment core sample obtained from St. 4 has yellowish brown
color throughout the sediment column and look like coarse-grained sediment
texture. In marine sediments, a number of organisms, such as bacteria, fungi,
micro- or macro-fauna, are responsible for the aerobic degradation of organic
matter (Jergensen, 1996; Fenchel et al., 1998; Kristensen, 2000) in the uppermost
sedimentary column where oxygen is used as electron acceptor. In general, in this

redox zone, aerobic respiration, nitrification and sulfide reduction reactions take
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place. In the suboxic zone and anoxic zone, anaerobic degradation of organic
matter occur step wise by different functional types of bacteria (Fenchel et al.,
1998; Kiristensen, 2000). In these redox zones, manganese oxide reduction,
denitrification, iron oxide reduction reactions in the suboxic zone and sulfate
reduction, hydrolysis/fermentation, and carbon dioxide reduction reactions in the

anoxic zone take place, respectively.

Biogeochemical cycling of key nutrients (N, P) is highly coupled to oxygen
concentrations and metal (Fe, Mn) cycles (Williams, 1987; Jargensen, 1996). The
increase in dissolved inorganic phosphorous and iron concentrations in the Oxygen
Minimum Zones (OMZs) is highly related to anoxic conditions in the marine
environment as the role of sediments in the OMZs is important for dissolved iron
and inorganic phosphate sources to the bottom water (Noffke et al., 2012). In the
oligotrophic NE Mediterranean Sea with highly oxygenated deep waters and
surface sediments, porewater nutrient concentrations displayed great variability
within the obtained sediment core samples. Porewater reactive PO,4, NO3z, NH4 and
reactive Si concentrations throughout the sediment column ranged between 0.06
and 2.30 pM for reactive PO4, 1.40 and 67.62 uM for NOg, 0.45 and 120.55 uM for
NH,4 and 1.22 and 154.30 uM for reactive Si, respectively (Figure 2.3). Porewater
nutrient concentrations measured in the NE Mediterranean were greater than deep
water nutrient values (Yilmaz and Tugrul., 1998) but comparable with the riverine

nutrient concentrations in the studied region which will further be discussed below.

Seafloor can play a key role in rapid degradation of labile organic matter and
nitrification/denitrification processes as well as other abiotic processes in the
uppermost millimeters of sediment layer resulting in nutrient releases from the
sediments (Christensen et al., 1988; Ignatieva, 1999; Rasheed, 2004; Al-Rousan et
al., 2004; Hille et al., 2005; Rasheed et al., 2006; Rydin et al., 2011; Cheng et al.,
2014; Mu et al., 2017). Expectedly, nutrient concentrations (PO4, NHj, Si)
increased with depth throughout the sediment column indicating organic matter
degradation processes took place in the first 3-10 centimeters of the sediment

column in the NE Mediterranean Sea. The decrease in the nitrate concentrations
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with depth within the sediment column suggested denitrification process
(Jergensen, 1996) in the coastal zone (St. 1) having eutrophic properties (Tugrul et
al., 2018). Though coastal zone (St. 4) influenced by the Goksu River (Figure 2.2),
having greater volume fluxes than Lamas River (Tugrul et al., 2009; Kocak et al.,
2010), displayed eutrophic properties (Tugrul et al., 2018), there was no apparent
decrease in nitrate concentrations within the sediment column suggested oxic
respiration throughout the sediment column as also recorded in the sediment core
samples obtained from shelf break (St. 3), offshore (St. 4) and reference station
(St.5) (Figure 2.3).

The porewater was found oxic throughout the sediment column in the low
chlorophyll regions of South Pacific Gyre having low primary production, low
sedimentation rate and low organic carbon content in the uppermost centimeters of
the sediment column (D’Hondt et al., 2009). In a recent study performed in the
oligotrophic Eastern Mediterranean Sea, oxygen microprofiles indicated the
oxygenated surficial (0-30 cmbs) sediments (Van Santvoort et al., 2002) as also
inferred from the NO3 profiles obtained in this study (Figure 2.3) suggesting the
availability of oxic sediment column in the uppermost 30-45 centimeters of the NE
Mediterranean subseafloor having low chlorophyll concentrations in the surface
layer (Tugrul et al., 2018) as also recorded in the South Pacific Gyre (D’Hondt et
al., 2009).
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Figure 2.3. Sediment porewater nutrient concentrations in the NE Mediterranean

Sea.
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2.3.2 Solid-phase Sediment Geochemistry in the NE Mediterranean Sea

Organic matter geochemistry of the sediments has been affected by a series of
redox reactions (Jergensen, 1996) as well as terrestrial inputs of the particulate
inorganic/organic matter that might be transported to offshore regions of the
continental seas (Middelburg et al., 1993; Yemenicioglu and Tunc, 2013; Erdogan,
2014; Akcay, 2015, Ermis, 2017; Deininger and Frigstad, 2019; Katz et al., 2020).
In the Eastern Mediterranean Sea, surface sediment geochemistry and grain size
distributions have been studied extensively during the last decades (Eijsink et al.,
2000; Yemenicioglu and Tunc, 2013; Erdogan, 2014, Akcay, 2015; Ermis, 2017),
with the limited number of studies based on sediment core samples to understand
organic matter geochemistry (sedimentation, degradation, accumulation and burial
of organic carbon) of the upper 25-40 cm sedimentary column (Van Santvoort et
al., 2002; Katz et al., 2020). Surface sediment TC (TOC+TIC) concentrations
obtained in this study varied between 3.31 and 6.79 mmol/g dw (dry weight) with
maximum concentrations recorded in the uppermost centimeters of the core sample
obtained from Goksu River influenced area (Figure 2.4) having minimum porosity
at the sediment surface. On the contrary to TC distributions, lower TOC
concentrations were measured in uppermost 1-2 centimeters of the core sample
obtained from Goksu River influenced area (0.26-0.32 mmol/g dw). TOC
concentrations in the surface sediments of other core samples ranged from 0.51 to
0.70 mmol/g dw with the greatest value recorded in the St.2 (Figure 2.4). Regional
variations of TN distributions in the study region were very similar to TOC
distributions and ranged between 0.02-0.07 mmol/g dw. Terrestrial inputs of
nutrients and organic matter modify the organic matter composition and
concentrations and grain size distributions of the sediment layer (Yemenicioglu and
Tunc, 2013; Akcay, 2015). Moreover, differences in the sedimentation rates and
currents and wave energy affect distributions of geochemical properties (De Falco
et al., 2004; Katz et al., 2020). According to results of the five major river data,

maximum concentrations of suspended matter (TSS) were recorded in the Goksu
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River among the other regional rivers (Tugrul et al., 2009) and fine-grained
sediments were carried to the central and offshore regions due to regional wave
actions and currents (De Falco et al., 2004; Katz et al., 2020) resulting in
carbonate-rich sediment column in the Goksu River influenced coastal area (Figure
2.4).

The TOC and TN concentrations measured in this study agreed with the organic
matter geochemical properties from the previous studies performed in the
oligotrophic Eastern Mediterranean Sea (Eijsink et al., 2000; Erdogan, 2014,
Akcay, 2015; Ermis, 2017; Katz et al., 2020). The TOC concentrations of the
sediment column (0.28-0.84% in the 1-45 cmbs) recorded in this study were in
agreement with the TOC contents obtained from South Pacific Gyre sediment core
samples (0.17-0.52% in the 3 cmbs-1.47 mbsf) by the study of D’Hondt et al.
(2009) having similar biochemical properties with the oligotrophic NE
Mediterranean Sea with low chlorophyll and nutrient concentrations (Tugrul et al.,
2018) suggesting that oxic respiration is the major organic matter degradation
process in the uppermost sedimentary column of the oligotrophic marine
environments as also observed from the oxygen microprofiles obtained from the
surficial (0-30 cmbs) Eastern Mediterranean sediments (Van Santvoort et al.,
2002).

Vertical profiles of TOC concentrations and vertical profiles (in St.2 and 5)
suggested that organic matter degradation occurred in the uppermost centimeters of
the sediment column reaching a constant value down to 8-10 cm indicating
refractory organic matter pool below this layer. The r-Fe concentrations varied
between 12.7-47.8 umol/g dw throughout the sediment column of the obtained core
samples. The results of r-Fe concentrations of this study were very similar to the
recent studies performed in the NE Mediterranean surface sediments (Ermis, 2017)
and Eastern Black Sea core samples (Yucel et al., 2010). Vertical profiles of r-Fe
concentrations were very similar to observed in the TOC profiles; high
concentrations in the upper sedimentary column which decreased with sediment

depth suggesting organic matter degradation by iron reduction in the NE
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Mediterranean subseafloor. These findings strongly suggested the coupling
between reactive iron and organic carbon in the NE Mediterranean as recently
explored from the studies of Ermis (2017) and Katz et al. (2020) in the region.
Further studies should be performed about sediment iron speciation and its
coupling with the redox sensitive elements (Mn, P, S, U, V, Mo) to understand the
intersections between sediment geochemistry (organic carbon degradation and
burial) and redox sensitive porewater macro- and micro-nutrients, available for the
marine organisms in the NE Mediterranean Sea. As a result, sediment porewater
nutrients and solid state geochemical parameters should be measured and
integrated to marine monitoring programmes to attain Good Environmental Status
(GES) of the Eastern Mediterranean Sea.
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Vertical profiles of porewater nutrients (Figure 2.3) and also solid-phase sediment
organic matter (C, N) and reactive iron concentrations (Figure 2.4) revealed that
organic matter mineralization was occurred by oxic/aerobic respiration in the upper
30-45 cmbs in the offshore regions of the NE Mediterranean Sea having low
chlorophyll concentrations in the surface layer (Tugrul et al., 2018) and also low
sedimentation rate (0.005-0.014 cm/y) (Katz et al., 2020) which are typical for
(ultra-)oligotrophic and deep-sea environments. On the other hand, denitrification
process occurred in the coastal zone (St. 1) where nitrate concentrations decreased
with increasing sediment depth. On the other hand, there was no apparent decrease
in nitrate concentrations within the sediment column suggested oxic respiration
throughout the sediment core samples obtained from shelf break (St. 3), offshore
(St. 4) and reference station (St. 5) (Figure 2.3). Moreover, vertical profiles of r-Fe
and TOC concentrations indicated high concentrations in the upper sedimentary
column which decreased with sediment depth suggesting organic matter
degradation by iron reduction in the NE Mediterranean subseafloor. In order to
understand past and future implications of the sediment biogeochemistry and the
distributions of key elements incorporated into biomass (C, N, P, metals),
voltammetric determination of redox dependent elements (oxygen, hydrogen
sulfide, manganese and iron) by micro-sensors should be needed for a better
understanding of the NE Mediterranean Sea ecosystem dynamics.

2.3.3 Riverine, Wastewater, Atmospheric and Sediment Porewater

Nutrient Dynamics in the NE Mediterranean Sea

The seasonal and regional averages of nutrient concentrations measured in the five
regional rivers (Figure 2.2) for the 2008-2015 period are presented in Table 2.3,
showing remarkable seasonal and regional variations with the peak values reached
in the wet winter-spring seasons. Rivers often transport nutrients that can enrich
coastal plankton communities (Farrow et al.,, 2019). The development of

eutrophication in the coastal sites of the NE Mediterranean shelf waters has been
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experienced due to riverine and wastewater discharges (Dogan-Saglamtimur and
Tugrul 2004; Tugrul et al., 2009; 2011; 2016; 2018). Atmospheric nutrient inputs,
both dry and wet deposition, have also remarkable contribution to sustain primary
production in the Northeastern Mediterranean Sea (Kocak et al., 2010; Kocak,
2015), especially in dry summer-autumn period when the volume fluxes of the
regional rivers decrease. The results of riverine nutrient concentrations indicated
that maximum nutrient concentrations were measured in the contaminated Seyhan
and Ceyhan Rivers whilst lowest concentrations were determined in the least
contaminated Lamas River having the lowest volume flux. Nutrient inputs
increased in the winter-spring periods due to enhanced flow rates and nutrient
contents of the major rivers. Maximum concentrations of seasonal TP (12-33 uM)
and PO, (3-29 uM) were recorded in Seyhan and Ceyhan Rivers. The least
contaminated small Lamas River waters contained lower nutrient concentrations
(TP: 0.1-9.6 uM; POy4: 0.02-1.37 uM). Nitrate and reactive silicate contents of the
five rivers are seasonally variable (NOs: 64.1-167 uM; Si: 84.2-169 uM) with the
Si/NO;s ratio ranging seasonally between 0.73-2.0.
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Table 2.3. Average concentrations of dissolved inorganic nutrients in the five

regional rivers between 2008 and 2015

PO,

NO;

NH,4

. . 3 . .
River (Discharge; m°/s*)  Season (M) (uM) (M) Si(uM)  SiI/NO;  NOz/PO,
Autumn 0.97 118.76 12.06 145.27 1.27 170.9
Ceyhan (144) Wipter 3.23 167.07 17.28 141.29 1.01 147.0
Spring 1.05 141.05 18.82 135.3 1.05 218.2
Summer 0.97 125.13 7.94 169.01 1.45 167.5
Autumn 6.32 166.73 40.00 98.84 0.73 435
Seyhan (168) Wir_1ter 2.04 92.80 39.89 91.23 1.57 75.2
Spring 4.04 117.82 14.89 93.68 1.28 99.6
Summer 4.31 93.88 8.72 89.92 1.55 97.7
Autumn 2.48 95.86 12.68 87.55 1.01 87.5
Berdan (6) Wir_1ter 1.57 97.36 23.03 127.74 1.47 115.8
Spring 1.34 100.44 12.9 87.35 0.97 113.6
Summer 2.22 84.35 8.39 88.82 1.12 69.5
Autumn 0.12 94.46 1.08 86.28 0.95 932.1
Lamas (3) Wir_1ter 0.08 102.98 0.69 99.49 1.04 1631.6
Spring 0.28 93.37 1.84 84.17 0.96 991.9
Summer 0.11 83.96 1.54 110.14 1.51 1303.4
Autumn 0.64 64.11 10.29 126.94 2.0 140.8
Goksu (45) Wir_1ter 0.53 66.72 2.82 101.75 1.74 171.0
Spring 0.69 68.17 3.77 118.26 1.96 152.9
Summer 1.05 72.97 4.24 108.46 1.67 237.7

* Discharge rates were retrieved from Kocak et al. (2010).

Wastewater nutrient concentrations were much greater than measured in the

regional rivers and showed marked spatial variability (Table 2.4). Maximum

concentrations of PO, and NH,4 were measured in the Mersin Discharge. KromSan

and Toros Discharges had moderately low concentrations. Minimum nutrient

concentrations were recorded in Antalya Discharge showing effective biochemical

treatment in this region. Though high concentrations of wastewater nutrients

recorded in the studied regions, volume fluxes of wastewater discharges were

lower than riverine volume fluxes (Table 2.2), but still resulting in local pollution

and eutrophication in the coastal areas of the NE Mediterranean as experienced in

Iskenderun and Mersin inner bays (Tugrul et al., 2009; 2011; 2016).
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Table 2.4. Concentrations of wastewater dissolved inorganic nutrients between
2006 and 2009

Wastewater (Discharge; m*s*)  Season (i(l\)/f) (’:111(343) ('IILI\HAA) (psl\l/[) Si/NO; NO4/PO,
Autumn  147.10 259.73 42.04 634.67 7.26 1.9

Winter 52.58 666.70  22.88 320.10 0.59 13.6
Spring 46.00  550.30 12.19 48290 0.89 334
Summer 97.60 62140 207.03 665.75 1.18 9.7

Iskenderun Discharge (0.26)

Autumn 0.25 602.25 110.40 428.00 0.72 5613.1
Winter 0.15 708.40 69.50 104.65 0.14 5520.8
Spring 0.29 32750 10150 142.10 0.76 2043.0
Summer 0.09 663.50 49.89  203.60 1.11 7372.2

KromSan Discharge (0.006)

Autumn 236 1937.50 193.10 455.15 0.25 13311
Winter 2.02 162850 158.81 369.00 0.23 901.6
Spring 152 2021.00 60.25 53940 0.27 2607.0
Summer 240 2026.90 216.73 321.65 0.15 847.6

Toros Discharge (0.014)

Autumn  171.00 4.30 1828.50 258.50 64.04 0.03
Winter 13555 9496 2151.00 276.70 11.48 1.7
Spring 188.00 34.25 2707.00 281.60 11.84 0.2
Summer 17433 20.79 1890.00 278.33 27.04 0.1

Mersin Discharge (0.60)

Autumn 31.40 360.46 3.38 350.50 115.97 17.6
Winter 83.39 84.40 155.23 365.10 13.45 1.3
Spring 88.25 500.20 559.33 319.25 2.58 14.1
Summer  73.53  653.20 97.23 307.33 4.77 14.6

Antalya Discharge (0.45)

* Discharge rates were retrieved from Tugul et al. (2009).

Atmospheric nutrient concentrations in aerosols determined from a long-term
observation (Kocak et al., 2010) showed that water soluble reactive PO, and Si
concentrations ranged from 0.03 to 6.40 nmol m™ for PO, and 0.04 to 26.27 nmol
m for Si. Water soluble NOz; and NH4 concentrations varied between 0.2-258.8
nmol m™ and 0.1-473.2 nmol m™, respectively. For rainwater samples obtained
from the same study, the volume weighted mean values for POy, Si, NO3 and NH4
were calculated as 0.7, 1.9, 44 and 46 uM, respectively. comparison of atmospheric
deposition (dry+wet) (Kocak et al., 2010) showed that aerosol and rainwater
reactive Si concentrations measured in the NE Mediterranean were much lower
than measured Si concentrations in the riverine and wastewater concentrations, but
PO, and NO3; concentrations were comparable to those measured in the rivers.
Aerosol and wastewater samples were highly enriched by NH, compared to

riverine NH,4 concentrations.
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2.3.4 Comparison of Internal and External Nutrient Fluxes and Their
Elemental Compositions  (Si/N/P) in  the Northeastern
Mediterranean Sea

In this study, the quantification of all source terms of nutrients (rivers, wastewaters,
porewater diffusive nutrient fluxes, atmospheric inputs (based on the study
performed by Kocak et al. (2010)) was made to assess nutrient loads for the NE
Mediterranean Sea having oligotrophic properties in its offshore waters (UNEP,
1989; Yilmaz and Tugrul, 1998; Kress and Herut, 2001; Krom et al., 2004; Tugrul
et al., 2016; 2018). Since riverine and wastewater inputs have highly affected
coastal zones of the NE Mediterranean Sea, fluxes were normalized to the area of

shelf regions of the NE Mediterranean Sea.

It should be noted that the total nutrient fluxes were assumed to be greater than
diffusive nutrient fluxes due to other processes at sediment-water interface such as
bioturbation-irrigation (Barbanti et al., 1992) and also biotic/abiotic processes for
the organic matter degradation in the uppermost millimeters of sediment layer
(Christensen et al., 1988; Ignatieva, 1999; Rasheed, 2004; Al-Rousan et al., 2004;
Hille et al., 2005; Rasheed et al., 2006; Rydin et al., 2011; Cheng et al., 2014; Mu
et al., 2017). In this study, calculated diffusive nutrient fluxes based on the Fick’s
First Law of Diffusion presented in Table 2.5 indicated remarkably high nutrient
fluxes from the sediment into the deep waters of the NE Mediterranean Sea.
Maximum nutrient fluxes were calculated in the river-influenced coastal region
indicated that human-induced pressures not only affect the coastal surface waters,
but also affect sediment porewater nutrient dynamics due to increase in primary
productivity and hence sedimentation in the eutrophic coastal areas. Expectedly,
lower porewater diffusive nutrient fluxes were calculated in the oligotrophic

offshore regions of the NE Mediterranean Sea (Table 2.5).
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Table 2.5. Diffusive nutrient fluxes from sediment layer to the deep waters in the

NE Mediterranean

Station PO, NO; NH,4 Si
(mmol m?yr!)  (mmolm?yr?)  (mmolm?yrY)  (mmol m?yr?)
1 0.57 66.87 46.23 77.20
2 0.36 18.55 12.79 50.77
3 0.42 50.11 22.30 60.81
4 0.35 26.50 11.71 36.62
5 0.36 43.43 2.81 28.48

Redox dependent benthic nutrient fluxes would enhance algal production
(Christensen et al., 1988; Ignatieva, 1999; Rasheed et al., 2006). In a study
conducted in the oligotrophic Eastern Mediterranean continental shelf, the
phosphate and nitrate fluxes into the water column supported as much as 11.7%
and 2% of the phytoplankton P and N demand, respectively (Christensen et al.,
1988). Furthermore, it was observed that porewater nutrient concentrations
revealed reduced conditions in these shelf sediments where nitrate depletion was
seen in the uppermost centimeters of the collected sediment cores (Jergensen,
1996) as also experienced in NE Mediterranean shelf region by this study. In this
study, calculated diffusive nutrient fluxes were very similar to the study of
Christensen et al. (1988) and Rasheed et al. (2006) performing their studies in the
oligotrophic regions, but much lower than the studies by Ignatieva (1999) and
Noffke et al. (2012) where the studies were conducted in the highly eutrophic

regions having suboxic and anoxic/sulfidic deep waters.

Mean annual nutrient fluxes in the NE Mediterranean shelf region were calculated
(Table 2.6) for both external and internal sources and the contribution of each
source term was quantified in the NE Mediterranean Sea (Figure 2.5). In the NE
Mediterranean shelf waters, total nutrient fluxes for PO,4, NO3, NH4 and Si were
calculated as 6.80, 303.71, 88.90 and 221.94 mmol m™ yr, respectively. The
results of the source assessment of nutrient fluxes to the NE Mediterranean Sea
indicated that the major contribution of nutrients to the NE Mediterranean coastal

area was assigned as riverine nutrient inputs for phosphate, nitrate and reactive
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silicate. Atmospheric inputs (Kocak et al., 2010) have remarkable contribution for
the ammonium fluxes to the NE Mediterranean having limited inputs in terms of
reactive silicate (Figure 2.5). Contribution of wastewater phosphate and ammonium
fluxes to the NE Mediterranean was also markedly high and much greater than
wastewater nitrate and silicate inputs. In this study, contribution of porewater
diffusive nutrient fluxes to the total nutrient fluxes in the NE Mediterranean was
calculated as 5.8% for PO,4, 12% for NOs, 19% for NH4 and 22% for reactive Si,
respectively (Figure 2.5). The increase in dissolved inorganic phosphorous and iron
concentrations in the eutrophic and suboxic/anoxic/sulfidic regions is highly related
to redox conditions in the marine environment as the role of sediments in these
regions has important for dissolved iron, inorganic phosphate and ammonium
sources to the bottom water (Noffke et al., 2012). Furthermore, in the eutrophic and
hypoxic/anoxic/sulfidic Baltic Sea, the intrusion of oxygen-rich North Sea waters
into the Eastern Gotland Basin decreased to releases of inorganic phosphate and
ammonium from deep sediments (Sommer et al., 2017) which also showed the
redox-dependency on the benthic nutrient dynamics in this region. Though
dissolved oxygen concentrations were at saturation levels in the NE Mediterranean
upper layer (Tugrul et al., 2016; 2018) with highly oxygenated deep waters, the
contribution of porewater diffusive nutrient fluxes was markedly high.
Contribution of diffusive nutrient inputs was much greater than wastewater nutrient
inputs for nitrate, ammonium and reactive silicate, but lower than phosphate due
probably to adsorption of phosphate onto metal oxides (Mortimer, 1942 as
referenced in Nteziryayo and Danielsson, 2018) in the oxygenated surface
sediments of the NE Mediterranean Sea.
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Table 2.6. External and internal

(Atmospheric nutrient fluxes were retrieved from the study of Kocak et al. (2010).)

nutrient sources for the NE Mediterranean

Source PO, NO; NH, Si Si/NO; NOs/PO,
(mmol m2yr')  (mmolm?yr?)  (mmolm?yr?) (mmolm?yr?) (Molar) (Molar)
Sediment 0.39 36.3 17.2 48.0 1.32 91.8
Atmospheric 0.69 125.0 38.0 1.43 0.01 181.2
River 4.45 139.4 22.4 168.9 1.21 31.3
Wastewater 1.27 3.1 11.3 3.66 1.19 2.4
Total 6.80 303.71 88.90 221.94 0.73 447
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Figure 2.5. Contribution of sources of nutrients for the NE Mediterranean shelf

waters (%).
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The eastern Mediterranean deep water is characterized by high N/P molar ratios
(Krom et al., 1991, Yilmaz and Tugrul, 1998) due to internal and external sources
with high N/P molar ratios (Krom et al., 2004; Kocak et al., 2010) as well as lack
of feedback mechanisms for bio-available N through denitrification in the sediment
and water column (Krom et al., 2004). Positive nutrients (Si, N, P) fluxes indicated
sediment layer in the NE Mediterranean shelf acts as a source for nutrients. The
N/P molar ratios calculated for the source terms of nutrients (Table 2.6, Figure 2.6),
except for wastewaters (riverine, atmospheric and sediment diffusive inputs), were
greater than classical Redfield Ratio (N/P=16), reflecting high N/P molar ratios in
the Mediterranean deep waters (Krom et al., 1991, Yilmaz and Tugrul, 1998). As a
result, it can be concluded benthic nutrient fluxes with high N/P molar ratios and
the nutrient dynamics at the sediment-water interface in the NE Mediterranean
shelf region might be also one of the reasons addressing why the eastern
Mediterranean is P-limited as also experienced in the previous studies (Krom et al.,
1991; 2004; Yilmaz and Tugrul, 1998; Tufekci et al., 2013; Tugrul et al., 2011,
2016; 2018). It should be also noted that lower Si/N (Si/NO3=0.73) and high N/P
(NO3/PO4=44.7) molar ratios in the total nutrient inputs and also from the linear
regressions of the Si/N/P plots compared to classical Redfield Ratio are very likely
to modify phytoplankton composition and abundance in the phosphorus deficient
NE Mediterranean productive shelf waters leading to development of
mesotrophic/eutrophic conditions in the NE Mediterranean Sea. Therefore,
quantification of nutrients is needed for further use in biogeochemical modeling of
the oligotrophic Mediterranean Sea and its ecosystem dynamics which are of
critical importance to attain Good Environmental Status (GES) for the Eastern

Mediterranean Sea.
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Figure 2.6. N vs. P and Si vs. N plots of the nutrient fluxes in the NE

Mediterranean Sea.

2.4 Conclusions

Sediment porewater nutrient (Si, N, P) and sediment organic matter
biogeochemistry were studied in the NE Mediterranean Sea. Porewater diffusive
nutrient fluxes were also calculated for the comparison with the external nutrient
inputs in the NE Mediterranean shelf region. The study results indicated a series of
redox reactions; organic matter mineralization was occurred by oxic/aerobic
respiration in the upper 30-45 cmbs in the offshore regions of the NE
Mediterranean Sea having low surface water chlorophyll concentrations and low
sedimentation rates which are typical for (ultra-)oligotrophic and deep-sea
environments whilst denitrification process dominated in the river influenced
coastal region. Vertical profiles of the reactive iron concentrations also suggested
microbial iron reduction in the NE Mediterranean subseafloor. Determination of
redox dependent benthic nutrient fluxes is critical for the management of
eutrophication status of coastal marine ecosystems since high nutrient inputs from
the surface sediment can support benthic community and productivity in highly
polluted sites of the inner bays. Riverine and wastewater nutrient fluxes were also

determined in the NE Mediterranean and using atmospheric (wet+dry deposition)
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nutrient fluxes, all the external inputs were quantified and compared with the
benthic nutrient fluxes. Results of this study indicated remarkable contribution of
porewater diffusive nutrient fluxes to the total nutrient budget in the NE
Mediterranean Sea. Lower Si/N and higher N/P molar ratios in the total nutrient
inputs are very likely to modify phytoplankton composition and abundance in the
phosphorus deficient NE Mediterranean productive shelf waters leading to
development of mesotrophic/eutrophic conditions. Another important source term
of allochthonous nutrients is the submarine groundwater discharge which is not
determined in the scope of this study though its contribution was markedly high in
the Mediterranean Sea (Rodellas et al., 2015). The magnitude of volume fluxes, the
nutrient concentrations and composition of the submarine groundwater discharge in
the NE Mediterranean Sea located on one of the widest shelf areas should be
needed for further use in biogeochemical modeling of the oligotrophic
Mediterranean Sea and its ecosystem dynamics. It is also important that sediment
porewater nutrients and solid-phase geochemical parameters should be determined
and integrated to marine monitoring programmes to attain Good Environmental
Status (GES) of the Eastern Mediterranean Sea.
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CHAPTER 3

IMPACTS OF EUTROPHICATION AND DEOXYGENATION ON THE
POREWATER AND SEDIMENT BIOGEOCHEMISTRY IN THE MARMARA
SEA

Abstract

Seafloor biogeochemistry can dramatically shift in response to deoxygenation and
eutrophication-driven  organic carbon production. In such conditions,
biogeochemical cycling of key nutrients can be highly coupled to oxygen
concentrations and metal redox cycles, often leading to the increase in dissolved
nutrients and metals concentrations in the deep waters. This chapter aims to
understand impacts of deoxygenation and coastal eutrophication on the
sedimentary biogeochemical processes in the deoxygenating Marmara Sea, rapidly
changed due to the pressure of anthropogenic impacts. Therefore, porewater
concentrations of nutrients, dissolved iron, hydrogen sulfide and major elements
were measured from the obtained core samples in the Marmara Sea. The study
results indicated maximum concentrations of porewater reactive silicate, phosphate
and ammonium were measured in the eutrophic and suboxic/anoxic/sulfidic Izmit
Bay. Lower concentrations were recorded in the Southern Marmara Sea having
lower surface water primary productivity and more oxygenated deep waters.
Porewater nitrate, sulfate and hydrogen sulfide profiles showed organic matter
degradation processes in the upper 20-30 cmbs have been mediated by oxic
respiration, denitrification and sulfate reduction whilst organic matter
decomposition was limited by oxic respiration in the upper sedimentary column in
the southern Marmara Sea. Moreover, the distribution of porewater sulfate,
hydrogen sulfide, and major elements throughout the sediment cores obtained

specifically from the Izmit Bay, suggested principal biogeochemical and early
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diagenetic processes such as anaerobic oxidation of methane (AOM), carbonate
precipitation, Fe-reduction, Fe-S precipitation and low-temperature silicate
diagenesis. Sediment total organic carbon distributions throughout the sediment
column and the calculated redox dependent benthic nutrient fluxes in the Marmara
Sea suggested high rates of organic matter decomposition and limited trapping of
nutrients in the benthic interface, which would further enhance eutrophication in
the Marmara Sea, analogous to benthic 'vicious cycle' in the much shallower Baltic
Sea.

3.1 Introduction

The oxygen minimum zones (OMZs) are referred to the portion of the water
column that have volume or depth interval in which oxygen concentrations are less
than 0.15 mL/L (6.7 uM) (Cline and Richards, 1972). Biogeochemical cycling of
key nutrients (N, P) is highly coupled to oxygen concentrations and metal (Fe, Mn)
cycles (Williams, 1987; Jorgensen, 1996). For example, OMZs play an essential
role in the global nitrogen cycle where different forms of nitrogen, having different
oxidation states as ammonium, nitrite, nitrate, nitrous oxide, molecular nitrogen,
may be processed by different bacterial processes (Paulmier and Ruiz-Pino, 2009

and references therein).

The Marmara Sea, a typical example of two-layer enclosed seas, connects the
Black Sea to the Mediterranean via the two shallow and narrow straits, called
Istanbul (Bosporus) and Canakkale (Dardanelles) Straits and this oceanographic
system is also called the Turkish Straits System (TSS) (Unliiata et al. 1990;
Besiktepe et al. 1994; Ediger et al., 2016 and references therein). Marmara Sea's
distinctly two-layer ecosystem has distinct biogeochemical properties due to water
exchanges between the Black Sea and the Mediterranean Sea through TSS (Polat,
and Tugrul, 1995; Tugrul and Polat, 1995, Tugrul et al., 2002). Marmara Sea
ecosystem has been highly polluted by the Black Sea inflow and direct discharges

mainly from the Istanbul city in recent decades (Tugrul and Morkog, 1989; Tugrul
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and Polat, 1995; Ediger et al., 2016; Yalgin et al., 2017; Tan and Aslan, 2020). The
eutrophication problem in the Northwestern Black Sea collapsed Black Sea
ecosystem and fisheries (Mee, 1992; Tugrul et al., 2014), leading to similar
changes in the Sea of Marmara during the last two decades (Polat and Tugrul,
1995; Ediger et al., 2016; Yalcin et al., 2017). Marmara Sea two-layer ecosystem
has also particular importance due to strong density gradient between water masses
highly influencing physical mixing processes (Besiktepe et al. 1994) and dynamics
of dissolved nutrients and oxygen (Tugrul et al., 2002; Ediger et al., 2016; Yalgin
et al., 2017). Recent studies performed in the Marmara Sea indicated that dissolved
oxygen (DO) concentrations are at saturation levels in the thin upper layer of Black
Sea origin and decreased rapidly in the permanent pycnocline coinciding with
nutricline since primary production is confined to upper mixed layer for most of the
year. The major source of the DO in the Marmara Sea lower layer is Mediterranean
waters highly enriched in DO and transported by Dardanelles undercurrent.
However, the steep halocline limits ventilation of deep waters by the DO rich
surface waters. Therefore, DO deficiency in the Marmara Sea deep waters
increases from the Dardanelles to Bosporus Strait (Tugrul and Polat, 1995; Tugrul
et al., 2002; Ediger et al., 2016; Yal¢in et al., 2017). The increasing organic matter
inputs in the upper layer and limited ventilation of deep waters have dramatically
reduced DO concentrations in the deep waters of Marmara Sea in the last decades,
detected by the vertical profiles of DO in the Cinarcik Basin, eastern Marmara Sea
(Figure 3.1).
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Figure 3.1. Vertical profiles of dissolved oxygen and hydrogen sulfide (in 2019)

concentrations in the eastern Marmara Sea in 1954-2019 period (Historical data
were taken from the METU-IMS database).

Marmara Sea is also a region of particular importance since it is a tectonically

active marine basin, intersected in an east-west direction by the northern branch of

38



the North Anatolian Fault (N.A.F.) (Le Pichon et al. 2001; G¢éli et al., 2008)
enabling the Marmara Sea to host multiple gas seeps (or cold seeps), emitting
fluids into seawater at the seafloor (Ruffine et al., 2018; Héléne et al., 2020). The
anaerobic oxidation of methane (AOM) was firstly determined in the 1970s and
highly coupled to sulfur cycle as sulfate reduction mediated by anaerobic
methanotrophic archaea (ANME) and sulfate-reducing bacteria (SRB)
(Reeburgh, 1976; 1980; Cui et al., 2015) as well as two more different processes of
AOM depending on the different electron acceptors: (a) nitrate/nitrite and (b) metal
ions (Mn** and Fe*®) (Cui et al., 2015). In the Marmara Sea, high concentrations of
methane in the sediment column of the gas emission sites lead to depletion of
sulfate by the AOM as the following reaction (Halbach et al., 2002; Cagatay et al.,
2004; Tryon et al., 2010; Ruffine et al., 2018; Cagatay et al., 2018):

CH4 + SO4% =>HCO3 + HS + H,0

Recent studies in different basins of the Marmara Sea indicated that the emissions
of gases in the Western and Central Highs were thermogenic whilst the gases
emitted from the Eastern Marmara Sea were primarily microbial activities in the
sediment column (Yang et al., 2018 and references therein).

Historical data sets obtained by METU-IMS with the results of this study indicated
that, in the eastern Marmara Sea, dissolved oxygen concentrations of deep waters
(>1000 m) decreased from 2.3 mg/L (72 pM) in 1995 to <0.25 mg/L (<7.8 uM) in
2019, indicating a rapid deoxygenation during the last two decades (Figure 3.1) due
to organic and inorganic matter inputs from the natural (Black Sea) and
anthropogenic sources in recent decades (Tugrul and Polat, 1995; Ediger et al.,
2016 and references therein). The aims of this part of my Ph.D. dissertation are,
therefore, (i) to determine the impacts of eutrophication and deoxygenation on the
porewater nutrient dynamics, (ii) to understand organic matter (C, N) geochemistry
of the recently obtained sediment core samples, (iii) to describe early diagenetic

processes in the porewaters and sediments and (iv) to determine the porewater
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diffusive nutrient (Si, N, P) fluxes in the three different regions of the Marmara

Sea: Izmit Bay, Cinarcik Basin and the southern Marmara Sea.

3.2 Methodology

3.2.1 Study Area

Principal physical and biochemical parameters were measured at 97 stations in the
Marmara Sea (Figure 3.2) in the winter and summer of 2019 using R/V Bilim-2 of
METU-IMS. Sediment core samples were obtained from the 13 selected stations in
the Izmit Bay, Cinarcik Basin and southern Marmara Sea to measure porewater
nutrients (POg, Si, NO3+NO,, NH,), major ions (Cl, SOy, Br, Li, Na, K, Mg, Ca),
hydrogen sulfide (H.S), dissolved iron (dFe), and solid state total carbon/organic
carbon (TC/TOC) and nitrogen (TN) concentrations in different regions of the
Marmara Sea.
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Figure 3.2. Marmara Sea with the tectonic framework (a; Tryon et al., 2010) and
(b) the sampling locations in winter and summer of 2019 (red dots represent
sediment core stations).
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3.2.2 Sampling and Analysis

Physical data (temperature, salinity, density) were measured in situ by a SEABIRD
model CTD probe that is coupled to a 12-Niskin bottle Rosette System in which
seawater samples were collected from the selected depths by remote control. The
Secchi Disk Depth (SDD), an estimation of water transparency, was measured by
lowering a disk into the seawater until it can no longer be seen. Dissolved oxygen
measurements were carried out by the automated Winkler titration method
(UNEP/MAP, 2005). Total phosphorus concentrations were determined by the
conventional colorimetric method at 880 nm wavelength (Strickland and Parsons,
1972; Grasshoff et al., 1983) after persulfate oxidation of seawater samples
(Menzel and Corwin, 1965). Seawater and porewater dissolved inorganic nutrients
(nitrate+nitrate, ammonium, phosphate and silicate) were measured using a
Bran+Luebbe Model four-channel Autoanalyzer by standardized methods
(Grasshoff et al., 1983). The detection limits of dissolved nutrients are 0.05 uM,
0.04 uM, 0.01 pM, 0.04 uM and 0.03 puM for nitrate+nitrite, ammonium,
phosphate, silicate and total phosphorus, respectively. Chlorophyll-a (Chl-a)
measurements were carried out by the conventional spectrofluorometric method
after digestion of filtered samples by 90% (v/v) acetone solution using a HITACHI
model F-2500 Fluorescence Spectrophotometer (Strickland and Parsons, 1972;
UNEP/MAP, 2005). Hydrogen sulfide (H,S/HS) concentrations in seawater and
porewater samples were measured on board by the spectrophotometric methylene
blue method at 670 nm wavelength (Cline, 1969). Porewater dissolved iron (sum of
Fe?* and Fe®") concentrations were measured on board by the spectrophotometric
determination of Fe with ferrozine-based assay at 562 nm wavelength (Stookey,
1970; Jeitner, 2014).

Sediment core samples were obtained by a multiple-corer sediment sampling
device, the Multi Corer (Oktopus, Kiel), which was applied for the first time in the
Marmara Sea. Each sediment core was sliced on board under minimum oxygen

conditions using N, or Ar gas. After obtaining sliced sediments, each sample was
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put in a 50 mL falcon tube and centrifuged at 6000 rpm for 20 minutes. Then, the
porewater samples were extracted using syringe-coupled GF/F filters through 0.45
pum. Dissolved iron and hydrogen sulfide concentrations of porewater sub-samples
were immediately determined on board by the methods mentioned above and the
remained sub-samples were placed in 15 mL falcon tubes and stored in the freezer
for the analysis of dissolved nutrients and major ions. Analyses of porewater
nutrients were carried out by the automated method mentioned above. Analysis of
major ions (Cl, SOy, Li, Na, K, Mg, Ca) in porewater samples were conducted by
lon Chromatography. Porewater-free sediment samples were also stored for the
determination of TC, TOC and TN concentrations and surface sediment porosity
measurements. Sediment samples for the TC, TOC and TN measurements were
initially freeze-dried. Dry sediments were then powdered and sieved on 63 um pore
size for the homogenization of the samples. For TOC analysis, nearly 30 mg of dry
and homogeneous sediment samples were put into the silver cups (pre-combusted
at 400 °C for 6 hours). Then, 10 pL of distilled water was added into each silver
cup to wet the samples. After distilled water addition, 10 pL of 20 % HCI (v/v) was
added to remove inorganic carbon from the sediment samples. The HCI additions
were continued until all the inorganic carbon was removed in the form of CO..
Then, the samples were dried at 60-70 °C for one day. After drying the sediment
samples, silver cups were compacted and put into autosampler of the CHN
analyzer. TC and TN analyses in sediments were performed by the same method as
for the TOC analysis, but without acid addition. TN concentrations were also
determined on HCl-added sediment samples and there was no significant difference
between HCl-treated and untreated samples indicating significant fraction of TN
pool was in the organic nitrogen form. Therefore, TN concentrations of HCI-
untreated sediment samples were reported in this study. Total carbon (TC), organic
carbon (TOC) and nitrogen (TN) concentrations were determined by dry oxidation
method using the Vario El Cube Elementar Model CHN Analyzer (UNEP/MAP,
2006). Porosity of wet sediments was determined by the displacement method as
described by Mu et al. (2017).

42



3.2.3 Calculation of Diffusive Nutrients (Si, N, P) Fluxes

In this study, diffusive nutrient fluxes were calculated based on Fick’s First Law of
Diffusion using porewater nutrient concentrations and porosity as the following
equation (Cheng et al., 2014; Mu et al., 2017):

F = ¢ Ds (dC/d2)

Where F corresponds to the diffusion flux across sediment-water interface, dC/dz
to the concentration gradient of nutrients across sediment-water interface, ¢ to the
porosity of sediment, Ds to the actual molecular diffusion coefficient corrected for
the sediment tortuosity.

Ullman and Aller (1982) proposed an empirical formula related to the actual

diffusion coefficient, Ds, and porosity, ¢:
Ds = ¢ Do (¢<0.7)
Ds=¢?’Dy  (¢>0.7)

where Dy is the self diffusion coefficient of ions at infinite dilution corrected by in
situ temperature. For phosphate, nitrate, nitrite and ammonium Dy values are used
from Li and Gregory (1974) and for silicate, Dy values were used from Rebreanu et
al. (2008) as 7.34x10° cm? s for PO,, 19.0x10° cm? s for NO3, 19.1x10° cm? s
for NO,, 19.8x10° cm? s for NH, and 11.7x10° cm?® s* for Si at 25 °C,

respectively.

3.3 Results and Discussion

331 Variations of Physical and Biochemical Variables in the Marmara

Sea

In order to determine spatio-temporal variations of physical and eutrophication-

related biochemical variables, two field studies were performed in the Marmara
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Sea (including the Bosporus and Dardanelles straits) in the summer and winter
periods of 2019. The physical and chemical oceanography of the Marmara Sea are
significantly affected by the inputs from the Black and Aegean Seas (Unliiata et al.,
1990; Besiktepe et al., 1994; Polat and Tugrul, 1995; Tugrul and Polat, 1995; Polat
et al.,, 1998; Tugrul et al., 2002). According to surface water distributions of
physical parameters (Table 3.1), temperature values seasonally ranged from 6.93-
10.98 °C in winter to 19.06-26.17 °C in summer with the minimum values recorded
in the surface waters of the Bosporus strait. The surface water salinity values
ranged spatio-temporally from 17.29 to 29.40 in the Marmara Sea. Regional
variability of the salinity values in the summer and winter periods were very
similar to spatial variability of the temperature values with the lowest values
recorded in the Bosporus strait due to brackish Black Sea waters (Table 3.1, Figure
3.3) increasing in the surface waters of the Dardanelles strait. However, seasonal
variations of salinity values for the surface waters of the Marmara Sea indicated
moderately higher salinity values in winter (Table 3.1) due to wind-induced mixing
processes in the region (Besiktepe et al., 1994). Similar spatio-temporal variability
in the physical (temperature and salinity) variables was experienced in a recent
study performed in the Marmara Sea (Yalgin et al., 2017). The Secchi Disk Depth
(SDD) values, a rough estimation of water transparency, measured in the study
region varied from 4.5-17.5 m in summer to 4.0-11 m in winter (Table 3.1). Lowest
values were recorded in the Cinarcik Basin and semi-enclosed Izmit Bay
influenced by brackish Black Sea inflow and anthropogenic wastewater inputs and
southern Marmara Sea affected by regional rivers (Figure 3.3). Lower SDD values,
as an indicator of eutrophication, in these regions were due to nutrients enrichment
and hence phytoplankton production (in terms of Chl-a) in the surface waters of the
study region decreasing the water clarity in the hot points. These findings
suggested the signal of eutrophication in these regions due to combined effect of
brackish Black Sea inflow and land-based sources (rivers and wastewater inflows)

in the Marmara Sea as also presented in the previous studies performed in the
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region (Polat and Tugrul, 1995; Tugrul and Polat, 1995; Polat et al., 1998; Ediger
etal., 2016; Yal¢in et al., 2017).

Marmara Sea ecosystem has been highly polluted by the Black Sea inflow and
wastewater discharges in recent decades (Tugrul and Morkog, 1989; Tugrul and
Polat, 1995; Ediger et al., 2016; Yalgin et al., 2017; Tan and Aslan, 2020). The
eutrophication problem in the Northwestern Black Sea collapsed Black Sea
ecosystem and fisheries (Mee, 1992; Tugrul et al., 2014), leading to similar
changes in the Sea of Marmara during the last two decades (Polat and Tugrul,
1995; Ediger et al., 2016; Yalgin et al., 2017). Dissolved nutrient concentrations in
the Marmara Sea displayed regional and seasonal variability as also experienced in
distributions of physical variables (Table 3.1, Figure 3.3). Surface water NOx (NOy:
NO,+NO3) concentrations ranged spatio-temporally from 0.05 to 9.97 uM in the
study region whilst PO, concentrations varied between 0.02 and 3.27 uM. Higher
concentrations of NOy and POy in winter period were due to enrichment of brackish
Black Sea inflow by nitrate and phosphate (Tugrul et al., 2002). Similar seasonal
variations were also recorded in the concentrations of NH,4 and reactive Si with the
maximum values recorded in the Bosporus strait and eastern Marmara Sea; Izmit
Bay and Cinarcik Basin. Variations in the nutrient fluxes from the Black Sea and in
anthropogenic nutrient inputs have affected the nutrient dynamics in the Marmara
Sea (Yalgin et al., 2017 and references therein). Moderately high nutrient
concentrations in the surface waters of the Cimarcik Basin, izmit Bay and also
southern Marmara Sea were due to combined effects of nutrient inputs from the
Black Sea via Bosporus strait, riverine inputs and domestic and wastewater
discharges carrying significant amount of organic and inorganic matter inputs
(Tugrul and Morkog, 1989; Tugrul and Polat, 1995; Polat and Tugrul, 1995; Polat
et al., 1998; Ediger et al., 2016; Yalgin et al., 2017). This excessive amount of
nutrient inputs from natural (Black Sea) and terrestrial sources into the Marmara
Sea enhanced phytoplankton production and the development of eutrophication
(Figure 3.3). The surface water chlorophyll-a (Chl-a) concentrations ranged from

0.01-1.81 pg/L in summer to 0.26-3.77 ug/L in winter. High nutrient inputs in
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winter increased phytoplankton abundance (in terms of Chl-a) compared to those in
summer. According to eutrophication assessment based on the Chl-a values
(Simboura et al., 2005), trophic status of the most areas located at the Marmara Sea
were characterized from “mesotrophic/moderate” to “dystrophic/bad”. The degree
of eutrophication is more pronounced in winter due to high nutrient inputs from the
Black Sea and terrestrial inputs increasing the measured Chl-a concentrations. The
recent nutrient data obtained from this study and also from the historical data set of
METU-IMS indicated that the accumulation of nutrients enhancing primary
productivity (in terms of Chl-a) leads to development of eutrophication, subsurface
hypoxia (<150 uM O,) and deep water anoxia in the Marmara Sea (Figure 3.1,
Figure 3.3). In the Cinarcik Basin (eastern Marmara Sea), dissolved oxygen
concentrations in the deep waters (>1000 m) decreased from 2.3 mg/L (72 pM) in
1995 to <0.25 mg/L (<7.8 uM) in 2019, indicating a rapid deoxygenation during
the last two decades (Figure 3.1). In January 2019, Hydrogen sulfide was also
detected in deep waters, with concentrations ranging from 3.92 uM at 1200 m in
the Cinarcik Basin to 0.52 pM at 29 m in the eastern part of the Izmit Bay
indicating a regime shift in the organic matter degradation, from oxic respiration to

denitrification and sulfate reduction.

Table 3.1. Values of surface water physical and eutrophication-related biochemical
parameters in the Marmara Sea in winter and summer periods of 2019 (N: # of

observations)

Winter Temperature Salinity TP PO, NO, NH, Si DO Chl-a SDD
(0 (M) M) M) @M)  @M)  @M)  (ug/L)  (m)

Mean 8.80 2415 048 019 219 111 556 2963 124 8.2
Std. Dev. 1.28 4.39 023 018 255 146 410 316 0.79 1.8
Min. 6.93 1796 016 002 009 015 085 1953 0.26 4.0
Max. 10.98 2883 111 072 997 884 16.19 3444 377 11.0
N 39 39 39 39 39 39 39 39 39 12

Summer Temperature Salinity TP PO, NO, NH, Si DO Chl-a SDD
(O @M @M @M @M M) M) gl (m)

Mean 24.27 2300 053 014 092 030 154 2350 023 119
Std. Dev. 1.37 2.73 046 040 216 010 1.26 9.7 0.24 2.9
Min. 19.06 1729 014 002 005 0.02 020 1881 0.01 45
Max. 26.17 2940 345 327 928 064 7.08 2541 181 175
N 84 84 84 84 84 84 84 84 84 45

46



Salinity TP [uM]

Chl-a [ug/L]

i

s
3
:
3
H
ki

29°E 30°E

DWDO [mg/L]

SDD [m]

y - 1

40°N |

N O g A W N 2o

Ocean Data View / DIVA

27°E 29°E

Figure 3.3. Distributions of surface water salinity, concentrations of dissolved

nutrients, Secchi Disk Depth (SDD) values and deep water dissolved oxygen

content (DWDO) in the Marmara Sea in the summer of 2019.

3.3.2 Sediment Organic Matter Geochemistry in the Marmara Sea

Solid-state total carbon (TC), total organic carbon (TOC) and TN concentrations in

sediment cores from different regions of the Marmara Sea displayed spatial

variability (Figure 3.4). Maximum concentrations were found in the surface
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sediments of the highly eutrophic (dystrophic) izmit Bay sediment core samples
displaying anoxic/sulfidic conditions in the deep waters (Figure 3.4). TC
concentrations ranged regionally between 1.97 and 4.12 mmol/g dw (dry weight) in
the upper 3 cm of the obtained core samples decreased to 0.92-3.25 mmol/g dw
levels below 30 cmbs (Figure 3.4). TOC and TN contents within the sediment core
samples were also displayed same spatial variability in the study region; maximum
concentrations were measured in the Izmit Bay where maximum phytoplankton
production (in terms of Chl-a) were recorded (Figure 3.3). Vertical profiles of TOC
and TN distributions were very similar to TC distributions throughout the sediment
column. TOC values were in the range of 0.47-2.70 mmol/g dw whilst TN values
varied between 0.04 and 0.23 mmol/g dw throughout the sediment column in the
obtained core samples (Figure 3.4). The decrease in the TOC and TN
concentrations with the increasing depth throughout the sediment column indicated
organic matter decomposition processes. The organic matter mineralization took
place in the upper 10-20 cmbs of the studied sites, below this depth, TOC and TN
profiles were relatively constant and not changed regionally suggesting the
availability of refractory organic matter below 20 cmbs buried in the Marmara Sea.
The TOC concentrations of the obtained core samples measured in this study were
in agreement with the previous studies performed in different regions of the
Marmara Sea (Evans et al., 1989; Cagatay et al., 2004; Sar1 and Cagatay, 2010;
Ruffine et al., 2018; Yang et al., 2018; Tan and Aslan, 2020) with the relatively
higher values measured in Cinarcik Basin and izmit Bay displaying anoxic/sulfidic
properties in the deep waters. Expectedly, the maximum organic matter (C, N)
concentrations were detected in the surface sediments of the eastern izmit Bay with
highly eutrophic conditions and the accumulation of H,S (0.52 uM at 29 m) in the
bottom waters due to anthropogenic inputs indicating a regime shift in the organic
matter degradation, from oxic respiration to denitrification and sulfate reduction.
Therefore, the development of eutrophication in the Izmit Bay due to terrestrial and

natural nutrient and organic matter inputs (Tugrul and Morkog, 1989; Yal¢n et al.,
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2017; Tan and Aslan, 2020) have led to increase in the accumulation rates of the

organic matter sedimented on the Izmit Bay.

Maximum sediment TOC and TN concentrations (Figure 3.4) in the izmit Bay will
further enhance eutrophication in the Marmara Sea, analogous to benthic ‘vicious
cycle' in the much shallower Baltic Sea due to release of increased amount of
dissolved nutrients, biologically available for the phytoplankton. In the Cinarcik
Basin, relatively lower concentrations of TC, TOC and TN were measured
compared to eastern izmit Bay, but comparable to those measured in the western
Izmit Bay having similar deep water physical and biochemical properties (Table
3.2), indicating redox-dependency on the benthic organic matter dynamics. In the
southern Marmara Sea, however, minimum concentrations of TOC and TN were
measured though TC concentrations were comparable with the izmit Bay and
Cmarcik Basin. The lower primary productivity (in terms of Chl-a) and also lower
sedimentation rate (Cagatay et al., 2004) in the southern Marmara Sea resulted in
low organic matter accumulation at the sediment and the higher deep water DO
concentrations (Figure 3.3, Table 3.2) prevented the release of reactive phosphate,
silicate and ammonium fluxes from the surface sediments. Therefore, development
of eutrophication and deep water hypoxia/anoxia in the Cinarcik Basin and Izmit
Bay caused to accumulation of excess amount of organic matter in the upper
sediment column highly enhancing the release of dissolved nutrients whereas in the
oxic southern Marmara Sea, lower sediment organic matter (C, N) concentrations
resulted in lower porewater nutrients concentrations and their diffusive fluxes due

to high concentrations of deep water dissolved oxygen.
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Figure 3.4. Vertical profiles of TC, TOC and TN in the sediment cores from the

Marmara Sea.

3.3.3

Porewater Nutrient Dynamics in the Marmara Sea

In the euphotic zone, CO; is fixed accompanied by sunlight and particulate organic

carbon is produced from the inorganic constituents of seawater (nutrients).

Between 1 and 40% of primary production is sinking below the euphotic zone and

it exponentially attenuates to the base of the mesopelagic zone at around 1000 m.
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In the water column, organic matter is remineralized, converting organic matter to
CO,. Therefore, only 1% of the surface production is buried in seafloor (Herndl
and Reinthaler, 2013). The long-term development of eutrophication in the
Marmara Sea resulted in high particulate organic matter concentrations (Ediger et
al., 2016 and references therein) being exported to the deep water and eventually to
the sediment resulting in a gradual decrease in the deep-water oxygen
concentrations during the last two decades (Figure 3.1). Vertical profiles of
dissolved oxygen concentrations between 1954 and 2019 indicated an upward shift
in the oxycline depth as well as the formation of hydrogen sulfide in near-bottom
waters (Figure 3.1) due to response of anthropogenic pressures. Therefore,
dissolved oxygen concentrations in the Cinarcik Basin deep waters (eastern
Marmara Sea) decreased by almost 90% percent during the last two decades
(Figure 3.1, Figure 3.5) and the suboxic and anoxic conditions developed
specifically in the eutrophic regions under the influence of Black Sea inflow,
domestic and industrial discharges and riverine inputs (Figure 3.3). Though the
Marmara Sea ecosystem health is of particular importance, only few studies were
performed to understand seawater nutrients and organic matter dynamics (Tugrul
and Morkog, 1989; Tugrul and Polat, 1995; Polat and Tugrul, 1995; Polat et al.,
1998; Tugrul et al., 2002; Ediger et al., 2016; Yalgin et al., 2017). Since the region
is a tectonically active marine basin, intersected in an east-west direction by the
northern branch of the North Anatolian Fault (N.A.F.) (Le Pichon et al. 2001; G¢éli
et al.,, 2008), the porewater geochemistry and the organic carbon and metal
distributions were also determined by a number of studies (Evans et al., 1989;
Halbach et al., 2002; Cagatay et al., 2004; Sar1 and Cagatay, 2010; Tryon et al.,
2010; Ruffine et al., 2018; Yang et al., 2018). However, this study is the first
process-based study performed in the Marmara Sea to understand the impacts of
eutrophication and the rapid deoxygenation on the porewater nutrient dynamics as
biogeochemical cycling of key nutrients (N, P) is highly coupled to oxygen
concentrations and metal (Fe, Mn) cycles (Williams, 1987; Jorgensen, 1996). The
obtained data from this study with the historical data of METU-IMS indicated the
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accumulation of reactive Si and PO, and consumption of NOy (denitrification) in
the deep waters of the Cinarcik Basin (Figure 3.5) suggested high rates of organic
matter decomposition and release of reactive silicate and phosphate at the
sediment-water interface. In this study, therefore, sediment core samples were
obtained from the selected stations to determine the impacts of eutrophication and
deoxygenation on the porewater nutrient dynamics and on the sediment organic
matter (C, N) geochemistry of the Marmara Sea. Sediment core samples were
obtained from eutrophic to highly eutrophic (dystrophic) izmit Bay and eutrophic
Cmarcik Basin displaying suboxic to anoxic/sulfidic properties in the deep waters,
and from the mesotrophic/eutrophic southern Marmara Sea displaying oxic
properties. Deep water physical and biochemical variables of the core stations
presented in Table 3.2 and also surface water spatial variability of the parameters
(Figure 3.3) indicated that the selected regions displayed significantly different

physico-chemical and biochemical properties.
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Figure 3.5. Deep water (>1000 m) biochemical properties of the Cinarcik Basin,

eastern Marmara Sea (Historical data were taken from the METU-IMS database).
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Table 3.2. Deep water physico-chemical properties of the sediment core stations

. . Depth  Temperature . TP PO; NOy Si NH, DO
| Region Station Date (m) C) Salinity WM) (M) (M) M) (M) (uM)
Izmit Bay 1Z-30  05.01.2019 29 15.88 3863 099 096 844 2035 078 541

1 24.07.2019 63 15.41 3872 115 106 945 2139 054 456
2 24.07.2019 111 15.27 3877 176 103 1032 23.08 043 359
1Z-2 05.01.2019 157 15.63 3876 134 113 834 2675 118 303
3 24.07.2019 238 14.56 3871 152 104 766 3334 040 7.8
4 24.07.2019 425 14.46 3870 128 085 542 2612 0.28 103
Cmarcik Basin 5 25.07.2019 98 15.32 3880 095 085 906 2079 022 575
6 25.07.2019 190 14.73 38.73 097 962 31.02 036 17.2
7 25.07.2019 288 14.51 38.70 106 832 3569 017 7.2
8 25.07.2019 407 14.47 38.70 129 700 4002 024 6.3
Southern MS EK-12  06.01.2019 45 16.22 3868 053 040 431 865 047 164.1
EK-10 06.01.2019 56 15.80 3884 078 066 649 1569 056 1184
MD-18  06.01.2019 145 15.24 3880 1.09 069 649 1721 0.19 516

All the core samples obtained in this study appeared to represent undisturbed
accumulations in the upper 40-50 cm as also shown in the lithological studies
performed in the Cinarcik Basin and southern Marmara Sea (Cagatay et al., 2004),
and in the Izmit Bay (Sar1 and Cagatay, 2010). The measured porewater nutrients
(Si, N, P) concentrations (Figure 3.6) showed spatial variations in the studied sites
as also observed surface water nutrient distributions (Figure 3.3). Porewater
nutrient concentrations throughout the obtained sediment core samples ranged
between 0.47 and 58.2 uM for POy, 0.34 and 91.5 uM for NOg3, 0.17 to 666 uM for
NH, and 9.02 to 335 uM for Si, respectively (Figure 3.6). Biogeochemical cycling
of key nutrients (N, P) is highly linked to dissolved oxygen concentrations and
metal (Mn, Fe) cycles due to rapid degradation of labile organic matter by the
redox-processes as denitrification, manganese and iron reduction as well as sulfate
reduction and methanogenesis in the uppermost centimeters of sediment column
resulting in nutrient releases from the sediments (Williams, 1987; Christensen et
al., 1988; Jergensen, 1996; Ignatieva, 1999; Rasheed, 2004; Al-Rousan et al., 2004;
Hille et al., 2005; Rasheed et al., 2006; Rydin et al., 2011; Cheng et al., 2014; Mu
et al., 2017). Expectedly, maximum porewater PO4, NH4 and Si concentrations
were measured in the highly eutrophic (dystrophic) izmit Bay (Figure 3.6) with the

vertical profiles increasing with increasing sediment depth throughout the sediment
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column suggested organic matter remineralization processes. Porewater NO;
concentrations were highest in the porewaters of core samples obtained from
southern Marmara Sea having oxic conditions in the deep waters and lower surface
water primary productivity (in terms of Chl-a) (Figure 3.3). Vertical profiles of
porewater NO3 concentrations in the studied sites suggested that denitrification
process took place in the uppermost millimeters of sediment core samples obtained
from the Izmit Bay and Cimnarcik Basin whilst oxic respiration was the major

process for the organic matter remineralization in the southern Marmara Sea.
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Figure 3.6. Porewater nutrient concentrations in the sediment cores from the
Marmara Sea.

In order to understand the impacts of eutrophication and rapid deoxygenation on
the porewater nutrient dynamics in the sediment of Marmara Sea, diffusive nutrient

fluxes were calculated based on Fick’s first law of diffusion for the southern
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Marmara Sea, Cinarcik Basin and Izmit Bay having different deep water redox
state from oxic to anoxic/sulfidic (Table 3.3). A flux with a positive sign indicated
that sediment acts a source of that particular constituent whereas a negative sign
indicated that sediment acts as a sink. Calculated porewater diffusive fluxes
showed spatial variability in the Marmara Sea. In the all sites, sediments act as a
source for PO4, NH,4 and Si, whilst sediments in the highly eutrophic and sulfidic
sites of the Izmit Bay act as a sink for NOy (referred to NOs+NO,) due to rapid
utilization of NO3 ion as a terminal electron acceptor by denitrification process.
Porewater diffusive PO4, NH4 and Si fluxes were highest in the izmit Bay having
eutrophic to dystrophic trophic status whereas minimum diffusive NOy fluxes were
calculated in this region due to NOy loss by denitrification. In the Cinarcik Basin,
higher porewater diffusive PO4, NH4 and Si fluxes were calculated. In the southern
Marmara Sea, however, the calculated PO4, NH,4 and Si fluxes were lowest whilst
the highest porewater diffusive NOy fluxes were calculated in this region having
mesotrophic to eutrophic status and displaying oxic conditions in the deep waters
(Table 3.3). The increase in dissolved inorganic nutrients (PO4, NH,4, Si), iron and
manganese concentrations in the eutrophic and suboxic/anoxic/sulfidic regions is
highly coupled to redox state in the marine environment since the role of sediments
in these regions has important for dissolved iron, manganese, inorganic phosphate,
ammonium and reactive silicate sources to the bottom waters (Konovalov et al.,
2007; Noffke et al., 2012; Mu et al., 2017). The correlation between calculated
diffusive nutrient fluxes and the deep water dissolved oxygen concentrations
indicated the redox-dependency on the benthic nutrient dynamics in the Marmara
Sea (Figure 3.7) as the lower deep water dissolved oxygen concentration resulted in
higher porewater diffusive PO,4, NH4 and Si fluxes in the Marmara Sea which is in
agreement with the high rates of organic matter decomposition and release of
reactive silicate and phosphate, and nitrate loss at the sediment-water interface in
the Cinarcik Basin during the last two decades (Figure 3.1, Figure 3.5).
Furthermore, the calculated diffusive nutrient fluxes with the other results

performed in oligotrophic (oxic) and highly eutrophic (anoxic/sulfidic) sites
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showed that the organic matter decomposition with limited trapping of nutrients in
the benthic interface might further enhance eutrophication in the Marmara Sea,
analogous to benthic ‘vicious cycle' in the much shallower Baltic Sea (Table 3.3).
Furthermore, the calculated Si/N and N/P molar ratios in the deep waters ranged
between 1.8 and 5.5 for Si/N and 5.6-12 for N/P, respectively. Though Si/N molar
ratios of the diffusive nutrient fluxes (Si/N: 1.0-5.5) were similar to calculated in
the deep waters of studied sites, N/P molar ratios of diffusive nutrient fluxes (8.4-
31) were greater than deep water N/P molar composition, but comparable with the
N/P molar ratios calculated in the diffusive nutrient fluxes in the suboxic/anoxic
Baltic Sea (N/P: 20-30) (Ignatieva, 1999; Van Helmond et al., 2020). The change
in the nutrient dynamics in the eastern Marmara Sea during the last two decades is,
therefore, caused by the rapid deoxygenation and eutrophication in the region and
should be under focus for future implementation plan for the ecosystem health of

Marmara Sea.
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Figure 3.7. Relationship between calculated diffusive nutrient fluxes and deep

water concentrations of dissolved oxygen and nutrients in the Marmara Sea.
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Table 3.3. Diffusive nutrient fluxes estimated from the porewater profiles of

different regions having distinct trophic and redox states

. . PO, NO, NH, Si
Region Trophic Status Deep Water Redox State mmol m?yrY)  (mmol m2yr’)  (mmolm?yrd)  (mmol m?yr)
izmit Bay" g‘;gt?gg'h‘iéo Suboxic/Anoxic/Sulfidic 1.81-9.76 -34.2-7.65 18.7-93.5 34.8-128.4
Cinarcik Basin® Eutrophic Suboxic/Anoxic 0.51-3.03 -9.78-8.98 1.45-25.6 44.1-114
Southern MS! E"uifggﬁiﬁ’:h'c O oxic 0.11-3.22 0.65-40.2 10.93-25.4 31.7-44.0
Eﬂa[fé?trgrraneanz Oligotrophic Oxic 0.60 4.14 6.79 3451

Red Sea® Oligotrophic Oxic 1.28 6.32 2.08 20.04
Peruvian OMZ* El;tsrﬁgg;ﬁ;o Suboxic/Anoxic 2.3-227.6

Baltic Sea® E‘;tsrt?gg;ﬁ;o Suboxic/Anoxic/Sulfidic ~ 0.47-67.82 15.64-1441.23

Crarcik Basin® gﬁiggﬁ i%hlc to Suboxic 0.60 2.04

YThis study; 2Christensen et al., 1988; *Rasheed et al., 2006; “Noffke et al., 2012; *Ignatieva, 1999; ®Cagatay et al., 2004

3.34 Porewater Geochemistry and Early Diagenesis in the Marmara Sea

Marmara Sea is a tectonically active marine basin, intersected in an east-west
direction by the northern branch of the North Anatolian Fault (N.A.F.) (Le Pichon
et al. 2001; Géli et al., 2008) making the Marmara Sea a preferential site for the
occurrence of multiple seeps, emitting fluids into seawater at the seafloor (Ruffine
et al., 2018). In a recent study, based on the five remotely operated vehicle dives
along the N.A.F. and inherited faults, CO, and oil-rich seeps were found at
Tekirdag Basin while amphipods, anemones and coral populated in the Cinarcik
Basin of the Marmara Sea. Furthermore, it was found that methane is the dominant
component of the gases releasing from the seafloor, resulting in very high
concentrations (up to >370 uM) in the Marmara Sea water column. The methane
seeps in the Marmara Sea is, therefore, favors sulfate depleting processes and
carbonate precipitation (Ruffine et al., 2018). In order to describe early diagenetic
processes from the recently obtained sediment core samples in the Marmara Sea,
concentrations of Cl, SOq4, H,S, Li, Na, K, Mg, Ca and dFe in porewaters of the

collected core samples were determined. Though the measured concentrations of
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the selected ions did not show significant spatial variability within the study region,
they displayed variations with depth (Figure 3.8). The ranges of the measured
concentrations throughout the sediment column were 326-747 mM for Cl, 0.84-
32.6 mM for SOy, 1.6-3204 uM for H,S, 8.64-31.7 uM for Li, 313-614 mM for Na,
9.2-15.2 mM for K, 43.9-77 mM for Mg, 3.3-15.8 mM for Ca and 0.2-31.8 uM for
dFe, respectively (Figure 3.8) as also recorded in the previous studies performed in
the Marmara Sea (Cagatay et al., 2004; Tryon et al., 2010; Ruffine et al., 2018).
The variations in the porewater concentrations of dissolved nutrients (Figure 3.6)
and major ions (Figure 3.8) throughout the sediment column were affected by a
series of bacterially mediated diagenetic reactions modifying geochemical
composition of the porewaters in the studied sites. It was shown that there is a
freshening gradient of major ions (specifically Cl and Na) in the Marmara Sea
sediment porewaters due to mixing with the buried brackish water from the
Marmara Lake which is observed at all sites in the Marmara Sea with the exception
of Western High and this freshening was more pronounced below 250-300 cmbs in
the Marmara Sea (Tryon et al., 2010). Relatively low concentrations of major ions,
specifically Cl and Na, measured in the porewaters of the obtained core samples in
this study and vertical profiles of these ions throughout the sediment column also

indicated a downcore freshening in the Marmara Sea (Figure 3.8).
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Figure 3.8. Vertical profiles of ClI, Na, Ca, Mg, K, Li, dFe, SO, and H,S in the
sediment porewaters from the obtained core samples in the Marmara Sea.

The series of bacterially mediated diagenetic reactions were mainly from the result
of organic matter degradation by NO; (denitrification), Fe/Mn oxides and SOy, as
well as the processes of the SO, depletion by AOM, of the carbonate precipitation
and of the silicate diagenesis changing porewater concentrations of major ions
measured in the Marmara Sea. Vertical profiles of porewater nutrients (Figure 3.6)
and solid state TOC/TN (Figure 3.4) concentrations indicated that organic matter
degradation processes take place in the upper 10-20 cmbs, introducing high
concentrations of porewater reactive Si, PO, and NH, and removing oxidized

nitrogen (NOs) called denitrification. The decrease in SO, concentrations with
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depth in the sediments was due to sulfate reduction as well as the AOM, releasing
H,S, Mg and Ca in the eastern Izmit Bay. The release of Mg and Ca, then, results
in carbonate precipitation reactions reducing the porewater concentrations of these
ions with depth throughout the sediment column in the eastern izmit Bay (Figure
3.8). Similar chemical composition and diagenetic reactions in the porewaters in
different regions of the Marmara Sea have been observed by the studies performed
by Halbach et al. (2002), Cagatay et al. (2004), Tryon et al. (2010), Ruffine et al.
(2018) and the strong correlation between gas emissions and fast depletion of
sulfate in the upper sedimentary column of the Marmara Sea suggested the
important role of AOM for preventing complete releases of methane originating
from the N.A.F. and inherited faults (Ruffine et al., 2018). The porewater
geochemistry of the obtained core samples from this study and previous studies in
different regions of the Marmara Sea (mainly Cinarcik, Central and Tekirdag
Basins, southern Marmara Sea, izmit Bay) revealed that the sulfate-depletion zone,
corresponding to the sulfate-methane transition zone (SMTZ), shifted from a few
meters in 1999 to less than 15 centimeters below seafloor in 2014. The observed
SMTZ was recorded a few meters below seafloor in the Marmara Sea by the
studies in which scientific expeditions were performed before 2010 (Halbach et al.,
2004; Cagatay et al., 2004; Tryon et al., 2010), the shallower SMTZ, from less than
15 to 40 centimeters below seafloor, were reported in a recent study carried by
Ruffine et al. (2018) when the core samples were collected in 2014. The findings of
this study also showed a shallower SMTZ, less than 50 cm, in the eastern Izmit Bay
(Figure 3.8) due to increase in AOM reaction rates by intense emissions of methane
resulting in fast depletion of sulfate in the upper sedimentary column (Ruffine et
al., 2018). It should be also noted that the techniques and equipments to obtain core
samples were distinct for the each study performed in the Marmara Sea. Gravity
core samples were used in the studies of Halbach et al. (2002) and Cagatay et al.
(2004), piston core samples were obtained by Tryon et al. (2010), ROV-assisted
push core samples were obtained by the study of Ruffine et al. (2018) and the core

samples were taken in this study using by multiple corer (Oktopus, Kiel),
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respectively. All these discrepancies of sampling operations might also cause
different profiles of porewater geochemistry in the Marmara Sea, but the porewater
geochemistry from the results of this study and previous studies showed that there
was an apparent upward shift in the SMTZ and should be under focus for future

works focusing on sediment biogeochemistry in the Marmara Sea.

Organic matter degradation by the Fe/Mn oxides released the reduced forms of
these metals into the sediment porewaters according to redox-ladder proposed by
Jorgensen (1996). Though the dissolved manganese was not measured in this study,
previous studies performed in the oxic, suboxic and anoxic regions showed that
anoxic conditions support accumulation of dissolved manganese whereas oxic
sediments become depleted in manganese (Jorgensen, 1996). In the oxic region of
the Black Sea, for example, redox transformations and physical processes caused to
redistribution of manganese from its initial sources across the bottom waters and
leading to accumulation of manganese in oxidized form in the upper sedimentary
column (Konovalov et al., 2007). A similar process was observed with the relative
depletion of reduced iron in sediments in the Southern Marmara Sea having oxic
deep waters and its accumulation in the sediments under hypoxic conditions in the
Cmarcik and Izmit Bay as also experienced in the oxic, suboxic and anoxic marine
environments (Jorgensen, 1996; Konovalov et al., 2007; Yiicel et al., 2010) (Figure
3.8). According to a study performed in the sediment cores obtained from oxic,
suboxic, anoxic/sulfidic parts of the Black Sea (Konovalov et al., 2007), FeS
production is faster than pyrite reacting with zerovalent sulfur or H,S to form FeS,.
If the Fe(lll) is available in the sulfidic sediments, Fe(lll) reacts with the H,S to
form Fe(l1) which in turn reacts with H,S to form FeS phases. In the Marmara Sea,
the obtained geochemical profiles indicated that the producing H,S by AOM
formed iron-sulfide precipitates in the presence of reduced iron (Halbach et al.,
2002). In this study, dFe (referred to sum of Fe(ll)+Fe(ll1l)) concentrations ranged
from 0.2 to 31.8 uM in the porewaters of the obtained sediment core samples
displaying a maximum in the upper sedimentary column decreasing to undetectable

values below 10-15 cmbs indicating iron-sulfur precipitation reactions as also
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experienced in the anoxic/sulfidic sediments of the Marmara Sea (Halbach et al.,
2002) and Black Sea (Konovalov et al., 2007). The decrease in SO4 concentrations
with depth in the sediments was due to sulfate reduction as well as the AOM,
releasing H,S, Mg and Ca, specifically in the eastern Izmit Bay as discussed above.
The release of Mg and Ca, then, result in carbonate precipitation reactions reducing
the porewater concentrations of these ions with depth throughout the sediment
column in the Marmara Sea (Figure 3.8). However, the release of Ca might also be
the result of low-temperature silicate diagenetic processes as also shown in a recent
study performed in the Marmara Sea (Tryon et al., 2010) since low-temperature
silicate diagenetic processes depend not only on the availability of the silicate
minerals but also available cations such as K, B, Li, Mg and Na. The end products
of these diagenetic reactions, Ca and Sr, are released to the porewaters in the
Marmara Sea (Tryon et al., 2010 and references therein). The downcore decreases
in the concentrations of Mg, K, Na and Li obtained from this study were also
associated with the low-temperature silicate diagenetic processes in the Marmara
Sea.

The results of this study showed that the dynamics of porewater nutrients, redox-
sensitive elements, major ions involved in the diagenetic processes and also solid-
state geochemistry in the Marmara Sea have been influenced by eutrophication,
bottom water hypoxia/anoxia. High concentrations of nutrients enhanced surface
water primary productivity and hence increased the organic matter (C, N)
concentrations accumulated at the sediment. Maximum porewater nutrients (Si,
PO4, NH;) and sediment TOC and TN concentrations were measured in the anoxic
and sulfidic Izmit Bay and Cinarcik Basin of the Marmara Sea having
sedimentation rates ranging between 70 and 190 ¢cm/1000 y (Ergin and Yorik,
1990; Ergin et al., 1994; Cagatay et al., 2004). In the southern Marmara Sea with
the lower Chl-a concentrations in the surface waters and more oxygenated deep
waters, relatively low concentrations of porewater nutrients and sediment organic
matter were measured with moderately low sedimentation rate of 45 cm/1000 y

(Cagatay et al., 2004). It should be also noted that the sediment organic matter
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degradation processes differed in the three distinct regions where denitrificiation
and sulfate reduction were observed in the Cinarcik Basin and Izmit Bay whilst
oxic respiration was the major process for the organic matter remineralization in
the uppermost sedimentary column of the southern Marmara Sea characterizing the
sediment of the corresponding regions as sink and source for nitrate/nitrite,
respectively. Moreover, the distribution of porewater sulfate, hydrogen sulfide, and
major elements throughout the sediment column obtained specifically from the
Izmit Bay, suggested principal biogeochemical and early diagenetic processes such
as anaerobic oxidation of methane (AOM), carbonate precipitation, Fe-reduction,

Fe-S precipitation and low-temperature silicate diagenesis.

34 Conclusions

The dynamics of porewater nutrients, redox-sensitive elements, major ions
involved in the diagenetic processes and also solid-state geochemistry in the
Marmara Sea was found to be clearly influenced by eutrophication and the
subsequent bottom water hypoxia/anoxia. Development of eutrophication and deep
water suboxia/anoxia has been experienced in the Carcik Basin and izmit Bay
due to natural and terrestrial pressures. Porewater nutrients (Si, N, P) results
indicated that maximum concentrations of porewater reactive silicate, phosphate
and ammonium were measured in the eutrophic and suboxic/anoxic Izmit Bay and
Cmarcik Basin having higher primary production (in terms of chlorophyll-a)
resulted in higher diffusive fluxes of nutrients to the deep waters. Lower porewater
nutrients concentrations were recorded in the Southern Marmara Sea (Susurluk
Shelf) having lower primary production and more oxygenated deep waters.
Porewater nitrate, sulfate and hydrogen sulfide concentrations showed that organic
matter degradation processes in the upper 20-30 cmbs have occurred by
denitrification and sulfate reduction whilst organic matter decomposition was
limited by oxic respiration in the upper centimeters of sedimentary column in the

southern Marmara Sea. Moreover, the distribution of porewater sulfate, hydrogen
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sulfide, and major elements throughout the sediment cores obtained specifically
from the Izmit Bay, suggested principal biogeochemical and early diagenetic
processes such as anaerobic oxidation of methane (AOM), carbonate precipitation,
Fe-reduction, Fe-S precipitation and low-temperature silicate diagenesis. Sediment
total organic carbon contents throughout the sediment column and the calculated
redox dependent benthic nutrient fluxes in the Marmara Sea suggested high rates of
organic matter decomposition and limited trapping of nutrients in the benthic
interface, which would further enhance eutrophication in the Marmara Sea,
analogous to benthic 'vicious cycle' in the much shallower Baltic Sea. The nitrate
loss and the higher rates of diffusive fluxes of phosphate, ammonium and reactive
silicate in the Cinarcik Basin and izmit Bay may affect the water column nutrients
concentrations and compositions leading to further ecological problems such as
enhanced eutrophication, deep water anoxia, changes in phytoplankton abundance

and composition, and mucilage formation recently observed in the Marmara Sea.
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CHAPTER 4

BIOGEOCHEMICAL DYNAMICS OF PHOSPHORUS IN SEDIMENTS OF THE
THREE DISTINCT BASINS: BLACK SEA, MARMARA AND
MEDITERRANEAN SEAS

Abstract

Phosphorus (P) is a key element to all life that is used for structural and functional
component of all organisms. The cycling of sedimentary P may differ depending on
the redox-conditions of the overlying waters affecting the dynamics, and
distribution of P-fractions and the elements that are highly coupled to P cycle. In
this study, the biogeochemical cycling of sedimentary P and also related variables
(porewater nutrients, sediment carbon, nitrogen and iron) were studied in the three
interconnected marine basins: Black, Marmara and Northeastern (NE)
Mediterranean Seas. The pool of “potentially mobile P” was also determined for
the studied sites. The study results showed that porewater and sediment
biogeochemistry displayed great variability in the studied sites with the maximum
concentrations of porewater phosphate, ammonium, reactive silicate, surface
sediment organic carbon, nitrogen, phosphorus and total phosphorus measured in
the hypoxic Marmara Sea and suboxic/anoxic Black Sea. The decline in the TP
concentrations of all sediment core samples indicated P-mobilization to the
overlying water. The pool of “potentially mobile P” varied between 0.023 and
0.148 mol/m? in the studied sites with the maximum values recorded in suboxic
and anoxic/sulfidic parts of the Black Sea. This study predicts that the
deoxygenation and eutrophication would further lead to the preferential release of P
in these three interconnected marine basins, hence changing the remineralization,
N/P molar ratios and eventually transform the deep-water nutrient stocks with

implications for internal N/P control on marine ecosystems.
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4.1 Introduction

Phosphorus (P) is a fundamental element with utilization in different structural and
functional component of all organisms. As well as being structural constituent in
many cell components in cell membranes, teeth, and bones, it is an element of
particular importance for the DNA and RNA which is crucial in the chemical
energy transmission through the ATP molecule (Paytan and McLaughlin, 2007 and
references therein). P is also an essential nutrient regulating primary production
and ecosystem structure in the marine environment. Unlike N, P does not have any
redox cycle at the surface pressures and temperatures of the Earth, but its cycling is
highly coupled to that of carbon, oxygen, nitrogen (N) and metals (Fe, Mn)
(Williams, 1987; Sundby et al., 1992; Jargensen, 1996; Ruttenberg, 2003; Hille et
al., 2005; Paytan and McLaughlin, 2007; Noffke et al., 2012; Mu et al., 2017).
Total phosphorus (TP) pool in the marine environment is composed of inorganic
and organic phosphorus compounds. In the upper layer, TP pool is fed by
inorganic- and organic-P inputs from anthropogenic sources, atmospheric
deposition and also by inorganic-P inputs from deep waters by physical processes.
Therefore, the organic and inorganic constituents of TP pool are determined by
rates of P-inputs and removal by photosynthetic and heterotrophic activities and
sinking of particulate-P (Butcher et al., 1992; Paytan and McLaughlin, 2007). The
only long-term removal mechanism of P in the marine environment is the burial in
sediments (Ruttenberg, 2003; Paytan and McLaughlin, 2007; Dijkstra et al., 2014;
Van Helmond et al., 2020). The removal mechanism of P in the buried marine
sediments can be P bound to iron (Fe) (oxyhydr)oxides, P incorporated into
authigenic carbonate fluorapatite and vivianite and P associated with organic
matter (Ruttenberg and Berner, 1993; Dijkstra et al., 2014; Van Helmond et al.,
2020).

The cycling of sedimentary P may differ depending on the redox-conditions of the
overlying waters affecting the dynamics, and distribution of P-fractions and the

elements that are highly coupled to P cycle such as carbon, nitrogen, iron and
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manganese (Foster and Fulweiler, 2019; Schroller-Lomnitz et al., 2019; Lenstra et
al., 2021; Song et al., 2021). In the regions having oxic deep waters, for example,
organic P, Fe-bound P and the authigenic Ca-P are the dominant P forms buried in
sediments (Ruttenberg, 2003; Ruttenberg and Berner, 1993; Paytan and
McLaughlin, 2007). In these marine sediments, dissolved inorganic phosphate
(POy4) can be adsorbed or bound to iron (oxyhydr)oxides (Fe-bound P) in the
uppermost centimeters of the sediment column. Upon burial of Fe-bound P
throughout the deeper anoxic sedimentary column, PO, is released due to organic
matter degradation by iron (oxyhydr)oxides (Jergensen, 1996) resulting in
precipitation of the released PO, ions with authigenic carbonate fluorapatite
(authigenic Ca-P), or upward diffusion of PO, ions where it is again adsorbed or
bound the iron (oxyhydr)oxides in the oxic surface sediment (Ruttenberg and
Berner, 1993; Slomp et al., 1996; Paytan and McLaughlin, 2007). In the marine
environment having anoxic/sulfidic deep waters, however, organic P is the
dominant P-fraction of total phosphorus pool buried in the sediments. In these
sediments, Fe-bound P is generally lower than expected due to organic matter
degradation by iron reduction leading to inefficient cycling of Fe and P. During the
organic matter remineralization processes, the dissolved inorganic phosphate is
released to the deep waters or sediment porewaters due to degradation of organic P
(Ruttenberg, 2003; Paytan and McLaughlin, 2007) leading to depletion of PO, in
the surface sediments which limits the formation of authigenic Ca-P in the
uppermost sedimentary column (Ruttenberg and Berner, 1993; Slomp et al., 1996;
Dijkstra et al., 2014; Van Helmond et al., 2020).

Since the 1960s, dead zones in the many coastal areas have spread due to
anthropogenic nutrient (N, P) inputs that dramatically increased primary
productivity, lead to development of eutrophication and depletion of deep water
oxygen in the coastal zones (Diaz and Rosenberg, 2008). Recent studies showed
that the N and P releases from the estuarine and coastal marine sediments are
considered to be important sources for phytoplankton production as the sediments

supply an average of 15-32% of N and 17-100% of P for phytoplankton demand
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and in some regions, specifically eutrophic and anoxic marine basins, the N and P
releases from sediments are larger than terrestrial nutrient inputs (Boynton et al.,
2018). In a study recently performed in the Baltic Sea, for example, annual release
of P ranged between 100-1330 tonnes yr™* from the sediment which is in the same
order of magnitude as the regional P input from the terrestrial inputs (Malmaeus et
al., 2012). Biogeochemical cycling of key nutrients (N, P) is highly coupled to
oxygen concentrations and metal (Fe, Mn) cycles (Williams, 1987; Jargensen,
1996). The increase in dissolved inorganic phosphorous and iron concentrations in
the oxygen minimum zones is highly related to anoxic conditions in the marine
environment as the role of sediments in the low-oxygen areas is important for
dissolved iron and inorganic-P sources to the bottom water (Noffke et al., 2012,
Mu et al., 2017; Schroller-Lomnitz et al., 2019; Ballagh et al., 2020; Spiegel et al.,
2021; Moncelon et al., 2021).

Though biogeochemistry of water column in the three interconnected marine basins
of Black, Marmara and Mediterranean Seas have been studied previously,
relatively few studies were performed in the sedimentary P-dynamics in these
regions having distinct biogeochemical properties. This chapter of my dissertation
therefore aims (i) to determine P-fractions (loosely bound-P, iron bound-P,
organic-P, aluminum bound-P, calcium bound-P, residual-P) in the subseafloor
sediments, (ii) to quantify “potentially mobile P” that is the term used for the stock
of sedimentary P to be eventually released (Rydin, 2000), (iii) to present
concentrations of porewater nutrients (Si, N, P) and geochemical (C, N, r-Fe)
parameters from the recently collected sediment core samples in the three distinct
basins: Black, Marmara and Northeastern Mediterranean Seas. The results of this
study also indicated the redox-dependency on the sedimentary P-fractions and
mobilization of P as well as distributions of geochemical (C, N, r-Fe) variables in
the Black, Marmara and Mediterranean Seas displaying distinct biogeochemical

properties.
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4.2 Methodology

4.2.1 Study Area

The study area covers three interconnected marine basins displaying distinct
biogeochemical properties in the water column and sediment. The Black Sea
(Figure 4.1) is situated between Europe, Anatolia and Caucasus. It is connected to
the Mediterranean Sea through the Bosporus Strait which is the only connection of
the Black Sea to the Global Ocean (Toderascu and Rusu, 2013). It is known as the
largest anoxic water body in the world (Oguz, 2005) that has a permanently euxinic
marine basin (Ross and Degens, 1974) making the Black Sea an excellent site to
study redox-driven biogeochemical processes under oxic, suboxic and
anoxic/sulfidic conditions in the water column (Murray et al., 1995; Tugrul et al.,
2014). Since the 1970s, the Black Sea marine ecosystem, specifically its
northwestern shelf, has been subject to anthropogenic pressures due to terrestrial
organic and inorganic matter inputs carried by regional rivers, mainly Danube,
Dnieper, Dniester and Bug as well as many other small rivers, leading to
development of eutrophic conditions in the basin (Konovalov and Murray, 2001,
Mee, 1992; Tugrul et al., 2014). Therefore, primary productivity rates measured in
the northwestern shelf exceeded 400 g C m™ y* decreasing by 2-4 fold in the
offshore waters of the Black Sea (Vedernikov and Demidov, 1993; Bologa et al.,
1999; Yilmaz, 2002).
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Figure 4.1. (a) Surface water chlorophyll-a distributions obtained by Satellite
MODIS Agua in the Northeastern (NE) Mediterranean, Marmara and Black Seas in
September 2019 and (b) the sampling locations.

The Marmara Sea (Figure 4.1) is a typical example of two-layer enclosed seas
connecting the Black Sea to the Mediterranean Sea via the two shallow and narrow
straits, called Bosporus and Dardanelles and this oceanographic system is called
Turkish Straits System (TSS) (Unliiata et al. 1990; Besiktepe et al. 1994; Ediger et
al., 2016 and references therein). Marmara Sea ecosystem has distinct
biogeochemical properties due to water exchanges between the Black Sea and the
Mediterranean Sea through TSS (Polat, and Tugrul, 1995; Tugrul and Polat, 1995,
Tugrul et al., 2002; Yalgin et al., 2017). Marmara Sea ecosystem has also been
affected by anthropogenic pressures by direct discharges mainly from the Istanbul
city (Tugrul and Morkog, 1989; Tugrul and Polat, 1995; Ediger et al., 2016; Yal¢in
et al.,, 2017; Tan and Aslan, 2020). The development of eutrophication in the
Northwestern Black Sea (Konovalov and Murray, 2001; Mee, 1992; Tugrul et al.,
2014) also adversely affected Marmara Sea ecosystem (Polat and Tugrul, 1995;
Ediger et al., 2016; Yalgin et al., 2017). Recent studies in the Marmara Sea
indicated dissolved oxygen deficiency in the deep waters due to increasing organic
matter inputs in the upper layer (Ediger et al., 2016; Yalgimn et al., 2017) and limited

ventilation of deep waters by strong density gradient between water masses
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(Besiktepe et al. 1994; Tugrul and Polat, 1995; Tugrul et al., 2002; Ediger et al.,
2016).

The Eastern Mediterranean Sea (Figure 4.1) is one of the world’s oligotrophic seas
due to principally the limited nutrient supply from external and internal sources
having low primary productivity throughout its surface waters (UNEP, 1989;
Yilmaz and Tugrul, 1998; Kress and Herut, 2001; Krom et al., 2004; Tanhua et al.,
2013; Tugrul et al., 2016, 2018). The sedimentation rates in the oligotrophic
Eastern Mediterranean Sea ranges from 0.003 to 0.014 cm y™* (Van Santvoort et al.,
2002; Katz et al., 2020) much lower than recorded in the open Black Sea (0.23 cm
y'!) (Dijkstra et al., 2018) and the Marmara Sea (0.008 to 0.19 cm y™) (Ergin and
Yorik, 1990; Ergin et al., 1994; Cagatay et al., 2004). The primary production in
the surface waters of the oligotrophic Eastern Mediterranean is also as low as 12-88
g C m?y* (Van Santvoort et al., 2002) compared to measurements reported in the
Black Sea and Marmara Sea (Ergin et al., 1994; Yilmaz, 2002). However,
increased inputs of nutrients from terrestrial sources (rivers, wastewaters) to the NE
Mediterranean coastal areas have enhanced primary production and biodegradable
particulate organic matter production (Coban-Yildiz et al., 2000; Yilmaz, 2002;
Dogan-Saglamtimur and Tugrul, 2004), leading to eutrophication in the inner bays
(Tugrul et al., 2011, 2016, 2018, Kaptan, 2013).

4.2.2 Sampling and Analysis

In this study, in situ physical (temperature, salinity, density) measurements,
biochemical measurements (dissolved oxygen, hydrogen sulfide) and sampling
(nutrients, chlorophyll-a) in the water column and sediment core sampling were
performed from the six stations in the Black, Marmara and NE Mediterranean Seas
(Figure 4.1), displaying distinct deep water redox-state (Table 4.1). Three sediment
core samples were obtained from three different locations in the Black Sea having
redox-state from oxic to anoxic/sulfidic. Two sediment core samples were obtained

from the hypoxic parts of Marmara Sea whilst one sediment core sample was
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obtained from the NE Mediterranean Sea having oxic condition in the deep waters.
Sediment core sampling in the NE Mediterranean Sea was performed in spring
2018 while sediment core samples were obtained from the Black Sea in summer
2019. Marmara Sea core samples were collected in winter and summer of 2019
(Table 4.1).

Table 4.1. Locations of sediment core stations with deep water dissolved oxygen
(DWDO) and hydrogen sulfide (DWH,S) concentrations and deepwater redox state

Date Station Region D(erﬁ;h D(Ylvl\[/[))o D(V:ﬁis DEEpr:{eRedOX
20.03.2018 1 NE Mediterranean Sea 208 207.4 0.00 Oxic
05.01.2019 2 Izmit Bay, Marmara Sea 157 30.31 <1.00 Suboxic
25.07.2019 3 Cmarcik Basin, Marmara Sea 190 17.09 <1.00 Suboxic
23.07.2019 4 Black Sea 85 177.0 0.00 Oxic
23.07.2019 5 Black Sea 152 26.92 <1.00 Suboxic
23.07.2019 6 Black Sea 330 0.000 70.1 Anoxic/Sulfidic

Physical variables (temperature, salinity, density) were measured in situ by a
SEABIRD model CTD probe, coupled to a 12-Niskin bottle Rosette System.
Sediment core samples were collected by using the Multi Corer (Oktopus, Kiel).
Each sediment core was sliced on board under minimum oxygen atmosphere using
inert nitrogen (N) or argon (Ar) gas. Horizons of the collected sediment samples
were 0-1 cm, 1-2 cm, 2-3 cm, 3-4 cm, 4-6 cm, 6-8 cm, 8-10 cm, 10-15 cm, 15-20
cm, 20-25 c¢cm, 25-30 cm, 30-35 cm, 35-40 cm, 40-45 cm and 45-50 cm. Sliced
sediment subsamples was put in a 50 mL falcon tube and centrifuged at 6000 rpm
for 20 minutes. Then, the porewater samples were collected by syringe-coupled
GF/F filters having 0.45 um pore size. Hydrogen sulfide (H,S) concentrations of
porewater subsamples were immediately measured on board and the remained
subsamples were placed in 15 mL falcon tubes and stored in the freezer (at -20 °C)
for the analysis of dissolved nutrients. Porewater-free sediment samples were also
stored (at -20 °C) for the determination of organic content and concentrations of
TC, TOC, TN and P-fractions.
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Seawater dissolved oxygen (DO) concentrations were determined on board by the
automated Winkler titration method (UNEP/MAP, 2005). Seawater and porewater
hydrogen sulfide (H2S) concentrations were also measured on board by the
spectrophotometric methylene blue method at 670 nm wavelength (Cline, 1969).
Porewater nutrients (nitrate+nitrate, ammonium, phosphate and silicate) were
determined by the conventional colorimetric method using a Bran+Luebbe Model
four-channel Autoanalyzer (Grasshoff et al., 1983). The detection limits of
measured nutrients are 0.05 uM, 0.04 uM, 0.01 uM and 0.04 uM for nitrate+nitrite,
ammonium, phosphate and silicate, respectively. Sediment samples for the
measurements of total carbon (TC), organic carbon (TOC), nitrogen (TN) and P-
fractions were initially freeze-dried. Organic content of sediment subsamples was
determined by the method of loss on ignition (LOI) after ignition at 550 °C in a
muffle furnace for two hours. For TOC analysis, inorganic carbon forms were
firstly removed from the sediment samples using 20% HCI (v/v). TC, TOC and TN
concentrations were determined by dry oxidation method using the Vario El Cube
Elementar Model CHN Analyzer (UNEP/MAP, 2006). The dithionite (0.3 M
solution in a buffer containing 0.35 M sodium acetate and 0.2 M sodium citrate
(pH=4.8) (Kostka and Luther, 1994; Raiswell et al., 1994, Yiicel et al., 2010))
extractable reactive iron (r-Fe) concentrations were determined by colorimetric
ferrozine method (Stookey, 1970; Jeitner, 2014). Replicate measurements of TC,

TOC, TN and r-Fe concentrations showed that relative errors were less than 5%.

4.2.3 P-Fractions and Calculation of Potentially Mobile P

The forms of P extracted and the time and chemicals for the corresponding
extraction procedure were presented in Figure 4.2. The weak acid extraction
method was followed to determine total phosphorus (TP) of sediments after
combusted at 550 °C for 3 hours as described in Berner and Rao (1994) and Fang et
al. (2007). Concentrations of different P-fractions were determined sequentially as

described in Psenner et al. (1988) (Figure 4.2). In this sequential extraction
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procedure, loosely bound-P, P associated with iron (oxyhydr)oxides (Fe-P),
aluminum bound P (AI-P), organic P (Org-P), calcium bound P (Ca-P) were
determined and residual P (Res-P) was calculated by subtracting extracted
phosphorus forms from TP, considered as the refractory organic P forms (Rydin et
al., 2011). Concentrations of TP and P-fractions of extracted sediment samples
were measured by manual colorimetric method (Strickland and Parsons, 1972,
Grasshoff et al., 1983). Based on duplicate measurements, relative errors were less
than 10% for TP and all P-fractions. In order to determine potentially mobile P,
“background sedimentary P” was determined from the vertical profiles of TP which
is the sediment TP concentrations being constant and stabilized throughout the
sediment column. The average TP concentration below stabilization depth was
subtracted from the TP concentration in the layers above and the resulting
concentration was multiplied with the dry matter content for the calculation of P
amount in each layer. The amount of potentially mobile P per square area was then
calculated by depth integration (Rydin et al., 2011; Malmaeus et al., 2012; Van
Helmond et al., 2020).
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Sediment Sequential Extraction of P
1.0 MNH,Cifor2h
> | Loosely bound-P
v
Residue
0.11 M Na,S,0,/NaHCO, for 1 h
>| Fe-P
v
Residue Digestion
—> NaOH:Tot-P
""" (NaOH-Tot-P) - (AI-P) =| Org-P
0.1 MNaOHfor16h | [ .--"" 24
>| Al-P
v
Residue
0.5 M HCI for 16 h
o >| Ca-P
 /
Res-P |(calculated)
Sediment 550 °C for 3 h, 1.0 M HCI for 24 h > TP Total Phosphorus

Figure 4.2. Method for the determination of P-fractions and total phosphorus (TP)
in the obtained sediment core samples (modified after Rydin, 2000) in the Black,
Marmara and NE Mediterranean Seas.
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4.3 Results and Discussion

4.3.1 Sediment Porewater Nutrient (Si, N, P) Distributions

Sediment porewater nutrient concentrations displayed great spatial variability in the
NE Mediterranean, Marmara and Black Seas having distinct biochemical properties
in the water column (Figure 4.3). Reactive phosphate (PO,), nitrate (NOg),
ammonium (NH,) and reactive silicate (Si) concentrations throughout the sediment
column ranges between 0.07 and 189 uM for POy, between 0.00 and 23.8 uM for
NOgs, between 0.17 and 1233 uM for NH,, and between 2.96 and 717 uM for Si,
respectively. Expectedly, maximum porewater PO4, NH; and Si concentrations
were measured in the suboxic Marmara Sea and suboxic/anoxic Black Sea (Figure
4.3). Porewater POs, NH4 and Si concentrations in the sediment core sample
obtained in the NE Mediterranean Sea had lower concentrations due to its oxic and
oligotrophic nature with low sedimentation and primary production rates (Van
Santvoort et al., 2002; Katz et al.,, 2020). Porewater PO,, NH; and Si
concentrations increased with sediment depth whilst NO3 concentrations decreased
with depth at all stations suggesting degradation of organic material. The downcore
decreases in the NO3 concentrations in the suboxic and anoxic parts of the Black

Sea sediments suggested denitrification (Jergensen, 1996).
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4.3.2 Sediment Organic Matter Biogeochemistry (C, N, P)

Organic matter biogeochemistry of the coastal and/or deep sea sediments has been
affected by a series of redox reactions (Jergensen, 1996; Foster and Fulweiler,
2019; Schroller-Lomnitz et al., 2019; Lenstra et al., 2021; Song et al., 2021),
environmental (T, S) conditions (Dijkstra et al., 2014) and terrestrial inputs of the
particulate inorganic/organic matter (Middelburg et al., 1993; Yemenicioglu and
Tunc, 2013; Deininger and Frigstad, 2019; Katz et al., 2020). While the water
column biochemistry in the Mediterranean, Marmara and Black Seas has been
studied extensively, only few studies of sediment biogeochemistry in these three
interconnected marine basins have been published. In this study, the measured TC
(TOC+TIC) concentrations ranged from 19.4 mg/g dw (dry weight) to 49.5 mg/g
dw (Figure 4.4). Except for the NE Mediterranean Sea core sample, TC
concentrations decreased with sediment depth. It is well known that from 1 to 40%
of primary production is sinking below the euphotic zone and it exponentially
attenuates to the base of the mesopelagic zone at around 1000 m. In the water
column, organic matter is remineralized, converting organic matter to CO..
Therefore, only 1% of the surface production is buried in seafloor (Herndl and
Reinthaler, 2013). However, this proportion of organic matter sedimented at the
seafloor might change due to terrestrial inputs of nutrients and organic matter
modifying the organic matter composition and concentrations and grain size
distributions of the sediment column (Yemenicioglu and Tunc, 2013; Akcay,
2015). Differences in the sedimentation rates and currents and wave energy also
affect distributions of sediment organic matter biogeochemistry (De Falco et al.,
2004; Katz et al., 2020). TOC concentrations from the all core samples decreased
with sediment depth throughout the sediment column indicated organic matter
degradation processes. The TOC concentrations throughout the sediment column
ranged from 5.63-8.36 mg/g dw in the NE Mediterranean Sea to 11.3-30.6 mg/g dw
in the Izmit Bay, Marmara Sea (Figure 4.4). Expectedly, the spatial and downcore

distributions of TN concentrations were very similar to recorded in TOC
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concentrations and ranged between 0.67 and 3.28 mg/g dw in the studied core
samples (Figure 4.4). The lower primary production and sedimentation rates in the
oligotrophic NE Mediterranean Sea resulted in lower particulate organic matter
flux and burial at the seafloor. Therefore, the TOC and TN concentrations in the
NE Mediterranean core sample was 3-4 fold lower than measured in the core
samples of Marmara and Black Seas. The r-Fe concentrations varied between 3.04-
63.1 pumol/g dw throughout the sediment column of the obtained core samples with
the minimum values measured below 10 cmbs in the oxic and anoxic/sulfidic parts
of the Black Sea. The results of r-Fe concentrations of this study were in agreement
with the recent studies performed in the NE Mediterranean surface sediments
(Ermis, 2017) and Black Sea core samples (Yucel et al., 2010; Dijkstra et al., 2014)
highly coupled to organic matter geochemistry (C, N, P) in the studied sites.
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Figure 4.4. Solid-phase depth profiles of total carbon (TC), total organic carbon
(TOC), total nitrogen (TN), organic phosphorus (Org-P), reactive iron (r-Fe), and
molar ratios of TOC/TN, TOC/Org-P and TN/Org-P in the NE Mediterranean,

Marmara and Black Seas.

From the sediment organic C, N and P content, molar ratios of C/N and N/P were
calculated and presented in Figure 4.4. The calculated C/N molar ratios in surface

sediments varied between 9.6 and 10.9 and did not significantly change with
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sediment depth. Spatial variability in the calculated organic matter N/P molar ratio
was more pronounced ranging from 13 to 29 in the surface sediments decreased
with sediment depth in the NE Mediterranean Sea, Marmara Sea and
anoxic/sulfidic Black Sea (Figure 4.4). A low C/N molar ratio in marine sediments
is an indicative of relatively fresh and undegraded organic matter. Nitrogen and
phosphorus are deposited to the seafloor bounding algal cells or organic detritus
which undergo decomposition in the water column with faster loss of organic
nitrogen and phosphorus, than of carbon, resulted in higher C/N and N/P molar
ratios relative to Redfield molar ratio C/N/P (Jergensen, 1996). In this study, both
C/N and N/P molar ratios calculated for the obtained sediment core samples were
greater than the classical Redfield Ratio of C/N/P. The study of Boynton et al.
(2018) showed that the calculated molar ratios (C/N/P) from the surface sediment
data suggested phytoplankton to be the primary source of organic matter based on
Redfield ratios of phytoplankton composition (C/N/P=106/16/1) since surface
sediment C/N molar ratios mostly ranged from 6.6 to 20 and this distribution
suggests a preferential loss of N to denitrification or anammox. Except for the
[zmit Bay core sample, the calculated sediment TOC/TP ratios were equal to or
less than the Redfield ratio of 106/1 suggesting that phosphorus is preferentially
retained in shallow marine sediments relative to organic carbon, possibly as P
adsorbed to iron-rich sediments and the lower TN/TP ratios indicates either
preferential loss of N (Jergensen, 1996) or retention of P in sediments (Rydin et al.,
2011; Malmaeus et al., 2012; Dijkstra et al., 2014; Boynton et al., 2018; Van
Helmond et al., 2020). In the NE Mediterranean Sea, sediment organic matter (C,
N, P) concentrations were lower compared to Marmara and Black Seas, typical for
the oligotrophic offshore and deep sea regions having low primary productivity and
sedimentation rates. Measurements from the sediment of NE Mediterranean Sea
indicated that TOC concentrations were less than 1.0% (10 mg/g dw), TN
concentrations were less than 0.12% (1.2 mg/g dw) and TP concentrations were
less than 0.05% (0.5 mg/g dw) throughout the sediment column with slightly lower
molar ratios (TOC/TN: 8-10 and TOC/TP: 45-59, TOC/Org-P: 121-177) compared
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to eutrophic coastal marine sediments (Eijsink et al., 2000; Van Santvoort et al.,
2002; Aydin et al., 2009; Yemenicioglu and Tunc, 2013; Erdogan, 2014; Escobar-
Briones and Garcia-Villalobos, 2009; Katz et al., 2020). The calculated TOC/TP
and TOC/Org-P ranged from 34 to 160 and from 129 to 424 in the Marmara and
Black Sea sediments in line with the recent works performed in the anoxic/sulfidic
regions of the Black Sea (Dijkstra et al., 2014; Van Helmond et al., 2020).

4.3.3 P-Fractions and the Potentially Mobile P in Sediments

Concentrations of surface sediment TP and P-fractions varied considerably in the
NE Mediterranean, Marmara and Black Seas (Figure 4.5). The measured TP
concentrations in the surface sediments of the studied sites varied between 13.9 and
21.7 umol/g dw decreasing with sediment depth for all the obtained core samples
(Figure 4.5). Expectedly, minimum values were recorded in the oligotrophic NE
Mediterranean surface sediments having lower primary productivity and lower
sedimentation rate compared to those measured in the Marmara and Black Seas.
The Org-P concentrations in the Cinarcik Basin and Izmit Bay surface sediments
were comparable with the measured Org-P concentrations in the anoxic/sulfidic
part of the Black Sea (Figure 4.5) though sedimentation rates in the open Black Sea
(0.23 cm y*; Dijkstra et al., 2018) were greater than calculated in the Marmara Sea
(from 0.008 to 0.19 cm y™*; Ergin and Yériik, 1990; Ergin et al., 1994; Cagatay et
al., 2004). This organic matter enrichment in the Marmara Sea is possibly due to
the development of eutrophication from terrestrial and natural nutrient and organic
matter inputs (Tugrul and Morkog, 1989; Ediger et al., 2016; Yal¢in et al., 2017;
Tan and Aslan, 2020) leading to increase in the accumulation rates of organic
matter with high P content in the Marmara Sea, specifically in the izmit Bay. With
the exception of surface sediment from the oligotrophic NE Mediterranean Sea
having minimum TOC and TN concentrations, Org-P was found to major P-
fraction of sediment TP pool in the studied sites (Figure 4.6). The Fe-bound P

concentrations in the surface sediments ranged from 0.37 to 4.94 umol/g dw with
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the maximum values measured in the suboxic Izmit Bay and suboxic part of the
Black Sea, exceeding 20% of the sediment TP pool (Figure 4.6). In the marine
environment having anoxic/sulfidic deep waters, org-P is the dominant P-fraction
of TP pool buried in the sediments. In these sediments, Fe-bound P is generally
lower than expected due to organic matter degradation by iron reduction leading to
inefficient cycling of Fe and P (Slomp et al., 1996; Ruttenberg, 2003; Paytan and
McLaughlin, 2007). However, recent studies showed that Fe-bound P is an
important P-fraction of TP pool in anoxic basins such as Black and Baltic Seas
exceeding 20% of the sediment TP (Jilbert and Slomp, 2013; Dijkstra et al., 2014).
It was assumed that the possible source of Fe-bound P is in the form of reduced Fe-
P minerals formed as inclusions in sulfur-disproportionating Deltaproteobacteria
recently observed in bacterial mats in the anoxic/sulfidic Black Sea performing

anaerobic oxidation of methane (Basen et al., 2011; Milucka et al., 2012).
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Mediterranean, Marmara and Black Seas.
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Figure 4.6. Concentration of P-fractions and their contribution to the TP pool (%)

in surface (0-2 cm) sediments of the NE Mediterranean, Marmara and Black Seas.

The Ca-P concentrations in the surface sediments of the studied sites varied 3.05
umol/g dw in the anoxic/sulfidic Black Sea to 5.30 umol/g dw in the Izmit Bay,
Marmara Sea. Previous studies showed that in surface sediments overlain by oxic
deep waters, organic P, Fe-bound P and the authigenic Ca-P are the dominant P
forms buried in sediments (Ruttenberg, 2003; Ruttenberg and Berner, 1993; Paytan
and McLaughlin, 2007). Expectedly, the Ca-P fraction of the surface sediment TP
pool reached maximum levels in the oxic NE Mediterranean and oxic part of the
Black Sea having maximum TIC concentrations (Figure 4.6). In the marine
environments having anoxic conditions in the deep waters, the released dissolved
inorganic phosphate to the deep waters or sediment porewaters by degradation of
organic P (Ruttenberg, 2003; Paytan and McLaughlin, 2007) have led to depletion
of PO, in the surface sediments which limits the formation of authigenic Ca-P in
the uppermost sedimentary column (Ruttenberg and Berner, 1993; Slomp et al.,
1996; Dijkstra et al., 2014; Van Helmond et al., 2020). The minimum Ca-P
concentrations with minimum contribution to TP pool in the surface sediment
overlain by anoxic/sulfidic Black Sea were, therefore, mainly caused by the lack of

authigenic Ca-P formation in the region.

87



In this study, amounts of “potentially mobile P” from sediments were determined
in the three interconnected marine basins displaying distinct biogeochemical
properties in the water column and sediments (Figure 4.7). TP concentrations in all
cores decreased with sediment depth and stabilized at 10-15 cmbs suggested that
the sediments of the studied sites have limited ability to permanently burial of all
the deposited P (Figure 4.7). The decline in the TP concentrations of all sediment
core samples, therefore, indicated the mobilization of P to the overlying water as
also experienced in the recent studies performed in the oxic, suboxic and
anoxic/sulfidic parts of the Black and Baltic Seas (Rydin et al., 2011; Malmaeus et
al., 2012; Dijkstra et al., 2014; Van Helmond et al., 2020). The pool of “potentially
mobile P” varied between 0.023 and 0.148 mol/m? in the studied sites with the
maximum values recorded in suboxic and anoxic/sulfidic parts of the Black Sea
(Figure 4.7). Since the 1970s, for example, the Black Sea marine ecosystem,
specifically its northwestern shelf, has been subject to anthropogenic pressures due
to terrestrial organic and inorganic matter inputs carried by regional rivers, mainly
Danube, Dnieper, Dniester and Bug as well as many other small rivers, leading to
development of eutrophic conditions in the basin (Konovalov and Murray, 2001;
Mee, 1992; Tugrul et al.,, 2014). The study results indicated that “potentially
mobile P” pool increased from oxic to anoxic/sulfidic parts of the Black Sea
(Figure 4.7) suggested the deoxygenation would further enhance the mobilization
of P as recently experienced in the eutrophic and hypoxic/anoxic basins (Sommer
et al., 2017; Schroller-Lomnitz et al., 2019; Ballagh et al., 2020; Spiegel et al.,
2021; Moncelon et al., 2021) where redox-sensitive mobilization of P from
sediments led to further development of eutrophication in these basins.
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Figure 4.7. Amount of mobile phosphorus in the NE Mediterranean, Marmara and

Black Seas. Dashed lines indicated the burial concentration of sedimentary P.

Marmara Sea ecosystem has also been affected by natural (Black Sea inflows) and
anthropogenic pressures by direct discharges mainly from the Istanbul city (Tugrul
and Morkog, 1989; Tugrul and Polat, 1995; Ediger et al., 2016; Yal¢in et al., 2017;
Tan and Aslan, 2020). Furthermore, recent studies in the Marmara Sea indicated
dissolved oxygen deficiency in the deep waters due to increasing organic matter
inputs in the upper layer (Ediger et al., 2016; Yal¢in et al., 2017) and limited
ventilation of deep waters by strong density gradient between water masses
(Besiktepe et al. 1994; Tugrul and Polat, 1995; Tugrul et al., 2002; Ediger et al.,
2016). The calculated pool of “potentially mobile P” in the two different regions of
the Marmara Sea ranged from 0.054 mol/m? in the Cinarcik Basin to 0.099 mol/m?

in the Izmit Bay much greater than calculated in the oligotrophic NE
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Mediterranean Sea. However, in the izmit Bay, the pool of “potentially mobile P”
was very similar to calculated in the suboxic part of the Black Sea indicated that
dissolved oxygen deficiency in the deep waters enhanced redox-driven P release in
the semi-enclosed izmit Bay where domestic, agricultural, and industrial pollution

have been experienced (Tan and Aslan, 2020).

The primary production in the surface waters of the oligotrophic Eastern
Mediterranean is lower compared to measurements in the Black Sea and Marmara
Sea based on the studies reported by Van Santvoort et al. (2002), Ergin et al.
(1994) and Yilmaz (2002). In the low-nutrient upper layer waters of the Eastern
Mediterranean Sea, primary production is mainly limited by phosphorus due to
unusually high NO3/PO, ratios in the deep waters as ~28/1 (Krom et al., 1991;
Yilmaz and Tugrul, 1998) and in atmospheric and regional rivers (Kocak at al.,
2010) as also reported recently by the *C bioassay experiments conducted in the
Turkish coastal waters of the Mediterranean and Aegean Seas (Tufekci et al, 2013).
Therefore, redox dependent P fluxes have become significant in the oligotrophic
Mediterranean Sea. The sediment “potentially mobile P” calculated in the NE
Mediterranean Sea was 0.023 mol/m? much lower than calculated in the Marmara
and Black Seas due to oligotrophic nature of the Mediterranean Sea, having low
primary productivity and sedimentation rates (Figure 4.7). However, increased
inputs of nutrients from terrestrial sources (rivers, wastewaters) to the NE
Mediterranean coastal areas have enhanced primary production and biodegradable
particulate organic matter production (Coban-Yildiz et al., 2000; Yilmaz, 2002;
Dogan-Saglamtimur and Tugrul, 2004), leading to eutrophication in the inner bays
(Tugrul et al., 2011, 2016, 2018, Kaptan, 2013). Further development of
eutrophication in the coastal sites may cause the releases of excess amount of P to
the deep waters adversely affecting the ecosystem health and Good Environmental
Status of the P-limited NE Mediterranean Sea.

The organic matter enrichments in the Black, Marmara and Northeastern
Mediterranean Seas due to the development of eutrophication from terrestrial and

natural nutrient and organic matter inputs have led to increase in the accumulation
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rates of organic matter buried in sediments. It is known that organic matter
biogeochemistry of the sediments has been affected by a series of redox-driven
reactions (Jorgensen, 1996) as well as anthropogenic inputs of the particulate
organic and inorganic matter that might be transported to offshore regions of the
continental seas (Middelburg et al., 1993; Deininger and Frigstad, 2019; Katz et al.,
2020). There exist positive correlations between surface sediment geochemical
variables (C, N, P) and pool of “potentially mobile P’ indicated that excess
amounts organic matter accumulation by surface primary production and terrestrial
inputs enhanced the mobilization of P (Figure 4.8). Therefore, it is important to
know the biogeochemical processes for the long-term removal or releases of P in
these three interconnected marine basins for the ecosystem health and

eutrophication management efforts.
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434 Conclusions

The results of this study showed that porewater and sediment biogeochemistry of
phosphorus displayed great variability in the three interconnected marine basins:
Black, Marmara and NE Mediterranean Seas. Maximum porewater PO4, NH,4 and
Si concentrations were measured in the hypoxic Marmara Sea and suboxic/anoxic
Black Sea with the maximum surface sediment TOC, TN, Org-P and TP
concentrations. Minimum values measured in the NE Mediterranean Sea were due
to its oxic and oligotrophic nature with low sedimentation and primary production
rates. The surface sediment P pool is mainly dominated by Org-P in the Marmara
and Black Seas while the Ca-bound P is the dominant form of TP pool in the NE
Mediterranean Sea. The Fe-bound P was found an important P-fraction of TP pool
in the semi-enclosed izmit Bay (Marmara Sea) and suboxic and anoxic/sulfidic
parts of the Black Sea as also experienced in recent studies performed in the anoxic
basins of the Black and Baltic Seas. The decline in the TP concentrations of all
sediment core samples indicated the mobilization of P to the overlying water,
which is also in line with the diffusive P fluxes discussed in Chapters 2 and 3 of
this dissertation. The pool of “potentially mobile P” varied between 0.023 and
0.148 mol/m? in the studied sites with the maximum values recorded in suboxic
and anoxic/sulfidic parts of the Black Sea. There exist positive correlations
between surface sediment geochemical variables (C, N, P) and pool of “potentially
mobile P”. Furthermore, “potentially mobile P” pool increased from oxic to
anoxic/sulfidic parts of the Black Sea. All these findings suggested the further
development of eutrophication and deoxygenation would further enhance the
releases of P in these three interconnected marine basins and shift the N/P molar
ratios of the deep-water nutrient stocks to even smaller values, with important

ramifications for the overlying phytoplankton ecosystem.
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CHAPTER 5

SYNTHESIS AND CONCLUSIONS: REDOX DEPENDENT BENTHIC
NUTRIENT FLUXES AND THEIR IMPORTANCE FOR THE FUTURE HEALTH
OF TURKISH SEAS

The integrated results of the preceding chapters suggest that the deep-sea and
sedimentary nutrient recycling is an important component of water column nutrient
budgets. This should not be overlooked in the implementation of different national
and international policy frameworks focusing on remediation of excess nutrients
from the marine or coastal environment. An important policy instrument-
compulsory for EU member states but still accepted by Turkey as a major guideline
is the Marine Strategy Framework Directive (MSFD) (2008/56/EC, European
Commission 2008). MSFD is one of the several marine environment policies to
protect more effectively the marine environments across Europe which identifies
11 descriptors to achieve Good Environmental Status (GES) (Table 5.1).

Table 5.1. Marine Strategy Framework Directive (2008/56/EC) descriptors

Descriptors GES has been achieved

D1 Biodiversity is maintained

D2 Non-indigenous species do not adversely alter the ecosystem

D3 The population of commercial fish species is healthy

D4 Elements of food webs ensure long-term abundance and reproduction

D5 Eutrophication is minimized

D6 The seafloor integrity ensures functioning of the ecosystem

D7 Permanent alteration of hydrographical conditions does not adversely affect the ecosystem
D8 Concentrations of contaminants give no effects

D9 Contaminants in seafood are below safe levels

D10 Marine litter does not cause harm

D11 Introduction of energy (including underwater noise) does not adversely affect the ecosystem

My dissertation particularly contributes to D4, D5 and D6 in Table 5.1. Here, in

this final chapter, 1 give a synthesis of comparative nutrient dynamics in the
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Marmara and the Northeastern Mediterranean and emphasize the differences in the

two basins that need to be taken into account in the assessment of these descriptors.

Recent studies in the Marmara Sea indicated dissolved oxygen deficiency in the
deep waters due to increasing organic matter inputs in the upper layer (Ediger et
al., 2016; Yalgin et al., 2017) and limited ventilation of deep waters by strong
density gradient between water masses (Besiktepe et al. 1994; Tugrul and Polat,
1995; Tugrul et al., 2002; Ediger et al., 2016). The change in the nutrient dynamics
in the Marmara Sea during the last two decades is, therefore, caused by the rapid
deoxygenation and eutrophication in the region and should be under focus for

future implementation plan for the ecosystem health of Marmara Sea.

Despite of oligotrophic nature of the NE Mediterranean Sea, its coastal ecosystem
is highly fueled by terrestrial nutrient and organic matter inputs from the major
rivers and wastewater discharges leading to development of coastal eutrophication
in the inner bay waters (Dogan-Saglamtimur and Tugrul 2004; Tugrul et al., 2009;
2011; 2016; 2018). Ongoing eutrophication might induce hypoxia and reduce
seafloor in the NE Mediterranean coastal ecosystem resulting in internal nutrients
loading due to changing redox state of the seafloor as also experienced recently in
the Baltic Sea (Vahtera et al., 2007; Ferreira et al., 2011; Malmaeus et al., 2012;
Noffke et al., 2012).

Though biochemistry of water column and biogeochemistry of surface sediments in
the Northeastern (NE) Mediterranean and Marmara Sea have been studied
extensively, relatively few studies were performed to understand the sediment
porewater and solid-phase biogeochemistry in these regions having distinct trophic
conditions and deep water redox state. For the ecosystem health of NE
Mediterranean and recently deoxygenating Marmara Sea, quantification of redox
dependent benthic nutrient fluxes are of critical importance to attain Good
Environmental Status (GES).

Organic matter biogeochemistry of the coastal and/or deep sea sediments has been

affected by a series of redox reactions (Jergensen, 1996; Foster and Fulweiler,
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2019; Schroller-Lomnitz et al., 2019; Lenstra et al., 2021; Song et al., 2021),
environmental (T, S) conditions (Dijkstra et al., 2014) and terrestrial inputs of the
particulate inorganic/organic matter (Middelburg et al., 1993; Yemenicioglu and
Tunc, 2013; Deininger and Frigstad, 2019; Katz et al., 2020). In this study, the
measured TC (TOC+TIC) concentrations ranged from 0.92 mmol/g dw (dry
weight) to 7.09 mmol/g dw with the maximum concentrations measured in the NE
Mediterranean Sea having carbonate-rich sediments (Figure 5.1). It is well known
that from 1 to 40% of primary production is sinking below the euphotic zone and it
exponentially attenuates to the base of the mesopelagic zone at around 1000 m. In
the water column, organic matter is remineralized, converting organic matter to
CO,. Therefore, only 1% of the surface production is buried in seafloor (Herndl
and Reinthaler, 2013). However, this proportion of organic matter sedimented at
the seafloor might change due to terrestrial inputs of nutrients and organic matter
modifying the organic matter composition and concentrations and grain size
distributions of the sediment column (Yemenicioglu and Tunc, 2013; Akcay,
2015). Differences in the sedimentation rates and currents and wave energy also
affect distributions of sediment organic matter biogeochemistry (De Falco et al.,
2004; Katz et al., 2020). The TOC concentrations throughout the sediment column
ranged from 0.24-0.70 mmol/g dw in the NE Mediterranean Sea to 0.47-2.70
mmmol/g dw in the Marmara Sea (Figure 5.1). In the NE Mediterranean Sea,
sediment organic matter (C, N) concentrations were lower compared to
concentrations measured in the Marmara Sea (Figure 5.1), typical for the
oligotrophic offshore and deep sea regions having low primary productivity and
sedimentation rates. TOC concentrations from the all core samples decreased with
sediment depth throughout the sediment column indicated organic matter
degradation processes. Expectedly, the spatial and downcore distributions of TN
concentrations were very similar to recorded in TOC concentrations and ranged
between 0.02 and 0.23 mmol/g dw in the studied core samples (Figure 5.1). The
lower primary production and sedimentation rates in the oligotrophic NE

Mediterranean Sea resulted in lower particulate organic matter flux and burial at
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the seafloor. Therefore, the TOC and TN concentrations in the NE Mediterranean
core samples were 3-4 fold lower than measured in the core samples of Marmara
Sea (Figure 5.1).
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Figure 5.1. Solid-phase depth profiles of total carbon (TC), total organic carbon
(TOC) and total nitrogen (TN) concentrations in the NE Mediterranean and
Marmara Sea.

From the sediment organic C and N content, molar ratios of C/N were calculated
and presented in Figure 5.1. The calculated C/N molar ratios in surface sediments
varied between 6.6 and 18.4 and did not significantly change with sediment depth
(Figure 5.1). A low C/N molar ratio in marine sediments is an indicative of
relatively fresh and undegraded organic matter. Nitrogen and phosphorus are
deposited to the seafloor bounding algal cells or organic detritus which undergo
decomposition in the water column with faster loss of organic nitrogen and
phosphorus, than of carbon, however, resulted in higher C/N and N/P molar ratios
relative to Redfield molar ratio C/N/P (Jergensen, 1996). The study of Boynton et
al. (2018) showed that the calculated molar ratios (C/N/P) from the surface
sediment data suggested phytoplankton to be the primary source of organic matter
based on Redfield ratios of phytoplankton composition (C/N/P=106/16/1) since
surface sediment C/N molar ratios mostly ranged from 6.6 to 20 and this
distribution suggests a preferential loss of N to denitrification or anammox. In this
study, C/N molar ratios calculated from the obtained sediment core samples were
generally greater than the classical Redfield Ratio of C/N (C/N=106/16).

The sediment core samples obtained in the NE Mediterranean and Marmara Sea

appeared to represent undisturbed accumulations. The measured porewater
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nutrients (Si, N, P) concentrations showed spatial variations in the studied sites
(Figure 5.2). Porewater nutrient concentrations throughout the obtained sediment
core samples ranged between 0.06 and 58.2 uM for POy, 0.34 and 91.5 uM for
NOgs, 0.17 to 666 uM for NH4 and 1.22 to 335 uM for Si, respectively (Figure 5.2).
Biogeochemical cycling of key nutrients (N, P) is highly linked to dissolved
oxygen concentrations and metal (Mn, Fe) cycles due to rapid degradation of labile
organic matter by the redox-processes as denitrification, manganese and iron
reduction as well as sulfate reduction and methanogenesis in the uppermost
centimeters of sediment column resulting in nutrient releases from the sediments
(Williams, 1987; Christensen et al., 1988; Jargensen, 1996; Ignatieva, 1999;
Rasheed, 2004; Al-Rousan et al., 2004; Hille et al., 2005; Rasheed et al., 2006;
Rydin et al., 2011; Cheng et al., 2014; Mu et al., 2017). Expectedly, maximum
porewater PO4, NH4 and Si concentrations were measured in the suboxic Marmara
Sea where the measured NO3 concentrations were relatively lower compared to
those recorded in the oligotrophic NE Mediterranean Sea having oxic conditions in
the deep waters (Figure 5.2). Vertical profiles of porewater NO3 concentrations in
the studied sites suggested that denitrification process took place in the uppermost
millimeters of sediment core samples obtained from the suboxic Marmara Sea
whilst oxic respiration was the major process for the organic matter

remineralization in the oligotrophic NE Mediterranean Sea (Figure 5.2).

PO, (uM) NO, (M) NH, (uM) Si (uM)
0 20 40 60 0 20 40 60 80100 0 200 400 600 800 0 100 200 300 400

o,

E anro O
30 | awo
4 o @wo
40 4 owo

4 ao |0 o o MarmaraSea
50 @ |© © © NE Mediterranean Sea

Depth (cmbs)
Depth (cmbs)

gesc°

Figure 5.2. Sediment porewater nutrient (PO4, NOs, NH,, Si) profiles in the NE
Mediterranean and Marmara Sea.

In order to compare redox dependent benthic nutrient fluxes in the NE

Mediterranean and Marmara Sea having distinct biogeochemical properties,
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diffusive nutrient fluxes were calculated based on Fick’s First Law of Diffusion
(Figure 5.3, Table 5.2). A positive flux indicated that sediment acts a source
whereas a negative flux indicated that sediment acts as a sink. Calculated porewater
diffusive fluxes showed spatial variability in the NE Mediterranean and Marmara
Sea with the maximum fluxes of PO4, NH4 and Si calculated in the Marmara Sea.
In the all studied sites in the NE Mediterranean Sea, sediments act as a source for
PO4, NO3, NH, and Si whilst sediments in the highly eutrophic and suboxic/anoxic
sites of the Izmit Bay (Marmara Sea) act as a sink for NO3 due to rapid utilization
of NOj ion as a terminal electron acceptor by denitrification process (Table 5.2).
The increases in dissolved inorganic nutrients (PO4, NH4 Si) and iron
concentrations in the eutrophic and suboxic/anoxic/sulfidic regions is highly
coupled to redox state in the marine environment since the role of sediments in
these regions has important for dissolved iron, inorganic phosphate, ammonium
and reactive silicate sources to the bottom waters (Noffke et al., 2012; Mu et al.,
2017). The correlation between calculated diffusive nutrient fluxes and the deep
waters dissolved oxygen concentrations indicated the redox-dependency on the
benthic nutrient dynamics in the NE Mediterranean and Marmara Sea (Figure 5.3,
Figure 5.4) as the lower deep water dissolved oxygen concentration resulted in
higher porewater diffusive PO4, NH4 and Si fluxes which is in agreement with the
high rates of organic matter decomposition and release of reactive silicate and
phosphate, and nitrate loss at the sediment-water interface. Furthermore, the
calculated diffusive nutrient fluxes with the other results performed in oligotrophic
(oxic) and highly eutrophic (anoxic/sulfidic) sites showed that the organic matter
decomposition with limited trapping of nutrients in the benthic interface might
further enhance eutrophication specifically in the Marmara Sea, analogous to

benthic 'vicious cycle' in the much shallower Baltic Sea (Table 5.2).
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Figure 5.3. Relationship between calculated diffusive nutrient fluxes and deep

water dissolved oxygen concentrations in the NE Mediterranean and Marmara Sea.
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Figure 5.4. Changes in porewater diffusive nutrient fluxes during exposure to

eutrophication and deoxygenation.

Table 5.2. Diffusive nutrient fluxes estimated from the porewater profiles of
different regions having distinct trophic and redox states

. . PO, NO, NH, Si
Region Trophic Status Deep Water Redox State mmol m2yr)  (mmolm2yrY)  (mmolm?yr)  (mmol m2yrY)
g;lMed'te”a”ea” Oligotrophic Oxic 0.35-0.57 18.5-66.9 2.81-46.2 28.5-77.2
Marmara Sea Mesotrophicto 65,6 14 Suboxic 0.11-9.76 -31.9-31.8 1.45-935 31.7-128.4
Dystrophic
Eastern . . .
Mediterranean Sea’ Oligotrophic Oxic 0.60 4.14 6.79 34.51
Red Sea® Oligotrophic Oxic 1.28 6.32 2.08 20.04
Peruvian OMZ* Eutrophlg to Suboxic/Anoxic 2.3-227.6
Dystrophic
Baltic Sea® Eutrophic to Suboxic/Anoxic/Sulfidic ~ 0.47-67.82 15.64-1441.23
Dystrophic
Cmarcik Basin Mesotrophic to .
(Marmara Sea)® Eutrophic Suboxic 0.60 2.04

YThis study; 2Christensen et al., 1988; *Rasheed et al., 2006; “Noffke et al., 2012; °Ignatieva, 1999; *Cagatay et al., 2004

The results of this study showed that porewater and sediment biogeochemistry
displayed great variability in the NE Mediterranean and Marmara Sea having

distinct trophic condition and deep water redox-state. Maximum porewater POy,
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NH; and Si concentrations were measured in the suboxic Marmara Sea whilst
minimum values measured in the NE Mediterranean Sea due to its oxic and
oligotrophic nature with low sedimentation and primary production rates.
Expectedly, maximum fluxes of PO4, NH4 and Si were calculated in the Marmara
Sea having suboxic conditions. The correlation between calculated diffusive
nutrient fluxes and the deep waters dissolved oxygen concentrations indicated the
redox-dependency on the benthic nutrient dynamics in the NE Mediterranean and
Marmara Sea as the lower deep water dissolved oxygen concentration resulted in
higher porewater diffusive PO4, NH,4 and Si fluxes (Figure 5.4). Therefore, redox
dependent benthic nutrient feedbacks in the shelf waters of the NE Mediterranean
and Marmara Sea might affect surface water biochemistry by the enhancement of
dissolved nutrients transported from deep waters with the major processes in the

marine environments such as winter mixing, upwelling, eddies and diffusion.

Based on the 11 descriptors presented by MSFD (Table 5.1), eutrophication should
be minimized for the achievement of Good Environmental Status (GES). The study
results suggested that the porewater biogeochemistry and the redox dependent
benthic nutrient fluxes may eventually change the water column nutrients
concentrations and compositions leading to further ecological problems such as
enhanced eutrophication, deep water anoxia, changes in phytoplankton abundance
and composition, and mucilage formation recently observed in the Marmara Sea.
Therefore, the studies based on sediment biogeochemistry are directly linked to
Descriptors D1, D4, D5, D6 and D8 presented by MSFD (Table 5.1). For the
ecosystem health of NE Mediterranean and recently deoxygenating Marmara Sea,
monitoring studies for the redox dependent benthic nutrient dynamics and organic
matter geochemistry are of critical importance to attain Good Environmental Status

(GES) in these distinct marine basins.

Common management goals of the MSFD or other policies for marine protection
for many of the world’s coastal-estuarine ecosystems are to improve their good
ecological status. Management advices and the ecological targets are often based

upon the current compartmentalization of benthic and pelagic habitats. However,
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they describe the ecological status of pelagic or benthic habitats, separately and
there are few studies combining indicators across habitats and specifically focusing
on benthic nutrient fluxes (Dimitriou et al., 2015; Griffiths et al., 2017). Human-
induced pressures affect important benthic-pelagic coupling processes altering the
flow of ecosystem services in coastal ecosystems. In many coastal ecosystems,
eutrophication problems change the physical and biological processes affecting
nutrients between benthic and pelagic habitat, food web dynamics, predator-prey
feedbacks, and fishing (Griffiths et al., 2017). Therefore, a better understanding of
benthic nutrient and organic matter dynamics in specific ecosystems, such as the
coastal area of the NE Mediterranean Sea and the hypoxic Marmara Sea, is
essential. For the maintenance of ecosystem services in the Turkish Seas, the
inorganic (nutrients, metals) and organic matter exchanges between pelagic and
benthic habitats should be monitored, modeled and included in the eutrophication

management efforts.
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APPENDICES

A. Measurements of porewater nutrients and sediment geochemical parameters in the NE Mediterranean Sea

Bottom

. . . Depth PO, NOs NH,4 Si TC TOC TN TOC/TN r-Fe
Station Latitude Longitude D(enri;h (cmpbs) M) | (uM) (uM) (uM) (mmol/g) | (mmol/g) | (mmol/g) (Molar) (nmol/g)
1 36.548 34.264 52 -1 0.13 1.63 1.03 3.03

1 1.00 | 67.62 | 119.70 | 75.20 3.33 0.59 0.06 10.03 38.67

2 0.87 | 19.85 | 63.42 72.93 3.37 0.60 0.05 11.03 44.21

3 0.68 9.12 55.05 57.10 3.37 0.61 0.06 10.91 39.24

4 0.78 5.32 52.05 66.50 3.35 0.60 0.05 11.47 44.37

6 1.68 7.32 84.05 87.20 3.36 0.63 0.05 11.49 3391

8 1.28 4.82 81.95 90.40 3.34 0.62 0.06 10.99 35.29

10 0.68 5.32 93.15 82.30 3.38 0.63 0.06 9.94 33.05

15 1.28 5.62 81.95 88.00 331 0.60 0.05 11.60 40.27

20 1.38 4.12 95.45 95.40 3.34 0.56 0.06 10.11 33.42

25 0.98 542 | 112.55 | 84.20 3.32 0.58 0.05 11.17 32.34

30 0.85 | 19.77 | 111.95 | 133.10 3.36 0.60 0.05 11.16 31.10

35 1.73 | 29.92 | 120.55 | 154.30 3.47 0.66 0.06 10.86 39.72

2 36.440 34.346 208 -1 0.07 1.40 0.45 2.96

1 1.00 | 1842 7.85 33.90 331 0.70 0.07 9.77 43.23

2 1.00 | 17.42 | 10.35 68.90 3.56 0.63 0.08 7.77 47.84

3 0.50 | 10.12 | 25.75 68.40 3.46 0.60 0.07 8.14 46.90

4 0.70 | 15.02 | 34.75 76.40 3.44 0.61 0.08 7.99 39.71

6 0.60 | 13.32 | 30.15 69.60 3.45 0.57 0.07 8.56 43.69

8 0.40 | 1042 | 40.55 69.50 3.38 0.54 0.06 8.59 38.79

10 0.60 | 10.72 | 49.45 77.00 3.40 0.50 0.06 9.01 39.52

15 0.60 6.62 53.15 50.40 3.29 0.49 0.05 9.13 36.92

20 0.30 | 10.22 | 69.75 84.00 3.35 0.48 0.06 8.25 37.75

25 0.40 | 1152 | 77.65 88.20 3.38 0.48 0.06 8.39 32.65

30 2.30 | 1212 | 78.95 86.70 3.45 0.48 0.06 7.57 31.04

35 140 | 1572 | 101.65 | 93.90 3.46 0.47 0.05 9.36 32.60
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Bottom .
. . ] Depth PO, NO; NH,4 Si TC TOC TN TOC/TN r-Fe
Station Latitude Longitude D(?g;h (cmpbs) M) | (uM) (uLM) (nM) (mmol/g) | (mmol/g) | (mmol/g) (Molar) (nmol/g)
3 36.354 34.381 323 -1 0.09 8.82 1.73 6.37
1 0.80 | 29.32 | 20.45 82.10 3.86 0.51 0.06 7.99 29.74
2 0.91 | 26.88 7.91 90.48 3.85 0.53 0.05 9.71 26.31
3 0.60 | 2342 1.45 67.60 3.70 0.41 0.05 8.06 24.98
4 1.00 | 24.82 0.95 85.20 3.49 0.38 0.05 7.86 20.60
6 1.10 | 42.52 2.05 93.90 3.55 0.43 0.05 8.91 19.44
8 1.10 | 38.52 1.95 89.30 3.63 0.51 0.06 8.67 17.97
10 1.30 | 40.92 6.55 85.80 371 0.50 0.05 9.38 13.55
15 1.00 | 32.72 | 1135 98.90 3.74 0.48 0.05 9.38 15.48
20 1.30 | 41.32 | 15.75 93.60 343 0.42 0.05 8.04 22.39
25 160 | 28.32 | 24.95 80.60 3.63 0.67 0.06 10.69 24.50
30 1.60 | 31.82 | 29.95 93.80 371 0.61 0.06 10.07 25.89
4 36.138 33.923 85 -1 0.06 2.12 0.63 1.22
1 1.00 | 31.56 3.45 53.40 6.79 0.26 0.02 11.01 27.63
2 220 | 2796 | 21.25 73.10 7.09 0.32 0.03 10.24 29.02
3 140 | 27.87 | 35.25 65.20 6.88 0.24 0.04 6.64 19.68
4 2.10 | 45.05 | 48.95 73.20 6.86 0.24 0.03 8.94 21.85
6 140 | 46.21 | 46.45 75.90 6.27 0.35 0.04 9.86 21.79
8 120 | 45.03 | 54.85 88.50 6.23 0.29 0.03 11.36 23.82
10 1.00 | 47.13 | 46.45 84.10 6.47 0.28 0.03 10.60 18.03
15 1.00 | 60.48 | 45.45 78.90 6.48 0.25 0.02 10.80 17.68
20 0.90 | 36.59 | 29.15 61.20 5.68 0.35 0.03 10.62 14.86
25 1.00 | 27.97 | 3155 63.40 5.52 0.33 0.03 10.35 12.74
5 35.852 33.017 1165 -1 0.22 7.50 1.96 7.87
1 0.78 | 22.34 3.75 21.50 4.09 0.60 0.06 9.56 41.60
2 0.98 | 30.94 2.55 35.00 4.02 0.53 0.05 9.76 36.20
3 0.98 | 29.34 2.45 43.10 3.89 0.50 0.05 9.96 32.14
4 0.98 | 30.14 1.85 54.80 3.94 0.40 0.05 7.63 32.86
6 0.98 | 47.34 2.85 61.40 3.97 0.40 0.05 8.11 28.15
8 1.08 | 28.94 3.25 74.10 3.90 0.36 0.05 7.87 19.78
10 1.08 | 28.84 5.65 71.30 3.88 0.41 0.04 9.28 22.10
15 0.98 | 32.64 9.95 67.90 3.72 0.35 0.04 9.25 271.22
20 0.98 | 21.94 | 18.35 63.80 418 0.42 0.04 9.49 24.46
25 118 | 56.14 | 30.85 88.50 4.24 0.43 0.05 8.56 29.16
30 1.08 | 2394 | 3545 83.10 3.79 0.32 0.04 8.51 26.67
35 1.08 | 57.74 | 38.65 78.10 3.84 0.31 0.04 7.53 28.93
40 118 | 4154 | 47.35 75.50 3.86 0.31 0.03 8.86 29.59
45 1.08 | 37.14 | 50.95 75.10 4.08 0.33 0.04 7.77 31.82
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B. Results of Seawater physico-chemical and biochemical parameters obtained in Marmara Sea in winter and summer periods of

2019
. Depth . . Temperature | Salinity | Denisty TP PO, NO;+NO; NO, NH, Si DO Chl-a SDD
Station Date (m) | latitude | Longitude 0 su) | Gig) | @) | @) | @) | @) | @M | @) | @) | g | (m)
1Z-17 1/5/2019 0 40.729 29.352 9.79 27.89 21.44 0.81 0.20 4.69 0.44 0.66 12.36 286.9 3.77
10 14.36 34.87 26.01 0.80 0.74 7.44 0.13 0.15 14.14 120.5 0.54
25 16.18 38.71 28.56 0.92 0.80 7.96 0.04 0.23 17.26 89.3 0.06
50 15.87 38.83 28.73 1.04 0.92 8.78 0.02 0.11 21.09 69.4 0.03
75 15.61 38.81 28.78 1.09 0.81 8.30 0.22 0.32 17.45 65.2 0.03
100 15.57 38.81 28.79 1.12 0.96 8.91 0.03 0.13 22.62 62.2 0.03
150 15.04 38.77 28.88 1.21 1.11 9.84 0.05 0.91 29.61 34.3
207 14.67 38.73 28.93 1.26 1.18 9.13 0.03 0.63 36.55 20.9
1Z-7 1/5/2019 0 40.761 29.460 10.08 28.22 21.65 0.82 0.36 4,74 0.39 0.63 11.08 | 262.6 3.08
EK-19 1/5/2019 0 40.771 29.620 10.63 28.63 21.88 0.88 0.69 7.56 0.34 0.83 16.19 216.2 2.55
1Z-2 1/5/2019 0 40.730 29.610 10.88 28.65 21.86 0.88 0.51 6.89 0.48 0.89 12.33 | 209.8 1.21
10 14.90 35.52 26.40 0.89 0.65 7.43 0.32 0.77 12.78 143.7 0.96
25 15.97 38.56 28.49 0.99 0.90 8.73 0.11 0.22 19.71 76.3 0.13
50 15.82 38.73 28.66 1.23 1.08 8.43 0.03 0.16 23.95 47.4 0.05
100 15.69 38.75 28.71 1.36 1.14 8.36 0.06 0.21 26.41 35.6 0.10
157 15.63 38.76 28.74 1.34 1.13 8.34 0.06 1.18 26.75 30.5
1Z-25 1/5/2019 0 20.730 29.778 10.84 2849 | 2174 | 085 | 072 9.97 052 | 884 | 1312 | 1953 | 0.26
1Z-30 1/6/2019 0 40.732 29.889 10.98 28.13 21.44 0.68 0.60 8.12 0.70 2.54 15.25 201.0 1.22
10 14.59 34.50 25.67 0.93 0.90 8.70 0.41 0.77 19.01 75.0 0.13
29 15.88 38.63 28.57 0.99 0.96 8.44 0.58 0.78 20.35 54.2 0.09
1Z-5C 1/6/2019 0 40.740 29.552 10.83 28.83 22.01 0.63 0.47 6.17 0.36 1.10 12.03 210.7 2.21
10 13.54 33.24 24.92 0.82 0.73 7.88 0.15 0.59 15.83 104.9 0.18
25 16.24 38.61 28.47 0.85 0.78 7.81 0.05 0.44 17.19 95.6 0.08
60 15.69 38.75 28.71 1.14 1.04 8.28 0.05 0.30 24.74 48.2 0.07
45-C 1/6/2019 0 20.780 28.861 012 2588 | 19.82 | 038 | 024 2.90 033 | 044 | 719 | 2830 | L.90 5
12 9.14 26.93 20.79 0.55 0.26 3.26 0.23 0.25 6.41 237.0 2.10
20 15.42 36.66 27.16 1.10 0.62 7.33 0.13 0.30 14.43 124.9 0.41
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. Depth . . Temperature | Salinity | Denisty TP PO, NO3;+NO; NO, NH, Si DO Chl-a SDD
Station Date | ‘(m) | “Atitude ) Longitude 0 (psw) | Gigt) | V) | M) | @My | @) | @M) | @) | @M) | gy | (m)
50 15.79 38.82 2874 | 121 | 0.89 8.58 003 | 0.14 | 2049 | 748 | 0.07
100 15.24 38.79 28.85 | 1.30 | 102 9.66 002 | 025 | 24.76 | 461 | 0.03
200 14.77 38.74 2892 | 122 | L1l 10.02 002 | 018 | 3152 | 273
300 14.59 38.72 2895 | 1.32 | 117 8.67 002 | 027 | 3849 | 98
900 14.56 38.71 2806 | 125 | 114 6.86 003 | 044 | 4390 | 89
1202 14.60 38.70 2896 | 1.39 | 110 452 016 | 0.76 | 43.00 | 6.4
K47K35 1/6/2019 0 40.771 28.617 9.21 26.55 2048 | 058 | 0.24 2.25 013 | 049 | 654 | 268.1 | 1.39 8
10 9.16 26.62 2054 | 038 | 031 2.97 007 | 050 | 7.40 | 2231 | 0.85
20 9.38 27.81 2144 | 065 | 055 5.62 009 | 071 | 11.52 | 147.7 | 051
35 16.19 38.79 2862 | 0.76 | 0.68 7.23 002 | 020 | 16.34 | 920 | 0.08
50 15.92 38.82 2871 | 093 | 087 8.40 003 | 027 | 1947 | 761 | 0.08
100 15.51 38.81 28.80 | 1.06 | 0.97 9.46 002 | 025 | 2431 | 5.0 | 0.04
200 14.91 38.76 2890 | 1.27 | 107 9.63 003 | 023 | 30.88 | 25.0
300 14.62 38.72 2894 | 122 | 107 8.03 006 | 038 | 35.32 | 81
400 1457 38.72 2895 | 128 | 117 8.05 005 | 036 | 41.34 | 93
579 14.54 38.71 2806 | 135 | 0.84 4.76 004 | 018 | 2645 | 94
MD-18 1/6/2019 0 40.700 28.342 9.62 26.31 2023 | 059 | 0.14 2.11 029 | 134 | 7.22 | 2940 | 2.12 7
10 9.87 2657 2040 | 059 | 0.10 1.29 008 | 024 | 2.33 | 2475 | 0.94
25 10.36 28.82 2207 | 041 | 031 3.63 011 | 073 | 579 | 1458 | 041
45 16.41 38.90 28.65 | 062 | 045 453 012 | 046 | 899 | 1062 | 0.04
100 15.37 38.81 28.83 | 0.97 | 0.89 9.36 005 | 065 | 23.34 | 558 | 0.02
145 15.24 38.80 28.85 | 1.09 | 0.69 6.49 004 | 019 | 17.21 | 517
EK-9 1/6/2019 0 40.650 28.340 9.59 26.46 2035 | 082 | 0.13 171 023 | 015 | 444 | 2971 | 161 7
10 9.93 27.02 20.74 | 060 | 0.18 2.87 023 | 146 | 583 | 2499 | 1.6
20 1182 30.03 2277 | 078 | 037 524 018 | 067 | 966 | 1627 | 0.0
30 16.57 38.67 28.44 | 048 | 041 5.38 005 | 052 | 10.25 | 1310 | 0.7
50 16.40 38.92 2867 | 0.70 | 051 6.40 004 | 052 | 13.29 | 122.0 | 0.09
75 15.54 38.83 2881 | 092 | 083 8.61 006 | 046 | 2211 | 7.0 | 0.04
102 15.34 38.81 2884 | 110 | 092 9.39 0.06 | 053 | 2461 | 543 | 0.3
EK-10 1/6/2019 0 40.583 28.340 9.73 27.56 2119 | 047 | 020 1.76 016 | 017 | 6.88 | 2917 | 1.18 7
10 9.93 28.05 2154 | 053 | 032 2.58 011 | 034 | 518 | 2398 | 1.01
20 13.42 33.63 2524 | 057 | 050 571 010 | 028 | 9.77 | 1532 | 0.20
30 16.57 38.81 2854 | 068 | 051 5.43 006 | 048 | 1420 | 1371 | 011
56 15.80 38.84 28.76 | 0.78 | 0.66 6.49 0.06 | 056 | 15.60 | 1184 | 0.04
EK-11 1/6/2019 0 40505 28.341 9.66 28.26 2175 | 028 | 023 051 013 | 118 | 3.3 | 3000 | 165
10 9.66 28.26 2175 | 055 | 0.22 0.75 011 | 0.76 | 2.98 | 2917 | 1.76
20 13.77 33.78 2529 | 064 | 045 502 010 | 060 | 7.77 | 1748 | 043
30 16.61 38.86 2858 | 0.77 | 054 5.81 005 | 0.80 | 13.63 | 1474 | 0.06
47 15.91 38.84 2873 | 084 | 065 6.71 005 | 022 | 17.99 | 1241 | 0.03
EK-12 1/6/2019 0 40.437 28.342 9.64 28.60 2202 | 032 | 0.24 1.03 011 | 054 | 354 | 2941 | 101
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. Depth . . Temperature | Salinity | Denisty TP PO, NO3;+NO; NO, NH, Si DO Chl-a SDD
Station Date | ‘(m) | “atitude ) Longitude 0 (psw) | Gigt) | M) | M) | @M | @) | @M) | @MW) | @M) | gy | (m)
10 10.14 29.04 2228 | 030 | 0.27 1.30 017 | 0.86 | 397 | 2843 | 1.29
20 10.42 29.39 2251 | 048 | 0.33 352 012 | 021 | 655 | 2094 | 045
30 15.66 37.20 2752 | 054 | 049 573 016 | 044 | 984 | 1696 | 0.19
45 16.22 38.68 2853 | 053 | 0.40 431 009 | 047 | 865 | 1642 | 0.14
LOOK595 | 2/6/2019 0 41.003 28.991 3.68 20.59 1590 | 016 | 0.15 2.30 026 | 148 | 583 | 2901 | 1.89
10 10.18 26.88 2059 | 018 | 0.16 3.04 029 | 133 | 604 | 2573 | 2.00
15 9.98 29.35 2255 | 063 | 0.22 1.90 018 | 051 | 453 | 2316 | 1.60
25 15.02 36.90 27.44 | 096 | 0.73 8.58 021 | 0.0 | 16.04 | 947 | 0.30
53 15.71 38.81 2875 | 1.02 | 095 9.50 009 | 015 | 22.95 | 703 | 0.11
K50K59 | 2/6/2019 0 40.983 28.984 9.21 22.71 1749 | 033 | 0.19 341 027 | 117 | 665 | 2608 | 0.31
10 10.13 27.06 2074 | 061 | 021 2.30 022 | 126 | 494 | 2440
15 10.22 29.97 23.00 | 0.73 | 039 6.41 042 | 069 | 835 | 1623
25 15.61 37.82 2801 | 1.05 | 0.75 9.98 021 | 015 | 16.36 | 99.4
46 15.89 38.78 2869 | 097 | 0.79 759 011 | 0.14 | 17.69 | 77.7
K57L00 2/6/2019 0 40.947 28.999 9.36 23.39 17.99 | 026 | 0.13 2.36 021 | 124 | 601 | 2927 | 0.71
EK-1 2/6/2019 0 40.903 28.966 9.14 24.77 1910 | 037 | 0.02 112 014 | 051 | 404 | 3041 | 056
10 .87 26.72 2066 | 042 | 0.02 0.45 004 | 037 | 101 | 3060 | 1.05
17 9.18 28.76 2221 | 080 | 0.34 512 017 | 053 | 879 | 1954 | 0.07
25 15.51 37.73 27.96 | 1.01 | 0.75 8.80 007 | 023 | 17.61 | 934 | 0.78
51 15.82 38.80 2872 | 086 | 0.67 6.80 005 | 013 | 1533 | 840 | 0.06
45-C 2/6/2019 0 40.787 28.884 8.96 27.56 2131 | 048 | 0.02 0.24 004 | 017 | 256 | 3113 | 0.64 11
10 8.95 2757 2132 | 050 | 0.07 051 005 | 033 | 2.00 | 2969 | 0.87
15 9.00 28.46 2200 | 059 | 0.33 3.65 011 | 090 | 815 | 2119 | 0.82
20 14.30 35.92 26.83 | 065 | 058 771 010 | 021 | 11.74 | 1411 | 031
50 15.80 38.82 2874 | 097 | 0.90 9.33 003 | 034 | 22.16 | 63.7 | 0.3
100 15.21 38.79 2885 | 114 | 0.86 754 004 | 021 | 2058 | 375
200 1471 38.73 2803 | 127 | L12 9.93 003 | 036 | 4152 | 13.7
300 14.58 38.72 2895 | 1.21 | 0.99 6.93 002 | 020 | 3411 | 85
500 14.54 38.71 2806 | 140 | 107 7.64 002 | 029 | 41.87 | 9.9
750 14.55 38.71 28.96 | 119 | 105 6.92 002 | 0.4 | 39.87 | 106
900 14.56 38.71 2896 | 1.14 | 105 6.24 002 | 024 | 39.73 | 85
1212 14.60 38.70 2806 | 124 | 100 4.04 010 | 063 | 3953 | 55
EK-6 2/7/2019 0 40.958 27.521 3.86 27.70 2143 | 044 | 002 0.12 005 | 1.94 | 085 | 3169 | 0.65
23 .94 27.83 2152 | 049 | 0.03 0.11 003 | 024 | 0.89 | 3151 | 0.8
EK-7 2/7/2019 0 40.943 27521 3.82 27.75 2148 | 058 | 0.02 0.28 007 | 210 | 104 | 3157 | 147
30 11.78 32.35 2457 | 0.77 | 054 7.87 012 | 034 | 1367 | 1204 | 0.3
42 16.10 38.78 2863 | 084 | 054 7.18 007 | 021 | 1355 | 1062 | 0.29
EK-8 2/7/2019 0 40.906 27.526 8.77 27.90 2160 | 044 | 002 0.09 003 | 019 | 123 | 3188 | 183 7
10 .78 27.90 2159 | 056 | 0.03 0.11 005 | 0.88 | 0.85 | 3160 | 146
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. Depth . . Temperature | Salinity | Denisty TP PO, NO3;+NO; NO, NH, Si DO Chl-a SDD
Station Date | ‘(m) | lAtitude ) Longitude 0) (psu) | Gigt) | M) | M) | @My | @) | @M) | @) | @M) | gy | (m)
25 9.07 28.78 2224 | 071 | 0.29 5.01 008 | 020 | 866 | 1621 | 051
32 15.38 37.66 2794 | 090 | 053 6.95 004 | 013 | 12.79 | 1237 | 0.09
69 15.49 38.81 2880 | 115 | 087 9.73 005 | 012 | 22.37 | 643 | 0.3
EK-5 2/7/2019 0 40.962 28.216 3.86 27.88 2157 | 056 | 0.15 4.61 019 | 370 | 155 | 3124 | 150 10
25 15.82 38.02 2812 | 083 | 047 563 004 | 041 | 960 | 1363 | 0.15
35 16.47 38.76 2853 | 1.04 | 0.72 8.07 003 | 052 | 16.28 | 956 | 0.11
50 15.91 38.81 2871 | 115 | 092 9.40 002 | 012 | 22.98 | 619 | 0.04
79 15.36 38.80 28.82 | 131 | 096 9.64 003 | 023 | 2431 | 518 | 0.3
EK-4 2/7/2019 0 41.009 28.211 8.77 27.86 2156 | 059 | 0.11 0.25 002 | 073 | 153 | 3123 | 1.78 9
20 11.28 3150 24.00 | 0.98 | 0.66 7.26 008 | 058 | 13.54 | 1089 | 0.37
35 15.98 38.79 2867 | 118 | 0.90 9.54 004 | 041 | 22.90 | 594 | 0.07
53 15.53 38.81 2879 | 1.22 | 096 10.12 006 | 0.14 | 2486 | 507 | 0.04
EK-3 2/7/2019 0 41.064 28.215 3.69 21.75 2149 | 039 | 0.10 0.17 003 | 078 | 142 | 3111 | 101 10
18 .72 27.83 2155 | 034 | 0.12 0.08 002 | 048 | 141 | 3093 | 1.27
K56K45 | 2/7/2019 0 40.935 28.752 8.80 24.81 1918 | 039 | o011 0.89 013 | 021 | 3.36 | 3095 | 1.10 10
15 .91 25.61 1979 | 044 | 022 2.70 015 | 117 | 480 | 2558 | 0.92
20 14.68 36.54 2723 | 0.76 | 056 7.14 008 | 065 | 11.95 | 1049 | 0.15
50 15.85 38.83 28.73 | 0.90 | 0.60 7.68 011 | 071 | 12.90 | 695 | 0.5
77 15.33 38.79 2883 | 115 | 093 10.42 004 | 011 | 26.58 | 48.6 | 0.04
K58K45 | 2/7/2019 0 40.963 28.751 3.78 24.78 19.16 | 049 | 0.08 0.78 010 | 144 | 2.90 | 308.7 | 1.90 7
17 13.12 3331 2506 | 1.99 | 139 7.05 145 | 13.23 | 1864 | 356 | 0.6
31 16.07 38.64 2853 | 174 | 131 6.99 162 | 1010 | 1829 | 411 | 017
LOL.3K59.5 | 2/9/2019 0 41.030 29.011 7.32 18.50 1442 | 03L | 0.06 0.65 007 | 061 | 371 | 3343 | 081
20 9.83 24.49 18.79 0.58 6.63 010 | 1.09 | 13.89 | 1516 | 0.24
38 15.97 38.55 28.49 0.76 8.71 006 | 045 | 17.81 | 904 | 0.22
L02.4L0L5 | 2/9/2019 0 41.040 29.026 731 18.46 1439 | 034 | 010 0.76 006 | 0.38 | 357 | 3239 | 0.84
35 15.40 37.50 2781 | 065 | 048 5.01 009 | 093 | 12.27 | 179.0
L045L03 | 2/9/2019 0 41.057 29.046 7.32 18.49 1441 | 111 | 024 2.70 010 | 096 | 7.66 | 2752 | 051
48 15.68 38.41 28.45 | 1.23 | 0.89 8.63 013 | 2.86 | 19.82 | 86.4
L05L03.7 | 2/9/2019 0 41.083 29.061 7.19 18.19 1419 | 028 | 007 0.44 010 | 022 | 335 | 3351 | 061
60 15.74 38.23 2830 | 118 | 0.90 8.76 011 | 2.37 | 19.98 | 80.6
L06L03.6 | 2/9/2019 0 41.100 29.061 7.15 18.11 1413 | 0.25 | 0.09 0.44 008 | 0.75 | 368 | 339.7 | 0.49
35 9.16 22.98 17.70 | 087 | 067 6.32 012 | 225 | 14.86 | 1559 | 0.35
57 15.64 37.95 2811 | 117 | 092 8.41 012 | 319 | 18.30 | 850 | 0.1
L06.5L04 | 2/9/2019 0 41.108 29.065 7.16 18.11 1413 | 027 | 014 0.39 008 | 069 | 336 | 3409 | 062
52 15.66 38.06 2819 | 1.20 | 096 9.0L 017 | 232 | 19.89 | 844
L07.4L05 | 2/9/2019 0 41.124 29.082 7.16 18.09 1412 | 026 | 0.10 0.48 012 | 0.77 | 325 | 3408 | 007
57 15.53 37.75 2797 | 087 | 0.72 547 0.16 | 3.88 | 13.08 | 956
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. Depth . . Temperature | Salinit Denist TP PO, NO3;+NO; NO, NH, Si DO Chl-a SDD
Station Date (m) | Latitude | Longitude S ) | g0 | @ | aon | qon | @ | e | av | e | agn | m)
L08.3L04 2/9/2019 0 41.137 29.068 7.10 18.04 14.09 0.37 0.18 0.95 0.12 0.18 5.49 324.4 0.42

55 15.57 37.83 28.03 1.10 0.90 8.37 0.18 2.54 18.40 92.4
L09.5L03 2/9/2019 0 41.159 29.051 7.14 18.03 14.07 0.31 0.12 0.71 0.18 1.50 3.69 340.5 0.67

43 13.96 3437 | 2571 | 095 | 073 6.40 022 | 2.90 | 15.74 | 139.3
L10.6L048 | 2/9/2019 0 21173 29.080 7.08 1802 | 1407 | 026 | 0.0 0.34 015 | 082 | 308 | 3421 | 052

62 15.48 37.66 27.92 1.03 0.81 8.11 0.20 1.95 18.47 83.1
L12L06.5 2/9/2019 0 41.194 29.108 7.03 17.96 14.02 0.36 0.10 0.34 0.09 0.32 2.87 340.7 0.91

45 11.02 27.44 2089 | 076 | 054 524 0.17 | 0.87 | 13.29 | 1756 | 045

55 15.27 37.20 27.61 1.28 0.84 7.18 0.24 1.43 17.53 117.5 0.26
L13.4L0.8 2/9/2019 0 41.224 29.134 6.93 17.97 14.04 0.27 0.13 0.19 0.07 0.54 2.61 344.4 0.45

50 13.28 3266 | 2453 | 110 | 0.72 8.40 036 | 301 | 1664 | 920 | 0.16

66 15.26 37.17 27.59 1.38 1.27 9.44 0.36 4.00 17.97 78.2 0.26
L01.5K59.5 7/27/2019 0 41.025 28.992 21.70 18.70 11.96 0.77 0.09 0.29 0.05 0.26 3.91 242.7 0.39
L02.4L01.5 7/27/2019 0 41.041 29.027 22.90 17.84 11.00 0.57 0.05 0.10 0.02 0.27 2.24 2415 0.19
L.04.5L03 7/27/2019 0 41.061 29.048 24.09 17.59 10.49 0.73 0.04 0.09 0.02 0.28 3.50 239.4 0.18
LO5L03.7 7/27/2019 0 41.083 29.062 24.04 17.59 10.51 0.80 0.04 0.15 0.02 0.28 1.97 2449 0.13
L06L03.6 7/27/2019 0 41.102 29.063 24.72 17.49 10.24 0.38 0.03 0.09 0.02 0.27 2.01 239.8 0.23
L06.5L04 7/27/2019 0 41.111 29.070 24.31 17.54 10.39 0.38 0.02 0.12 0.05 0.34 3.60 236.0 0.12

10 23.75 17.73 | 1069 | 079 | 0.06 0.59 0.06 | 046 | 478 | 2439 | 0.26

20 15.23 18.87 13.53 1.27 0.30 3.09 0.19 2.21 8.97 211.2 0.40

34 11.96 23.30 17.53 1.53 0.68 4.97 0.26 3.03 13.27 133.8 0.19

49 14.80 36.53 27.20 1.87 0.96 6.92 0.30 5.10 16.57 84.6 0.26
L07.4L05 7/27/2019 0 41.122 29.083 24.36 17.53 10.37 0.90 0.07 0.18 0.04 0.36 2.49 243.5 0.33 8.5
L08.3L04 7/27/2019 0 41.138 29.071 24.60 17.50 10.28 1.04 0.07 0.09 0.02 0.28 2.04 239.2 0.27
L09.5L03.5 7/27/2019 0 41.161 29.058 24.87 17.44 10.17 0.81 0.05 0.10 0.03 0.34 2.20 237.7 0.15 10.5
L10.6L04.8 7/27/2019 0 41.173 29.079 25.12 17.36 10.04 0.80 0.04 0.13 0.04 0.29 2.05 236.8 0.07 10.5
L12L06.5 7/27/2019 0 41.198 29.109 25.20 17.34 10.00 0.44 0.03 0.09 0.03 0.33 2.04 235.1 0.05

10 24.90 17.80 10.43 0.43 0.03 0.06 0.04 0.30 2.94 236.0 0.06

25 16.67 18.17 12.71 0.74 0.11 0.94 0.12 0.58 4.44 2785 0.15

35 9.85 19.70 15.05 0.90 0.30 2.81 0.26 1.57 9.19 216.2 0.16

45 12.55 26.93 20.23 1.20 0.86 7.19 0.38 3.89 17.38 925 0.43

70 14.85 36.67 27.29 1.84 1.04 9.15 0.41 4.69 20.13 49.6 0.18
L13.4L08 7/27/2019 0 41.223 29.133 25.21 17.29 9.96 0.41 0.09 0.05 0.03 0.33 1.91 236.3 0.15 115
L14.9L09.3 7/27/2019 0 41.247 29.155 25.29 17.43 10.04 0.42 0.11 0.09 0.03 0.33 3.28 236.4 0.07 14
K57L00 7127/2019 0 40.952 29.001 20.42 21.97 14.75 1.14 0.27 0.70 0.09 0.32 4.43 219.1 0.25 75
K54K58 7/27/2019 0 40.899 28.969 19.06 22.22 15.27 0.69 0.14 0.30 0.06 0.40 3.92 243.1 0.16 8.5

8 18.62 23.42 16.28 0.77 0.35 0.82 0.06 0.33 6.14 151.2 0.35
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. Depth . . Temperature | Salinity | Denisty TP PO, NO3;+NO; NO, NH, Si DO Chl-a SDD
Station Date | ‘(m) | lAtitude ) Longitude 0 (psw) | Gigt) | M) | M) | @) | @) | @M) | @) | @M) | gy | (m)
25 13.50 34.46 2587 | 112 | 0.96 9.15 022 | 029 | 1957 | 611 | 0.2
54 15.54 38.75 2874 | 1.20 | L.10 10.40 013 | 029 | 2348 | 434 | 0.03
K58K45 | 7/27/2019 0 40.965 28.751 24.89 2291 1427 | 034 | 0.08 0.06 003 | 057 | 1838 | 2270 | 018 | 105
10 24.06 23.14 1467 | 0.76 | 0.4 0.20 008 | 232 | 522 | 1971 | 0.29
27 15.17 36.60 2717 | 214 | 164 2.05 065 | 30.90 | 1491 | 5.0 | 061
K56K45 | 7/27/2019 0 40.933 28.750 24.77 22.96 1434 | 024 | 0.09 0.06 003 | 022 | 064 | 2315 | 0.08 12
10 24.14 23.23 14.72 0.12 0.32 006 | 028 | 349 | 2109 | 0.35
15 15.09 27.38 2009 | 068 | 0.30 182 006 | 026 | 7.93 | 166.7 | 0.6
23 13.34 33.46 2513 | 081 | 0.8 7.30 006 | 026 | 16.79 | 712 | 0.1
30 14.94 37.87 2820 | 1.03 | 093 10.15 007 | 011 | 1852 | 63.7 | 0.12
82 15.29 38.77 2882 | 177 | L12 10.26 012 | 0.19 | 26.87 | 293
K54K45 | 7/27/2019 0 40.903 28.753 24.88 22.92 1428 | 082 | 0.13 0.15 004 | 028 | 313 | 2293 | 0.3 12
45-C 712712019 0 40.779 28.856 22.44 21.59 1395 | 036 | 0.05 0.05 002 | 031 | 220 | 2412 | 027 10
10 21.32 23.58 1574 | 077 | 007 0.05 002 | 019 | 1.82 | 2469 | 0.68
18 12.69 30.59 2304 | 082 | 0.34 0.24 004 | 024 | 856 | 1412 | 0.20
25 14.43 36.97 2762 | 150 | 0.79 7.55 005 | 019 | 17.39 | 67.7 | 092
40 15.48 38.74 2875 | 1.29 | 102 10.69 005 | 015 | 2471 | 343 | 0.04
75 15.16 38.77 28.85 | 122 | 100 10.27 004 | 016 | 27.81 | 349 | 001
150 14.82 38.74 2890 | 1.32 | 115 10.20 003 | 015 | 31.68 | 16.9
300 1451 38.70 2894 | 1.6 | 116 8.00 003 | 014 | 39.92 | 55
500 14.46 38.70 2895 | 1.20 | 105 7.44 003 | 0.16 | 42.26 | 59
750 14.43 38.69 2895 | 1.46 | 110 7.37 003 | 028 | 4434 | 72
900 14.42 38.69 2895 | 177 | 113 6.81 003 | 022 | 4400 | 51
1207 14.43 35.92 2681 | 179 | 127 454 017 | 028 | 47.92 | 38
K52L02 | 7/27/2019 0 40.866 29.034 22.97 24.20 1578 | 061 | 011 0.09 004 | 038 | 224 | 2382 | 0.17
K49.5L04 | 7/27/2019 0 40.826 29.066 23.56 23.96 1543 | 1.07 | 012 0.54 006 | 0.33 | 2.84 | 2351 | 0.30
K51L14 | 7/27/2019 0 40.861 29.221 23.00 24.93 16.32 | 051 | 0.06 0.07 005 | 053 | 0.80 | 2483 | 0.86
10 17.44 26.78 1911 | 056 | 0.18 1.05 013 | 043 | 523 | 2119 | 0.36
43 15.50 38.63 28.66 | 1.66 | 0.96 9.67 069 | 353 | 20.09 | 509 | 0.08
K50L12 | 7/27/2019 0 40.834 29.198 23.21 24.48 1592 | 089 | 0.07 0.12 002 | 020 | 0.73 | 2501 | 0.34
10 17.45 26.59 1897 | 104 | 018 0.66 006 | 024 | 527 | 2112 | 0.65
20 12.62 29.50 2221 | 118 | 066 6.05 023 | 026 | 16.0L | 888 | 058
40 15.39 38.51 2859 | 1.85 | 104 10.26 005 | 015 | 2445 | 375 | 0.3
82 15.32 38.77 2881 | 136 | L12 10.02 009 | 022 | 2824 | 238 | 001
K485L10 | 7/27/2019 0 40.809 29.169 22.89 24.00 1564 | 032 | 0.05 0.29 006 | 035 | 187 | 2414 | 0.35
K47L08 | 7/27/2019 0 40.784 29.136 22.95 23.82 1549 | 0.34 | 0.03 0.07 005 | 050 | 1.18 | 2490 | 0.11
10 16.87 26.56 19.08 | 095 | 0.10 0.20 002 | 035 | 333 | 2301 | 0.6
18 1255 29.98 2260 | 104 | 042 2.10 007 | 025 | 11.51 | 1156 | 0.76
28 14.79 37.69 2809 | 158 | 0.69 6.52 014 | 030 | 16.34 | 774 | 035
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. Depth . . Temperature | Salinity | Denisty TP PO, NO3;+NO; NO, NH, Si DO Chl-a SDD
Station Date | ‘(m) | “Atitude ) Longitude 0 (psw) | Gigt) | V) | M) | @My | @) | @M) | @) | @M) | gy | (m)

40 15.49 38.67 2869 | 1.86 | 0.89 9.83 014 | 094 | 23.09 | 466 | 0.03

100 15.22 38.77 28.83 | 1.32 | 098 10.12 002 | 0.8 | 28.89 | 348

200 14.72 38.72 2891 | 1.09 | 104 954 002 | 020 | 3511 | 103

250 14.61 38.71 2892 | 1.28 | 104 7.69 005 | 020 | 41.64 | 7.2

414 14.47 38.70 2894 | 1.36 | 109 7.62 004 | 021 | 4310
K46L13 | 7/27/2019 0 40.767 29.217 22.07 24.50 16.25 | 0.60 | 0.04 0.17 003 | 033 | 379 | 2541 | 041
K442l | 7/28/2019 0 40.733 29.350 23.14 25.76 16.90 | 0.28 | 0.05 0.21 004 | 038 | 113 | 2469 | 0.33
K44L26 | 7/28/2019 0 40.733 29.433 22.49 25.67 1701 | 0.38 | 0.06 0.06 002 | 035 | 1.02 | 2482 | 056
K45L31 | 7/28/2019 0 40.751 29.519 23.11 25.89 1701 | 043 | 0.02 0.05 002 | 029 | 113 | 2483 | 0.84

10 18.82 26.20 18.35 | 0.37 | 0.08 0.09 003 | 035 | 331 | 2236 | 0.88

18 13.54 30.28 2264 | 0.75 | 065 556 012 | 031 | 1844 | 710 | 050

30 15.29 38.37 2850 | 1.14 | 100 9.80 011 | 021 | 2411 | 338 | 011

60 15.44 38.64 28.68 | 154 | 1.09 9.98 024 | 026 | 28.73 | 265 | 0.04
K44L47 | 7/28/2019 0 40.735 29.769 22.65 26.37 1750 | 033 | 0.27 1.10 010 | 040 | 7.08 | 1883 | 059 | 65
K44L535 | 7/28/2019 0 40.733 29.889 22.32 26.40 1761 | 055 | 017 0.08 002 | 064 | 2.30 | 2405 | 181 | 45

10 17.74 27.18 1936 | 045 | 0.16 0.12 003 | 061 | 572 | 1470 | 059

16 14.49 28.60 2115 | 081 | 025 0.13 007 | 040 | 954 | 1219 | 059

21 13.35 32.10 24.08 1.35 2.55 042 | 231 | 27.87 | 263 | 0.3

31 15.36 38.43 2854 | 1.93 | 173 0.48 019 | 534 | 32.35 | 46 | 007
K44L39 | 7/28/2019 0 40.733 29.650 22.94 26.22 1731 | 041 | 020 0.44 009 | 038 | 092 | 2288 | 0.77 6

10 18.73 26.98 1897 | 050 | 0.33 0.43 011 | 046 | 621 | 1507 | 1.01

17 13.64 29.56 2206 | 0.78 | 0.70 1.00 011 | 043 | 12.34 | 625 | 0.3

25 14.25 35.98 2680 | 128 | 122 4.19 009 | 017 | 22.06 | 269 | 0.3

80 15.53 38.72 2872 | 141 | 119 9.63 0.08 | 0.3 | 2424 | 183

129 15.43 38.73 2875 | 149 | 126 955 012 | 051 | 2451 | 64
K4L5L18 | 7/28/2019 0 40.692 29.299 23.37 24.17 1564 | 046 | 0.18 8.68 007 | 040 | 2.76 | 2482 | 015 | 125
K4OL15 | 7/28/2019 0 40.669 29.249 2245 24.15 1588 | 0.38 | 0.17 0.49 006 | 027 | 098 | 2504 | 0.14 10

10 18.60 25.84 1813 | 064 | 0.27 0.47 008 | 031 | 537 | 1979 | 0.46

22 13.89 34.52 2584 | 1.06 | 097 111 015 | 035 | 17.50 | 53.1 | 0.1

31 15.07 38.08 2834 | 116 | 105 8.62 017 | 020 | 19.99 | 571 | 0.08

60 15.42 38.73 2875 | 1.23 | 093 9.56 009 | 027 | 18.34 | 483
K43L05 | 7/28/2019 0 40.716 29.083 22.13 22.53 1474 | 046 | 0.16 7.65 004 | 039 | 2.38 | 2444 | 006 | 125

10 17.89 26.49 1879 | 057 | 024 0.39 004 | 022 | 314 | 2182 | 042

20 12.95 32.72 2464 | 068 | 0.60 0.50 005 | 014 | 13.08 | 951 | 1.06

26 14.14 36.48 2730 | 0.86 | 0.69 2.96 005 | 026 | 1355 | 86.7 | 0.35
KAOK46 | 7/28/2019 0 40.666 28.766 22.54 22.15 1435 | 026 | 0.0 3.93 005 | 032 | 282 | 2271 | 013 2
K33K44 | 7/28/2019 0 40.551 28.733 22.92 22.42 1444 | 035 | 023 0.99 005 | 024 | 297 | 2277 | 024 | 125
K26.5L05 | 7/28/2019 0 40.441 29.084 24.81 24.48 1547 | 048 | 0.08 133 004 | 020 | 025 | 2430 | 0.2 8
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. Depth . . Temperature | Salinity | Denisty TP PO, NO3;+NO; NO, NH, Si DO Chl-a SDD
Station Date | ‘(m) | “atitude ) Longitude 0) (psu) | Gigt) | M) | M) | @) | @) | @M) | @MW) | @M) | gy | (m)

10 19.21 25.70 17.88 | 070 | 017 0.45 004 | 021 | 2.00 | 2474 | 0.17

20 12.41 30.63 2313 | 0.72 | 053 0.46 007 | 013 | 11.27 | 859 | 0.22

30 14.92 38.03 2833 | 151 | 102 2.15 006 | 010 | 19.67 | 559 | 0.05

61 15.39 38.74 2877 | 161 | 132 9.65 129 | 038 | 2917 | 94 | 0.02
K25K56 | 7/28/2019 0 40.418 28.936 24.29 24.29 1548 | 095 | 0.15 8.31 006 | 033 | 212 | 2422 | 0.09

10 21.82 24.98 16.67 | 062 | 0.14 0.41 003 | 021 | 2.08 | 2486 | 0.09

20 12.38 29.48 2224 | 115 | 048 0.43 004 | 021 | 10.86 | 1041 | 0.60

25 14.00 36.41 2728 | 1.23 | 0.88 183 006 | 0.10 | 18.04 | 629 | 0.12

40 15.40 38.64 2869 | 157 | L14 8.67 009 | 037 | 2434 | 209 | 0.03

109 15.21 38.75 28.82 | 2.46 | 2.16 8.98 003 | 432 | 40.50
K27K48 | 7/28/2019 0 40.450 28.800 23.92 23.41 1492 | 072 | 019 0.38 004 | 030 | 210 | 2363 | 0.11
K255K3L | 7/28/2019 0 40.429 28.513 24.81 22.93 1431 | 049 | 0.09 0.48 004 | 029 | 068 | 2339 | 0.09

10 2231 23.03 1507 | 050 | 0.09 0.48 003 | 025 | 1.05 | 2546 | 0.11

20 12.91 29.38 2206 | 085 | 0.65 0.45 022 | 035 | 1410 | 1121 | 021

32 15.75 38.46 2847 | 158 | 0.82 4.01 037 | 025 | 1568 | 914 | 0.33
K26K20 | 7/28/2019 0 40.435 28.336 23.06 22,51 1447 | 035 | 010 6.38 003 | 028 | 186 | 237.7 | 0.13

10 21.76 24.48 1631 | 044 | 012 0.42 003 | 027 | 1.20 | 2503 | 0.15

20 12.84 29.74 2235 | 049 | 032 0.47 007 | 030 | 7.27 | 1544 | 0.9

48 16.00 30.01 2191 | 0.77 | 068 1.86 013 | 012 | 1562 | 974 | 032
K34K20 | 7/28/2019 0 40.565 28.331 25.01 23.10 1437 | 041 | 010 6.96 004 | 024 | 151 | 2316 | 0.01
K42K20 | 7/29/2019 0 40.698 28.330 24.87 22.96 1431 | 050 | 0.04 0.44 003 | 025 | 025 | 2369 | 0.16

17 19.54 25.31 1750 | 052 | 013 0.49 003 | 030 | 2.20 | 2473 | 037

25 12.90 31.50 2370 | 1.05 | 032 0.52 004 | 027 | 819 | 1503 | 061

30 14.36 36.92 2759 | 157 | 0.80 0.79 006 | 0.14 | 16.70 | 706 | 054

40 15.65 38.74 2871 | 148 | 0.84 9.09 005 | 008 | 18.29 | 57.3 | 0.04

90 15.13 38.77 28.85 | 158 | 0.99 8.99 003 | 011 | 2535 | 40.1

136 14.89 38.75 28.89 | 1.29 | 093 9.54 003 | 021 | 27.39 | 38.0
K42K30 | 7/29/2019 0 40.699 28.500 24.53 22.77 1426 | 035 | 0.08 9.28 002 | 027 | 199 | 2418 | 0.34
K47K35 | 7/29/2019 0 40.767 28.567 24.39 22.82 1434 | 048 | 0.03 0.32 002 | 026 | 056 | 236.7 | 0.34 | 135
K54K23 | 7/29/2019 0 40.900 28.386 23.72 22.82 1453 | 031 | 002 0.44 002 | 025 | 047 | 2342 | 0.6 15

10 23.70 22.82 1453 | 032 | 0.03 0.48 002 | 033 | 048 | 239.3 | 0.25

20 13.78 27.94 2078 | 068 | 0.8 053 003 | 017 | 743 | 1510 | 0.39

27 15.12 38.07 2832 | 094 | 066 0.55 004 | 009 | 1588 | 89.6 | 0.35

50 15.67 38.77 2873 | 1.04 | 082 531 003 | 013 | 1532 | 509 | 0.2

100 15.22 38.77 28.83 | 114 | 095 759 002 | 013 | 2229 | 39.7

250 14.62 38.72 2892 | 1.25 | 101 951 002 | 011 | 27.68 | 144

430 14.46 38.70 2805 | 135 | L12 7.40 005 | 012 | 3892 | 7.7
K53K17 | 7/29/2019 0 40.886 28.285 24.28 22.89 1442 | 059 | 0.13 754 003 | 022 | 43L | 2281 | 041 | 145
K575K13 | 7/29/2019 0 40.956 28.218 24.62 22.98 1439 | 054 | 007 0.07 004 | 029 | 061 | 2288 | 0.10 | 135
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. Depth . . Temperature | Salinity | Denisty TP PO, NO3;+NO; NO, NH, Si DO Chl-a SDD

Station Date | ‘(m) | “atitude ) Longitude 0 (psw) | Gigt) | V) | M) | @My | @) | @M) | @) | @M) | gy | (m)

10 24.27 23.00 1451 | 1.09 | 015 0.05 003 | 034 | 113 | 2386 | 0.23

23 12.98 3101 2400 | 095 | 045 1.80 008 | 021 | 936 | 1296 | 267

30 15.36 38.11 2829 | 1.39 | 071 6.22 015 | 010 | 1344 | 1028 | 141

50 15.69 38.79 2874 | 149 | 100 9.84 010 | 0.06 | 20.87 | 56.6 | 0.03

125 15.06 38.76 28.86 | 161 | 105 9.60 009 | 015 | 2538 | 432
LO05K13 | 7/29/2019 0 41.005 28.218 24.35 22.95 1445 | 075 | 0.2 0.22 005 | 020 | 149 | 2266 | 031 16
L04K13 | 7/29/2019 0 41.059 28.218 25.13 23.14 1437 | 058 | 0.06 0.09 005 | 031 | 0.76 | 2263 | 034 | 175

17 14.32 29.47 21.85 | 094 | 052 4.37 029 | 017 | 11.78 | 109.2 | 1.16

25 14.35 36.34 2715 | 174 | 088 8.08 045 | 025 | 1572 | 651 | 3.4

30 15.46 38.40 28.49 | 1.05 | 098 9.44 038 | 020 | 18.02 | 57.7 | 161
K56K03 | 7/29/2019 0 40.933 28.051 25.22 23.00 1424 | 031 | 0.09 0.14 007 | 038 | 121 | 2325 | 019 | 145
KA9K03 | 7/29/2019 0 40.816 28.052 25.23 23.12 1432 | 072 | 005 0.06 002 | 032 | 084 | 2352 | 0.09 | 165

10 24.09 23.19 1470 | 062 | 0.08 0.06 003 | 040 | 156 | 2443 | 0.12

23 12.66 3110 23.44 | 080 | 0.23 0.39 006 | 026 | 543 | 1636 | 0.72

29 15.46 38.40 2849 | 140 | 0.84 9.72 012 | 015 | 1651 | 751 | 0.8

40 15.86 38.78 28690 | 175 | 0.6 7.08 007 | 020 | 13.34 | 651 | 0.07

100 15.42 38.79 28.80 | 1.94 | 0.89 9.53 007 | 0.8 | 19.99 | 55.2

200 14.98 38.76 28.88 | 2.05 | 093 9.58 006 | 019 | 2434 | 522

300 14.61 38.72 2893 | 3.05 | 109 957 0.06 | 0.10 | 3447 | 16.2

500 14.47 38.70 2895 | 2.22 | 098 6.26 0.06 | 0.23 | 2868 | 158

800 14.46 38.70 2895 | 1.37 | 103 8.61 0.06 | 0.03 | 3594 | 245

1000 14.49 38.72 28.96 | 3.02 | 083 6.82 0.06 | 0.30 | 28.10 | 37.4

1242 1452 38.73 2896 | 177 | 0.86 6.60 010 | 024 | 27.71 | 45.7
K42K03 | 7/29/2019 0 40.701 28.051 26.17 23.18 1409 | 0.77 | 0.04 0.22 005 | 051 | 020 | 2316 | 007 | 135
K33K03_ | 7/29/2019 0 40.553 28.050 25.38 23.18 1433 | 061 | 002 0.08 005 | 040 | 070 | 2384 | 0.5 12

10 23.45 23.58 1518 | 1.39 | 0.07 0.21 007 | 033 | 2.09 | 2227 | 0.5

21 12.70 3144 2370 | 115 | 0.30 1.00 006 | 017 | 7.94 | 1494 | 0.30

28 16.69 38.58 2834 | 1.30 | 033 3.34 015 | 011 | 840 | 1628 | 0.13

48 16.67 39.07 2872 | 1.39 | 033 3.58 011 | 022 | 809 | 1559 | 0.09
K25K02 | 7/29/2019 0 40.417 28.033 25.99 23.84 1464 | 266 | 175 0.14 003 | 037 | 051 | 2354 | 0.8 9
K23J57 | 7/29/2019 0 40.384 27.952 25.54 23.90 1482 | 3.45 | 327 0.08 004 | 036 | 037 | 2402 | 0.9 8

12 23.72 24.67 1592 | 2.00 | 156 0.87 008 | 023 | 459 | 2057 | 0.74

24 13.24 32.49 24.40 | 142 | 0.69 4.26 027 | 027 | 13.99 | 995 | 0.34

39 15.55 38.52 2857 | 2.07 | L44 851 050 | 024 | 27.64 | 496 | 0.12
K34J47 | 7/29/2019 0 40.567 27.785 25.12 23.02 1428 | 054 | 002 0.11 004 | 028 | 034 | 2321 | 0.10

10 23.89 23.77 1519 | 0.88 | 0.09 0.10 005 | 027 | 267 | 2234 | 0.4

22 1267 31.36 2364 | 092 | 0.4 1.70 016 | 021 | 631 | 1633 | 0.3

35 16.71 38.82 2852 | 1.03 | 023 2.30 012 | 022 | 614 | 1750 | 0.08

65 16.70 39.17 2880 | 113 | 0.14 2.33 023 | 019 | 570 | 1895
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. Depth . . Temperature | Salinity | Denisty TP PO, NO3;+NO; NO, NH, Si DO Chl-a SDD
station Date | ‘(m) | “atitude ) Longitude 0 (psw) | Gigt) | M) | M) | @My | @) | @M) | @) | @M) | gy | (m)
K4L15J45 | 7/29/2019 0 40.692 27.755 24.97 22.98 1429 | 023 | 002 0.13 002 | 032 | 0.74 | 2295 | 0.09
K52047 | 7/29/2019 0 40.900 27.795 25.22 22.93 1419 | 021 | 003 0.11 002 | 039 | 056 | 2309 | 0.10
K57J47 | 7/29/2019 0 40.948 27.783 24.78 22.62 1408 | 020 | 004 0.13 003 | 036 | 059 | 2319 | 0.07

14 22.85 23.18 1504 | 023 | 0.08 0.07 002 | 021 | 214 | 2453 | 052

35 16.65 38.99 28.66 | 057 | 050 5.64 013 | 011 | 11.12 | 1403 | 0.07

70 15.35 38.80 2882 | 095 | 0.88 967 009 | 0.16 | 20.06 | 66.2
K55J36 | 7/30/2019 0 40.917 27.603 25.64 23.41 1442 | 020 | 0.08 0.13 003 | 035 | 050 | 2278 | 0.11
K49J36 | 7/30/2019 0 40.829 27.600 24.18 23.98 1527 | 041 | 0.0 0.08 004 | 040 | 063 | 2327 | 0.0

10 23.82 23.84 1527 | 0.32 | 0.09 0.09 004 | 028 | 113 | 2415 | 0.17

23 13.79 33.41 2500 | 046 | 0.34 0.82 005 | 024 | 821 | 1362 | 0.27

30 14.87 37.71 2809 | 084 | 0.76 7.95 009 | 013 | 1479 | 930 | 0.5

50 15.48 38.76 2876 | 099 | 092 10.02 007 | 012 | 2021 | 646 | 0.02

80 15.38 38.83 28.84 | 1.03 | 0.69 5.69 005 | 031 | 13.04 | 77.9

200 14.74 38.75 2892 | 1.08 | 092 7.69 0.05 2337 | 436

300 14.56 38.71 2894 | 1.13 | 106 8.55 0.04 32.10 | 22.8

450 14.49 38.70 2895 | 1.07 | 101 7.75 0.04 32.80 | 165

750 14.56 38.74 2896 | 087 | 081 6.74 0.04 25.44 | 538

900 14.55 38.74 2896 | 114 | 0.90 7.40 0.04 26.80 | 58.1

1118 14.56 38.76 2897 | 110 | 092 7.64 0.06 2922 | 611
K43128 | 7/30/2019 0 40.742 27.461 25.26 23.12 1432 | 025 | 007 0.08 005 | 019 | 0.88 | 2196 | 0.10 14
K39J24 | 7/30/2019 0 40.628 27.407 25.21 23.58 1468 | 029 | 0.09 0.09 004 | 022 | 051 | 2270 | 0.18 14

10 25.08 23.65 1476 | 0.38 | 0.09 0.10 005 | 023 | 060 | 2292 | 021

20 15.16 32.14 2373 | 054 | 022 0.08 003 | 011 | 483 | 1793 | 0.29

29 16.82 38.87 2853 | 061 | 0.30 2.54 018 | 011 | 6.74 | 1814 | 0.4

50 16.04 38.95 28.78 | 091 | 066 6.87 010 | 0.5 | 14.88 | 109.6 | 0.06

114 15.37 38.86 28.86 | 0.97 | 0.84 8.28 009 | 0.14 | 2057 | 79.9
K22J49 | 7/30/2019 0 40.364 27.813 25.21 24.94 1570 | 048 | 0.8 0.38 007 | 018 | 2.60 | 209.8 | 0.38 13

10 24.33 25.26 16.19 | 054 | 025 0.75 010 | 020 | 559 | 1878 | 0.42

23 15.46 35.66 2638 | 1.02 | 083 4.74 024 | 012 | 1841 | 889 | 0.2

34 16.00 38.71 2860 | 1.35 | 106 6.57 022 | 012 | 22.35 | 688 | 0.1
K20.5J37.5 | 7/30/2019 0 40.344 27.624 25.63 24.63 1534 | 051 | 0.1 0.10 006 | 013 | 064 | 2289 | 0.37 11

10 25.12 24.88 1568 | 054 | 0.12 0.12 006 | 031 | 141 | 2167 | 0.22

21 15.91 36.80 2716 | 068 | 0.27 0.40 012 | 013 | 6.75 | 166.1 | 0.83

255 16.57 38.63 2841 | 095 | 057 3.19 065 | 028 | 1455 | 1132 | 0.20
K235J38 | 7/30/2019 0 40.389 27.631 25.88 24.33 1504 | 0.46 | 0.08 0.22 006 | 0.19 | 037 | 2250 | 0.6 15

10 24.92 24.83 1570 | 054 | 0.09 0.16 006 | 015 | 173 | 2200 | 0.26

22 15.90 36.22 2671 | 059 | 046 217 014 | 017 | 11.63 | 1247 | 0.20

39 16.53 39.00 2870 | 0.70 | 053 4.82 013 | 013 | 12.45 | 1350 | 0.19
K27J26 | 7/30/2019 0 40.450 27.435 25.94 23.61 1448 | 032 | 0.09 0.24 003 | 025 | 042 | 2299 | 0.37 13

134




. Depth . . Temperature | Salinity | Denisty TP PO, NO3;+NO; NO, NH, Si DO Chl-a SDD
station Date | ‘(m) | “atitude ) Longitude 0 (psu) | Gigt) | V) | M) | @My | @) | @M) | @) | @M) | gy | (m)
K3L22 | 7/30/2019 0 40514 27.369 25.95 23.89 14.69 | 0.41 | 0.04 0.21 005 | 013 | 045 | 2275 | 0.04 | 115

10 25.23 24.52 1537 | 048 | 0.07 0.18 002 | 020 | 064 | 2242 | 042

18 18.58 29.05 2058 | 050 | 0.09 0.34 009 | 010 | 2.36 | 2165 | 0.19

23 17.13 38.16 2791 | 093 | 015 0.25 004 | 006 | 2.99 | 1963 | 0.20

35 16.87 39.11 2871 | 048 | 0.05 0.64 023 | 009 | 1.78 | 2287 | 0.16

575 16.72 39.22 28.82 | 024 | 0.06 0.75 030 | 009 | 1.96 | 230.7
K34J17 | 7/30/2019 0 40.565 27.283 26.09 23.66 1448 | 017 | 0.04 0.24 002 | 002 | 046 | 2281 | 0.07 | 155
K30J08 | 7/30/2019 0 40501 27.133 26.05 23.55 1441 | 023 | 003 0.24 002 | 021 | 047 | 2275 | 0.13 13

10 24.85 23.61 14.80 | 0.30 | 0.04 0.25 003 | 012 | 055 | 2280 | 0.09

20 19.72 31.63 2227 | 034 | 0.08 0.85 007 | 006 | 271 | 2109 | 0.26

30 16.83 39.11 2872 | 039 | 018 2.20 014 | 010 | 521 | 1904 | 0.7

40 16.73 39.22 28.83 | 012 | 0.05 0.49 018 | 005 | 1.39 | 239.2 | 0.10

61 16.76 39.25 28.84 | 044 | 0.05 057 017 | 009 | 186 | 2354
K26159 | 7/30/2019 0 40.433 26.984 25.57 24.25 1507 | 0.33 | 0.04 0.27 003 | 004 | 058 | 2295 | 0.09 11
K26154 | 7/30/2019 0 40.433 26.900 26.14 24.31 1495 | 027 | 003 0.27 003 | 024 | 032 | 2313 | 0.5 13
K26150 | 7/30/2019 0 40.432 26.836 25.95 24.01 1478 | 0.36 | 0.03 0.27 003 | 022 | 085 | 2316 | 0.4 13
K46147 | 7/30/2019 0 40.430 26.790 26.16 24.27 1492 | 014 | 003 0.30 003 | 017 | 033 | 2301 | 0.12 13

10 25.36 24.33 1519 | 0.23 | 0.07 0.29 003 | 013 | 068 | 2289 | 0.19

20 20.41 31.94 2232 | 059 | 0.05 0.44 009 | 010 | 176 | 2340 | 0.29

40 16.81 39.24 28.82 | 050 | 0.03 0.49 012 | 005 | 184 | 2354 | 0.13

77 16.78 39.25 28.84 | 054 | 0.04 0.54 013 | 005 | 187 | 2371
K24142 | 7/30/2019 0 40.402 26.698 25.41 23.87 1484 | 0.26 | 0.04 0.33 004 | 024 | 047 | 2347 | 0.13
K2L.6139 | 7/30/2019 0 40.355 26.650 25.26 23.84 14.86 | 0.25 | 0.06 0.39 007 | 009 | 1.26 | 2383 | 047
K17.21335 | 7/30/2019 0 40.295 26.568 25.58 23.94 1484 | 032 | 007 0.33 004 | 018 | 045 | 2322 | 0.16

10 25.21 24.34 1524 | 056 | 0.05 0.36 004 | 021 | 044 | 2340 | 0.4

20 18.56 36.49 2627 | 032 | 0.04 0.38 006 | 008 | 148 | 2387 | 0.1

30 16.91 39.23 2879 | 024 | 0.04 0.43 008 | 005 | 169 | 2384 | 0.07

69 16.85 39.26 28.82 | 0.30 | 0.04 0.48 008 | 016 | 172 | 2405
KO06.5121.5 | 7/30/2019 0 40.118 26.360 23.42 28.09 1859 | 0.24 | 0.04 0.44 006 | 0.28 | 0.68 | 2381 | 0.09
K035118 | 7/30/2019 0 40.060 26.289 23.35 28.19 1868 | 0.30 | 0.02 0.39 005 | 022 | 077 | 2427 | 0.12
K02113 | 7/30/2019 0 40.031 26.219 23.53 27.77 1831 | 023 | 0.02 0.41 006 | 025 | 046 | 2377 | 0.12

10 19.94 35.69 2530 | 032 | 0.02 0.42 006 | 0.16 | 096 | 2503 | 0.2

20 17.54 39.23 2863 | 040 | 0.02 0.41 006 | 018 | 126 | 2453 | 0.04

40 16.87 39.32 28.86 | 0.30 | 0.02 0.46 008 | 017 | 114 | 239.2 | 0.09

60 16.73 39.32 2890 | 024 | 002 0.62 015 | 031 | 143 | 2298 | 0.12

91 16.42 39.29 2895 | 034 | 003 0.90 027 | 025 | 167 | 2240 | 027
KO0I09 | 7/30/2019 0 40.003 26.155 23.97 27.02 1762 | 017 | 0.02 0.43 007 | 022 | 087 | 2443 | 0.05
KOOI0O | 7/30/2019 0 39.999 26.003 24.34 29.40 1931 | 044 | 002 0.44 007 | 024 | 063 | 2183 | 0.08
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C. Measurements of porewater nutrients and sediment geochemical parameters in the Marmara Sea

Date Station Depth PO, NO3 NH, Si TC TOC TN TOC/TN d-Fe Cl SO, Br Li Na K Mg Ca H,S
(cmbs) eM) | @M) | @M) | @M) | (mmol/g) | (mmol/g) | (mmolig) | (Molar) | (uM) | (mM) | (mM) | (mM) | M) | (mM) | (mM) | (mM) | (mM) | (uM)
1/6/2019 1Z-30 -1 5.80 | 39.56 | 3075 | 15.8
1 19.80 | 10.56 | 395.0 | 113.2 2.55 2.26 0.18 12.73 611 26.8 0.75 20.17 | 52153 | 11.74 65.52 8.52 6
2 40.50 | 7.06 | 349.8 | 185.3 1.97 1.65 0.13 12.98 747 30.5 0.89 23.05 | 613.59 | 13.68 77.19 9.75 1907
3 40.80 | 11.86 | 383.5 | 1885 3.59 2.70 0.20 13.50 675 28.2 0.86 20.17 | 57449 | 13.11 71.93 8.63 2162
4 36.00 | 9.96 | 3429 | 175.2 3.28 2.53 0.18 13.87 534 24.9 0.67 15.85 | 43451 | 10.52 57.59 7.06 1502
6 47.30 | 11.96 | 404.1 | 199.3 291 2.09 0.17 12.60 640 26.5 0.76 15.85 | 457.13 | 11.27 63.17 6.85 3204
8 43.70 | 4.16 | 4185 | 157.8 2.80 2.28 0.18 12.94 575 23.6 0.73 14.41 | 457.38 | 10.36 62.15 6.26 2704
10 42.10 | 5.76 | 480.7 | 167.3 1.34 0.91 0.07 13.65 653 24.6 0.80 1441 | 533.74 | 12.38 67.69 6.65 2624
15 51.00 | 546 | 489.2 | 153.3 2.73 2.13 0.13 16.53 646 24.5 0.79 12.97 | 51141 | 11.66 68.65 5.79 1709
20 51.30 | 8.86 124.4 1.36 1.24 0.07 17.03 572 23.8 0.73 10.09 | 451.74 | 11.06 61.33 6.07
25 58.20 | 11.36 104.2 1.39 1.37 0.08 17.14 687 15.6 0.95 11.53 | 545.71 | 12.46 66.01 7.34
30 5250 | 6.66 1141 1.22 1.07 0.06 17.54 618 11.0 0.79 10.09 | 464.96 | 10.63 65.00 3.25
35 4490 | 5.26 111.6 1.14 0.99 0.06 16.41 610 9.3 0.93 10.09 | 499.22 | 13.60 62.97 4.24
40 33.40 | 10.46 | 6459 | 102.0 1.00 0.86 0.05 16.24 543 7.3 0.71 10.09 | 441.67 | 11.15 57.73 3.68
45 3420 | 556 | 6234 | 88.0 0.92 0.85 0.05 17.95 573 1.0 0.74 10.09 | 470.29 | 11.12 50.95 3.67
50 33.60 | 896 | 6655 | 114.9 0.92 0.86 0.05 17.10 330 0.8 0.50 8.64 | 361.99 9.16 46.17 3.60
7/24/2019 1 -1 1.01 14.21 1.0 27.1
1 10.62 | 36.52 | 26.9 | 102.7 2.37 1.11 0.12 9.4 6.78 653 32.2 0.78 31.70 | 610.13 | 14.64 72.30 13.71
2 17.70 | 39.64 | 50.9 | 149.9 2.40 112 0.12 9.5 7.85 640 315 0.75 27.37 | 558.32 | 13.52 65.68 12.73
3 17.46 | 3348 | 943 | 187.8 2.36 1.13 0.11 10.2 3.28 619 29.6 0.70 25.93 | 495.88 | 13.68 62.40 12.07
4 16.94 | 29.16 | 117.7 | 202.0 2.26 1.12 0.11 10.4 0.58 629 30.2 0.72 24.49 | 541.29 | 13.90 65.23 12.43
6 15.78 | 21.68 | 107.6 | 142.6 2.25 1.00 0.11 9.2 607 29.8 0.73 25.93 | 529.02 | 13.82 63.23 12.00
8 13.86 | 19.52 | 116.3 | 105.7 2.12 0.99 0.10 9.9 0.19 642 30.2 0.76 24.49 | 540.83 | 14.37 64.92 12.37
10 10.62 | 21.92 | 108.2 | 107.3 2.08 0.92 0.09 10.1 647 31.1 0.76 27.37 | 552.22 | 14.70 67.48 12.87
15 594 | 20.88 | 123.8 | 85.8 1.82 0.74 0.08 9.1 0.48 571 28.0 0.65 23.05 | 479.71 | 13.93 59.11 11.39
20 3.06 | 21.00 | 120.7 | 70.9 1.73 0.64 0.07 8.6 564 21.7 0.68 24.49 | 483.23 | 14.04 59.48 11.16
25 1.70 0.61 0.07 9.3 0.19 496 25.2 0.66 20.17 | 439.20 | 13.06 53.75 10.11
30 4.62 13.44 | 122.0 | 108.5 1.82 0.70 0.07 9.5 629 30.8 0.75 27.37 | 559.92 | 15.11 65.73 12.47
7/24/2019 2 -1 0.99 11.55 0.4 26.7
1 5.58 9.42 185 | 1249 3.08 1.30 0.13 10.3 26.59
2 1746 | 6.58 49.9 | 2238 2.79 1.01 0.10 10.3 31.77
3 16.50 | 7.04 715 | 2525 2.54 0.98 0.08 11.7 10.20
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Date Station Depth PO, NO; NH, Si TC TOC TN TOC/TN d-Fe Cl SOy Br Li Na K Mg Ca H,S
(cmbs) M) | @M) | @M) | (M) | (mmol/g) | (mmol/g) | (mmolig) | (Molar) | (M) | (mM) | (mM) | (mM) | M) | (mM) | (mM) | (mM) | (mM) | (uM)
4 20.10 | 6.72 88.8 | 215.6 2.46 0.76 0.07 10.8 2.68
6 1518 | 6.34 96.2 172.6 2.59 0.91 0.08 10.8
8 9.90 2.72 773 | 116.2 2.72 0.90 0.09 105 1.34
10 9.42 4.24 59.3 | 116.3 2.68 0.85 0.08 11.1
15 5.94 4.72 39.7 107.6 2.45 0.69 0.06 11.2 1.67
20 3.54 0.80 325 98.3 2.15 0.50 0.05 9.8
25 4.02 2.34 314 | 1345 2.21 0.47 0.05 8.9
30 4.02 2.60 326 | 1259 2.23 0.50 0.05 10.2
1/5/2019 1Z-2 -1 410 | 13.75 | 74.2 9.0
1 8.97 8.96 1135 | 84.7 4.07 2.54 0.23 10.87
2 16.50 | 17.46 | 168.2 | 113.3 3.56 2.34 0.16 14.40 2
3 21.20 | 23.76 | 83.9 | 1293 4.12 2.51 0.21 12.11 6
4 38.90 | 3.86 | 289.4 | 165.2 4.05 2.08 0.20 10.64 2
6 39.70 | 4.86 | 346.2 | 164.6 3.37 1.93 0.16 11.77 16
8 3850 | 4.66 | 3949 | 1579 3.34 2.08 0.17 12.29 16
10 34.20 | 15.76 | 414.8 | 146.7 3.45 2.04 0.17 11.87 16
15 56.30 | 6.06 | 469.8 | 171.6 3.54 2.37 0.18 13.34 25
20 44.80 | 7.46 | 4485 | 1411 2.18 2.17 0.12 18.43
25 46.50 | 13.46 | 81.2 105.2 2.13 1.94 0.07 25.99
30 28.70 | 23.66 | 558.4 | 96.3 1.65 1.02 0.08 13.07 2
35 28.00 | 20.36 | 608.6 | 97.4 1.62 1.01 0.07 13.50
40 3340 | 6.16 | 613.7 | 127.8 1.75 0.99 0.08 12.02
45 28.90 | 6.46 | 612.1 | 108.0 1.73 0.98 0.08 12.78
50 29.20 | 7.06 | 6259 | 1273 1.75 0.94 0.08 11.60
7/24/2019 3 -1 0.81 9.10 0.2 36.7
1 4.74 6.58 44.2 167.4 2.52 1.38 0.13 10.7 9.58
2 9.90 6.08 108.4 | 259.3 2.51 1.29 0.13 10.3 2.27
3 19.38 | 6.56 1445 | 3235 2.39 1.31 0.12 11.0 0.34
4 21.90 | 6.82 180.7 | 315.7 2.29 121 0.11 10.9 3.93
6 39.30 | 4.04 | 2458 | 324.8 2.38 1.10 0.12 9.2 0.82
8 4290 | 2.00 | 261.7 | 3349 2.45 1.20 0.12 10.1 2.27
10 3330 | 0.68 | 314.8 | 290.8 2.32 1.17 0.11 10.2 7.85
15 25.98 | 0.52 | 349.8 | 232.4 2.19 1.06 0.11 10.0
20 13.38 | 2.68 | 390.8 | 192.4 1.96 0.83 0.10 8.6
25 6.30 2.38 | 441.7 | 175.2 1.92 0.74 0.09 8.3 0.39
30 9.66 2.48 | 451.0 | 1634 1.93 0.80 0.09 8.5
35 10.62 | 1.28 | 463.2 | 157.4 1.93 1.39 0.09 16.1
7/24/2019 4 -1 095 | 11.28 4.3 47.6
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Date Station PO, NO; NH, Si TC TOC TN TOC/TN d-Fe Cl SOy Br Li Na K Mg Ca H,S
M) | @M) | @M) | @M) | (mmol/g) | (mmol/g) | (mmolig) | (Molar) | (M) | (mM) | (mM) | (mM) | (M) | (mM) | (mM) | (mM) | (mM) | (uM)
4.02 3.70 343 | 154.6 2.40 1.30 0.12 10.9 9.34
5.82 2.36 71.2 174.6 1.99 1.06 0.10 10.2 22.03
8.70 1.84 733 | 176.0 2.02 1.17 0.10 12.2 16.15
8.94 1.62 785 | 183.1 2.20 1.12 0.11 10.1 9.97
8.58 1.30 105.0 | 211.3 221 1.10 0.11 9.7 3.87
10.26 | 1.24 1205 | 216.0 2.23 1.05 0.11 9.3
12.54 | 0.69 144.8 | 225.8 2.03 0.96 0.10 9.3 0.39
8.94 1.06 162.0 | 158.3 2.06 0.92 0.11 8.4
6.90 0.34 178.2 | 134.6 1.93 0.85 0.09 9.4 0.44
1.88 0.86 0.09 9.5
1.91 0.85 0.09 9.7 0.59
1.94 0.80 0.09 8.8
1.98 0.83 0.09 9.3
7/25/2019 5 1.07 12.22 1.2 25.5
1146 | 1.82 10.9 | 105.0 2.73 0.98 0.10 9.4
1998 | 6.18 289 | 1289 2.52 1.05 0.09 11.1
19.26 | 7.82 33.6 | 165.0 2.42 0.91 0.09 10.0
1578 | 1354 | 46.6 | 147.1 2.40 0.91 0.09 10.4
16.98 | 11.02 | 56.2 1225 2.28 0.89 0.08 10.6
1254 | 10.70 | 66.5 | 136.6 2.33 0.82 0.09 9.5
10.38 | 2.84 75.1 113.6 2.25 0.83 0.08 10.0
4.98 16.82 | 773 83.2 2.15 0.70 0.08 9.2
570 | 1478 | 785 77.6 2.07 0.65 0.07 8.9
5.94 8.78 75.6 | 116.6 2.07 0.69 0.07 9.1
8.10 0.86 75.1 135.1 2.04 0.68 0.07 10.2
1.80 0.62 0.06 10.5
1.79 0.63 0.06 10.2
7/25/2019 6 -1 1.27 10.71 0.2 33.4
1 19.14 | 254 5.0 148.7 3.26 1.61 0.17 9.7 9.92
2 28.62 | 7.70 355 | 180.2 3.05 1.37 0.14 9.8 20.26
3 28.86 | 5.78 58.3 | 188.4 3.00 1.30 0.13 9.6 15.56
4 33.90 | 5.72 76.3 | 211.0 2.89 1.34 0.12 10.8 13.23
6 23.22 | 9.04 86.2 170.2 2.83 1.27 0.13 10.0 6.98
8 18.66 | 9.66 85.0 | 139.6 2.60 1.08 0.11 9.5 10.29
10 14.82 | 9.98 92.8 | 1379 2.68 1.07 0.11 9.7 0.51
15 7.02 19.82 | 88.7 86.6 2.35 0.89 0.09 9.9 0.34
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Date Station Depth PO, NO; NH, Si TC TOC TN TOC/TN d-Fe Cl SOy Br Li Na K Mg Ca H,S
(cmbs) eM) | @M) | @M) | @M) | (mmol/g) | (mmol/g) | (mmolig) | (Molar) | (M) | (mM) | (mM) | (mM) | M) | (mM) | (mM) | (mM) | (mM) | (uM)
20 3.66 12.64 | 90.5 90.6 2.16 0.73 0.09 8.5 0.34
25 3.66 10.10 | 82.1 71.6 2.18 0.72 0.09 8.4 0.54
30 4.02 10.32 | 65.0 90.6 2.26 0.69 0.08 8.5 0.29
35 2.26 1.88 32.9 37.2 2.19 0.69 0.07 10.1

71252019 7 -1 1.33 8.12 1.4 31.5
1 5.46 1.00 9.5 113.6 2.83 1.46 0.14 10.8 0.29
2 9.66 1.94 40.7 | 306.2 2.94 1.44 0.14 10.2 14.79
3 8.70 1.00 443 | 206.8 2.88 1.37 0.14 9.8
4 9.78 1.10 64.9 | 1446 2.78 1.25 0.12 10.2 111
6 1458 | 2.48 93.7 | 222.8 2.77 1.25 0.12 10.3 1.93
8 15.66 | 4.68 103.9 | 2113 2.71 1.19 0.12 10.2 1.40
10 18.42 | 7.50 92.2 | 232.0 2.65 1.23 0.12 10.7
15 9.18 9.38 105.6 | 164.0 2.61 111 0.11 10.4 1.50
20 3.30 9.50 83.0 | 114.8 2.15 0.80 0.08 9.6
25 1.62 10.82 | 73.9 93.0 2.16 0.68 0.07 9.5
30 1.86 10.52 | 65.6 85.0 2.58 0.85 0.09 9.4
35 2.59 1.15 0.10 11.7
40 2.34 9.26 70.1 774 2.69 1.36 0.10 135

7/25/2019 8 -1 1.23 11.34 0.4 36.1
1 2.34 | 13.52 1.9 1034 2.56 1.23 0.12 10.2 1.49 640 313 0.76 27.37 | 563.17 | 13.98 67.12 13.58
2 2.62 | 25.12 15 105.2 2.56 1.22 0.12 10.0 2.65 639 31.8 0.78 25.93 | 524.15 | 13.24 65.44 12.57
3 2.62 | 30.28 | 18.8 | 164.3 2.57 1.28 0.12 10.7 3.86 641 317 0.73 25.93 | 485.97 | 14.24 62.49 11.96
4 2.34 | 36.76 | 157 151.3 2.42 1.22 0.12 10.5 4.04 635 30.8 0.71 25.93 | 556.56 | 15.22 67.09 12.90
6 1.38 | 43.12 120 | 107.8 2.45 121 0.12 10.2 4.69 627 30.5 0.69 27.37 | 553.96 | 14.04 65.65 12.54
8 1.38 | 28.28 | 25.1 115.1 2.42 1.15 0.11 10.0 3.25 639 30.3 0.69 27.37 | 545.02 | 14.12 65.53 12.64
10 126 | 21.32 | 415 | 107.8 2.39 1.04 0.11 9.6 2.56 637 30.9 0.76 27.37 | 544.15 | 14.59 66.48 12.75
15 1.14 7.28 478 | 1312 2.16 0.96 0.10 9.9 2.74 659 31.2 0.76 27.37 | 556.39 | 14.32 66.44 12.65
20 1.68 6.60 74.8 | 102.0 1.99 0.93 0.09 10.3 591 29.2 0.71 27.37 | 52552 | 15.12 62.03 12.69
25 1.99 0.70 0.08 8.3
30 2.07 0.69 0.09 8.0
35 2.02 0.70 0.08 9.0
40 2.02 0.61 0.07 8.4

1/6/2019 EK-12 -1 0.47 6.06 1.1 13.2
1 0.89 | 3098 | 22.6 78.4 2.42 2.28 0.14 16.44
2 0.69 | 50.08 | 21.4 59.6 2.14 1.39 0.13 10.87
3 149 | 53.88 | 68.4 73.8 2.06 1.36 0.12 11.09
4 1.69 | 91.48 | 37.2 59.0 1.99 1.32 0.12 10.99
6 3.19 | 85.88 8.6 32.0 1.96 1.29 0.11 11.34
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Date Station Depth PO, NO; NH, Si TC TOC TN TOC/TN d-Fe Cl SOy Br Li Na K Mg Ca H,S
(cmbs) eM) | @M) | @M) | @M) | (mmol/g) | (mmol/g) | (mmolig) | (Molar) | (uM) | (mM) | (mM) | (mM) | M) | (mM) | (mM) | (mM) | (mM) | (uM)
8 2.29 | 55.68 | 344 81.8 1.87 1.24 0.11 11.01
10 3.89 | 47.78 | 404 75.4 1.78 1.18 0.11 11.00
15 5.69 | 42.88 | 48.0 99.2 1.63 1.07 0.10 10.89
20 5.69 | 40.38 | 464 | 103.2 1.55 1.03 0.09 11.28
25 4.69 | 40.08 | 444 83.6 1.56 0.98 0.09 11.23
1/6/2019 EK-10 -1 0.71 6.84 2.6 16.4 1.55 0.97 0.09 11.18
1 5.09 9.98 20.1 77.1 2.90 141 0.14 9.79
2 1439 | 4.88 38.0 | 1108 2.88 1.45 0.14 10.18 16
3 11.39 | 6.08 44.6 | 109.0 2.85 141 0.14 9.74 11
4 10.79 | 10.68 | 47.9 70.7 2.82 1.38 0.14 9.80
6 9.39 15.78 | 427 87.7 2.75 1.27 0.13 9.74
8 9.89 9.48 555 | 101.5 2.62 121 0.13 9.38
10 7.89 11.98 | 479 74.7 2.42 1.08 0.11 10.04
15 4.49 7.78 44.2 63.9 2.28 0.98 0.11 9.31
20 1.69 | 26.08 | 52.4 96.2 2.19 0.88 0.09 9.60
25 2.69 18.78 | 44.0 86.4 2.16 0.85 0.09 9.23
30 2.99 13.08 | 515 98.4 2.17 0.85 0.09 9.67
35 3.59 9.88 54.9 83.6 2.17 0.85 0.09 9.62
40 3.79 1498 | 571 103.7 2.14 0.89 0.09 10.14
1/6/2019 MD-18 -1 0.82 10.53 7.1 22.3
1 8.79 4.88 12.1 83.0 3.33 0.99 0.08 13.08 639 30.3 0.78 25.93 | 547.44 | 11.14 68.56 11.22
2 7.29 | 2958 | 257 87.0 3.23 1.02 0.07 13.70 591 30.0 0.78 24.49 | 473.34 | 12.86 63.66 12.29
3 9.99 7.68 31.1 81.5 3.14 0.98 0.07 13.56 605 29.5 0.76 23.05 | 492.17 | 11.24 66.02 10.47
4 249 | 2188 | 141 40.6 3.08 1.66 0.06 27.02 602 29.4 0.75 25.93 | 544.17 | 12.84 66.23 11.03
6 7.69 6.38 35.5 85.6 2.93 1.64 0.05 30.42 640 31.4 0.78 24.49 | 509.87 | 11.22 66.93 12.56
8 6.29 | 23.88 | 39.6 75.0 2.79 1.42 0.05 28.99 326 175 0.49 15.85 | 312.57 9.52 43.86 8.36
10 0.89 | 26.38 | 36.6 73.2 2.92 0.71 0.06 12.52 542 27.2 0.71 21.61 | 427.10 | 11.14 59.93 10.78
15 1.69 | 21.58 | 45.7 72.9 2.96 0.71 0.05 13.69 481 27.1 0.61 21.61 | 446.24 | 11.43 57.70 10.36 322
20 1.09 17.68 | 515 69.9 3.46 0.78 0.05 15.70 609 30.2 0.76 24.49 | 536.70 | 12.71 66.85 15.77 322
25 2.39 7.78 65.7 100.7 3.20 0.79 0.05 16.81 683 32.6 0.84 27.37 | 592.95 | 13.40 74.28 11.85 322
30 1.69 3.18 75.7 90.5 3.25 0.74 0.05 14.60 575 29.3 0.76 23.05 | 495.92 | 12.07 65.21 10.91 6
35 3.69 3.88 88.8 | 1275 3.02 0.68 0.04 16.15 588 29.7 0.81 23.05 | 500.36 | 12.51 65.74 11.20 2
40 2.29 3.58 90.6 90.5 3.02 0.58 0.04 14.84 605 29.4 0.76 24.49 | 507.95 | 12.02 67.05 11.69
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D. Measurements of porewater nutrients and sediment geochemical parameters in the Black, Marmara and NE Mediterranean

Seas
) . ) Bottom | hoth PO, | NOs | NH, | si NH4CI- NaOH- | NaOH- Residual-
Date Station | Latitude | Longitude D(eng)th (cmbs) (M) (uM) (M) M) TC TOC TN r-Fe P BD-rP P nrP HCI-rP P Total-P
Loosely
bound- Fe-P Al-P Org-P Ca-P Res-P TP
P
(mmol/g) | (mmol/g) | (mmol/g) | (umol/g) | (umol/g) | (umol/g) | (umol/g) | (umol/g) | (umol/g) | (umol/g) (nmol/g)
3/20/2018 2 36.440 34.346 208 -1 0.07 1.40 0.5 3.0
1 1.00 18.42 7.9 339 3.31 0.70 0.07 50.32 0.06 0.37 0.27 5.30 4.61 3.26 13.9
2 1.00 17.42 10.4 68.9 3.56 0.63 0.08 45.16 0.04 0.35 0.09 3.57 5.07 3.33 12.4
3 0.50 10.12 25.8 68.4 3.46 0.60 0.07 26.60 0.04 0.32 0.14 3.57 4.02 1.95 10.0
4 0.70 15.02 34.8 76.4 3.44 0.61 0.08 31.32 0.04 0.33 0.17 4.02 4.41 1.90 10.9
6 0.60 13.32 30.2 69.6 3.45 0.57 0.07 37.10 0.03 0.31 0.11 3.73 4.79 3.40 12.4
8 0.40 10.42 40.6 69.5 3.38 0.54 0.06 43.71 0.04 0.33 0.11 3.26 4.86 3.23 11.8
10 0.60 10.72 49.5 77.0 3.40 0.50 0.06 37.10 0.05 0.29 0.32 4.16 3.90 1.88 10.6
15 0.60 6.62 53.2 50.4 3.29 0.49 0.05 33.32 0.03 0.29 0.15 3.96 4.38 1.84 10.6
20 0.30 10.22 69.8 84.0 3.35 0.48 0.06 27.97 0.05 0.28 0.28 3.72 4.18 2.18 10.7
25 0.40 11.52 7.7 88.2 3.38 0.48 0.06 31.06 0.05 0.29 0.10 3.17 4.72 2.21 10.5
30 1.30 12.12 79.0 86.7 3.45 0.48 0.06 35.79 0.04 0.22 0.16 3.01 3.12 2.71 9.3
35 1.40 15.72 101.7 93.9 3.46 0.47 0.05 36.46 0.03 0.20 0.03 2.85 4.88 1.66 9.6
1/5/2019 1Z-2 40.730 29.610 157 -1 4.1 13.75 74.2 9.0

1 8.97 8.96 1135 84.7 4.07 2.54 0.23 57.38 0.27 4.71 0.54 8.19 5.30 0.13 19.1
2 16.5 17.46 168.2 113.3 3.56 2.34 0.16 56.65 0.18 3.07 0.47 7.03 5.07 2.46 18.3
3 21.2 23.76 83.9 129.3 4.12 2.51 0.21 43.33 0.23 3.94 0.36 7.01 5.01 0.06 16.6
4 38.9 3.86 289.4 165.2 4.05 2.08 0.20 47.12 0.24 4.18 0.38 7.14 5.42 1.12 18.5
6 39.7 4.86 346.2 164.6 3.37 1.93 0.16 47.11 0.15 2.63 0.62 7.02 5.08 0.02 15.5
8 38.5 4.66 394.9 157.9 3.34 2.08 0.17 39.22 0.19 3.16 0.66 7.06 4.00 0.12 15.2
10 34.2 7.76 414.8 146.7 3.45 2.04 0.17 41.94 0.09 3.13 0.49 7.17 4.68 0.27 15.8
15 56.3 6.06 469.8 171.6 3.54 2.37 0.18 42.96 0.10 2.39 0.59 6.48 5.01 0.29 14.9
20 44.8 7.46 448.5 141.1 2.18 217 0.12 43.84 0.07 2.26 0.60 6.40 3.36 2.31 15.0
25 46.5 7.46 481.2 105.2 2.13 1.94 0.07 35.48 0.14 1.86 0.93 6.17 1.50 3.04 13.6
30 28.7 6.66 558.4 96.3 1.65 1.02 0.08 35.54 0.13 2.09 0.67 7.08 1.89 1.45 13.3
35 28 6.36 608.6 97.4 1.62 1.01 0.07 39.08 0.11 2.35 0.74 6.91 1.02 3.36 14.5
40 33.4 6.16 613.7 127.8 1.75 0.99 0.08 39.38 0.12 1.45 0.66 6.67 2.34 3.24 14.5
45 28.9 6.46 612.1 108.0 1.73 0.98 0.08 36.97 0.14 1.79 0.35 4.54 2.07 4.01 12.9
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Bottom

Date Station | Latitude | Longitude D(erg)th ('ggpg:) (iSIA) (’:l?/ls) (TLI\H/14) (pSI\I/[ ) TC TOC ™ r-Fe N":éc" BD-rP NarOPH- Ni?PH— HClrP Res|gua|- Total-P
50 29.2 6.06 625.9 127.3 1.75 0.94 0.08 41.19 0.18 1.17 0.49 4.55 2.22 2.56 11.2
7/25/2019 6 40.594 28.835 190 -1 1.27 10.71 0.2 33.4
1 19.14 2.54 5.0 148.7 3.26 1.61 0.17 39.59 0.44 3.02 0.99 9.09 3.20 0.06 16.8
2 28.62 7.7 35.5 180.2 3.05 1.37 0.14 43.07 0.22 151 0.66 8.02 3.43 2.83 16.7
3 28.86 5.78 58.3 188.4 3.00 1.30 0.13 39.00 0.15 0.97 0.37 8.71 5.59 2.51 18.3
4 33.9 5.72 76.3 211.0 2.89 1.34 0.12 47.02 0.20 1.30 0.55 8.11 4,13 1.57 15.9
6 23.22 9.04 86.2 170.2 2.83 1.27 0.13 41.98 0.18 1.12 0.65 8.17 3.81 0.88 14.8
8 18.66 9.66 85.0 139.6 2.60 1.08 0.11 42.77 0.19 1.24 0.43 7.14 4.62 1.62 15.2
10 14.82 9.98 92.8 137.9 2.68 1.07 0.11 36.72 0.17 1.10 0.44 5.89 4.25 2.33 14.2
15 7.02 19.82 88.7 86.6 2.35 0.89 0.09 40.35 0.12 0.73 0.32 6.89 5.42 0.83 14.3
20 3.66 12.64 90.5 90.6 2.16 0.73 0.09 36.97 0.10 0.65 0.24 4.66 4.95 3.50 14.1
25 3.66 10.1 82.1 71.6 2.18 0.72 0.09 38.94 0.13 0.79 0.23 4.36 4.96 3.63 14.1
30 4.02 10.32 65.0 90.6 2.26 0.69 0.08 34.95 0.12 0.84 0.24 4.33 4.68 3.31 135
35 3.26 1.88 62.9 37.2 2.19 0.69 0.07 35.41 0.09 0.66 0.12 3.33 4.98 4.50 13.7
7/22/2019 11 41.664 28.935 480 -1 5.31 33.5 105.9
1 77.70 1.78 994.2 291.8 3.86 2.27 0.24 59.78 0.15 1.45 0.42 6.77 6.07 5.14 20.0
2 82.14 1.42 1097.6 | 280.9 2.90 1.72 0.18 72.51 0.13 1.25 0.55 6.56 5.21 3.06 16.8
3 77.58 0.22 1125.7 | 289.8 3.34 2.00 0.21 45.81 0.06 2.64 0.58 6.13 5.91 3.75 19.1
4 77.94 0.58 1241.3 | 327.2 3.10 1.81 0.18 49.00 0.04 2.27 0.39 6.02 5.25 1.73 15.7
6 62.94 0.92 1004.0 | 340.2 3.44 2.14 0.22 64.98 0.02 0.99 0.54 4.92 5.91 4.28 16.6
8 58.58 0.47 1059.1 | 390.3 2.91 1.94 0.18 49.57 0.06 0.65 0.22 5.85 6.09 4.19 17.1
10 76.02 0.00 1024.3 | 476.8 2.66 1.44 0.15 59.52 0.03 0.24 0.47 6.38 4.32 4.03 15.5
15 54.42 0.00 916.4 426.8 2.86 1.51 0.16 59.52 0.03 0.99 0.47 5.93 5.08 2.33 14.8
20 53.34 0.00 1231.8 | 407.3 2.83 1.45 0.16 44.30 0.03 0.55 0.40 6.61 4.77 3.61 16.0
25 61.66 0.00 1134.8 | 409.2 3.16 1.47 0.15 31.52 0.08 0.55 0.43 6.51 4,72 4.10 16.4
30 42.30 0.00 1651.5 | 407.4 2.80 1.28 0.15 41.18 0.07 0.54 0.25 4.98 5.02 5.63 16.5
7/23/2019 16 41.307 29.958 85 -1 0.43 5.36 9.0 24.0
1 3.06 7.16 10.7 147.1 3.02 0.90 0.09 48.7 0.181 2.339 1.629 5.327 5.091 0.345 14.91
2 1.62 2.72 25.1 184.8 2.51 1.06 0.09 16.1 0.095 0.776 0.880 5.641 4.578 0.411 12.38
3 1.26 3.28 39.8 165.1 2.24 1.17 0.10 22.9 0.055 0.603 0.602 4917 4,193 2.567 12.94
4 1.14 2.68 38.9 175.2 2.38 1.08 0.11 24.2 0.097 0.640 0.837 4.214 4.275 0.680 10.74
6 0.78 1.52 40.6 172.8 2.06 0.65 0.07 18.9 0.071 0.484 0.523 4.107 3.875 1.868 10.93
8 1.38 2.56 55.2 177.1 2.28 0.50 0.05 14.5 0.086 0.578 0.451 2.727 3.740 4.209 11.79
10 0.90 2.72 54.8 162.6 2.34 0.46 0.05 14.4 0.036 0.474 0.235 2.165 3.008 7.737 13.65
15 1.26 0.20 61.3 158.6 2.38 0.53 0.06 18.9 0.068 0.553 0.299 2.828 3.456 3.516 10.72
20 3.18 1.44 80.5 130.7 2.33 0.64 0.07 11.8 0.100 0.542 0.397 3.129 4.329 2.705 11.20
25 6.54 0.44 79.4 135.0 2.53 0.71 0.07 5.5 0.103 0.484 0.352 3.060 3.940 2.591 10.53
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Bottom

Date Station | Latitude | Longitude D(erg)th ('ggpg:) (iSIA) (’:l?/ls) (TLI\H/14) (pSI\I/[ ) TC TOC ™ r-Fe N":éc" BD-rP NarOPH- Ni?PH— HClrP Res|gua|- Total-P
30 7.38 0.12 105.0 148.2 2.64 0.96 0.10 3.0 0.140 0.594 0.237 2.273 3.824 3.575 10.64

7/23/2019 17 41.373 29.968 152 -1 6.02 2.20 128.3 118.5
1 48.90 1.64 179.5 463.9 2.91 1.60 0.15 56.4 0.438 4.936 0.831 5.557 3.569 3.863 19.19
2 107.58 2.20 260.6 550.4 3.19 1.47 0.18 55.0 0.563 3.776 0.550 6.393 4.424 1.229 16.93
3 157.50 2.84 340.0 607.1 3.14 1.90 0.16 51.9 0.350 2.876 0.677 5.748 4.897 4.934 19.48
4 158.34 2.36 441.0 7175 2.39 1.10 0.11 33.7 0.161 2.002 0.325 5.727 3.675 3.068 14.96
6 137.82 2.24 473.3 613.6 2.58 1.15 0.11 30.8 0.452 3.563 0.755 5.481 5.874 4.366 20.49
8 150.54 2.68 552.5 638.2 3.13 1.54 0.14 47.7 0.154 2.099 0.770 5.574 4,133 4.252 16.98
10 169.62 2.68 644.4 589.3 2.82 1.57 0.16 35.7 0.233 2.479 0.559 5.836 4.807 7.703 21.62
15 189.14 1.08 759.7 609.0 2.84 1.56 0.16 41.1 0.247 3.143 0.449 5.975 4.825 2.592 17.23
20 137.70 0.78 895.1 550.2 2.67 1.39 0.14 48.8 0.215 2.231 0.383 4.925 5.719 0.629 14.10
25 164.46 0.64 1040.5 | 624.7 2.97 151 0.15 56.3 0.269 2.270 0.695 4.486 4,572 1.175 13.47
30 158.46 0.05 1090.4 | 538.4 2.78 1.45 0.14 56.4 0.290 2.140 0.202 4977 4.500 2.233 14.34
35 172.38 0.00 1084.1 | 557.5 2.32 1.06 0.12 42.0 0.158 2.639 0.536 4.616 4,510 1.938 14.40
40 181.38 0.00 1158.2 | 507.0 2.66 1.30 0.13 50.9 0.121 1.967 0.536 4.380 4.229 1.750 12.98
45 132.90 0.00 12329 | 501.7 2.47 1.26 0.15 42.1 0.168 2.664 0.579 4.083 4.261 0.848 12.60

7/23/2019 18 41.378 29.952 330 -1 5.99 0.05 31.6 117.9
1 33.66 0.05 151.9 363.6 3.26 1.86 0.19 63.1 0.044 3.616 0.175 8.686 3.048 6.093 21.66
2 45.78 0.04 233.8 406.8 2.81 1.48 0.16 61.9 0.048 4.238 0.446 7.107 3.791 3.870 19.50
3 60.90 0.00 264.6 486.6 2.53 1.33 0.13 52.0 0.061 4.167 0.408 6.083 3.520 3.873 18.11
4 62.34 0.00 286.8 492.5 2.45 1.26 0.13 45.6 0.073 3.694 0.450 4.389 4.083 5.298 17.99
6 72.78 0.00 354.5 542.2 2.82 1.53 0.16 56.2 0.080 3.976 0.353 5.497 4.563 6.832 21.30
8 81.06 0.00 398.8 561.5 2.71 1.41 0.14 55.0 0.144 4.086 0.595 6.033 5.539 3.200 19.60
10 76.62 0.00 444.2 553.4 2.65 1.39 0.14 40.0 0.055 3.598 0.193 5.295 2.786 3.451 15.38
15 79.50 0.00 526.0 613.1 2.98 1.67 0.16 29.0 0.126 4.318 0.810 5.470 2.170 2.202 15.10
20 78.06 0.00 587.0 572.3 2.60 1.45 0.14 33.0 0.073 4.026 0.397 5.843 2.519 0.635 13.49
25 87.30 0.00 588.5 611.8 2.68 151 0.13 35.5 0.097 2.026 0.331 6.736 1.448 2.496 13.13
30 75.62 0.00 550.2 477.7 2.37 0.95 0.10 11.7 0.463 2.190 0.493 6.588 1.581 2.069 13.38
35 68.58 0.00 666.8 501.7 2.17 0.95 0.09 6.2 0.362 2.473 0.771 5.817 1.568 2.903 13.89
40 56.10 0.00 639.8 535.6 2.18 0.99 0.09 8.8 0.172 2.458 0.498 5.842 1.764 2.901 13.64
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