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ABSTRACT 

 

SEAFLOOR IRON MOBILIZATION ACROSS THE DEEP-WATER 

REDOX GRADIENTS OF THE BLACK SEA AND THE SEA OF 

MARMARA 

 

 

 

Alımlı, Nimet 
Master of Science, Oceanography 

Supervisor: Assoc. Prof. Dr. Mustafa Yücel 
 
 

August 2022, 121 pages 

Iron is one of the key elements in the ocean which has wide interconnections with 

other essential elements (i.e., C, N, P, O, Mn, S) and fundamental mechanisms (i.e., 

photosynthesis, respiration, chemosynthesis). The critical role of iron, since the 

beginning of life until the modern oceans, was increasing with biogeochemical 

evolution creating new niches for iron. Despite iron is ubiquitous on land, its trace 

level presence in the ocean creates difficulties for iron studies. Hence, the complex 

cycle of iron still has many gaps and filling the gaps is crucial to understand the past, 

present and the future of oceans and moreover Earth. In this thesis work, benthic 

dissolved iron patterns in the Black Sea and for the first time in the Sea of Marmara 

was studied in the comparison of recent redox changes and well-established redox 

environments. High amounts of dissolved iron were measured, and high benthic 

fluxes estimated for the Sea of Marmara showing that, in terms of iron source, it is 

comparable to other oxygen minimum zones. The potential connection between the 

organic complexation and porewater size fractions is examined with comparison of 

more established iron fraction species. The results from seawater and porewater size 

fractionations indicated that the nature of the seawater and porewater species are 

different at least to the extent of different influences by sample handling. In 

summary, the iron patterns in the Sea of Marmara indicates the recent hypoxia have 

already cause iron to be mobilized at the seafloor and the sedimentary colloidal and 
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soluble phases needs a more detailed attention to understand the effective scale of 

benthic iron species. 

 

Keywords:  Iron Biogeochemistry, The Sea of Marmara, The Black Sea, Marine Iron 

Cycle, Size Pools of Iron 
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ÖZ 

 

KARADENİZ VE MARMARA DENİZİ'NİN DERİN SU REDOX 

ORTAMLARINDA BENTİK DEMİR MOBİLİZASYONU 

 

 

Alımlı, Nimet 
Yüksek Lisans, Oşinografi 

Tez Yöneticisi: Doç. Dr. Mustafa Yücel 
 

 

Ağustos 2022, 121 sayfa 

Demir, diğer temel elementler (C, N, P, O, Mn, S) ve temel mekanizmalar 

(fotosentez, solunum, kemosentez) ile sıkı bağlantıları olan okyanustaki kilit 

elementlerden biridir. Yaşamın başlangıcından modern okyanuslara kadar demirin 

kritik rolü, demir için yeni nişler yaratan biyojeokimyasal evrimle artış gösterdi. 

Demirin karada bol miktarda bulunmasına rağmen, okyanusta eser düzeylerde 

bulunması demir çalışmalarının başlıca zorluklarındandır. Bu nedenle, demirin bu 

grift döngüsünde hala birçok boşluk vardır ve bu boşlukları doldurmak, okyanusların 

ve dahası Dünya'nın geçmişini, bugününü ve geleceğini anlamak için çok önemlidir. 

Bu tez çalışmasında, Karadeniz’de ve ilk kez Marmara Denizi'nde bentik çözünmüş 

demir paternleri, değişen ve kararlı redoks ortamlarının karşılaştırılmıştır. Marmara 

Denizi’nde demir kaynağı açısından diğer oksijen minimum bölgeleriyle 

karşılaştırılabilir miktarlarda çözünmüş demir ölçülmüştür ve yüksek bentik girdileri 

hesaplanmıştır. Organik kompleksleşme ve gözenek suyu boyutu fraksiyonları 

arasındaki muhtemel bağlantı, nispeten daha iyi bilinen demir fraksiyon türlerinin 

karşılaştırılmasıyla incelenmiştir. Deniz ve gözenek suyunda demir boyutu 

fraksiyonlarından elde edilen sonuçlar, deniz suyu ve gözenek suyu demir türlerinin 

doğasının, en azından örneklemeden farklı derecelerde etkilenecek farklılıklarda 

olduğunu göstermiştir. Özetle, Marmara Denizi'ndeki sediman demir paternleri, son 

hipoksinin deniz tabanında demirin mobilize olmasına neden olduğunu; sediman 
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kolloidal ve çözünür faz sonuçları ise, bentik demir türlerinin etkisini anlamak için 

daha ayrıntılı çalışmalar gerektiğini göstermektedir. 

Anahtar Kelimeler: Demir Biyojeokimyası, Marmara Denizi, Karadeniz, Demir 

Döngüsü, Demir Boyut Fraksiyonları 
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1 

 CHAPTER 1  

1 INTRODUCTION 

Iron has unique complex relations with other element that are significant for marine 

biogeochemistry such as C, N, P, O, S, Mn. Its availability, retention in marine cycle 

and durability is controlled by different biologically and chemically mediated 

reactions (Kappler et al., 2021). Iron’s distribution over the global oceans are 

heterogenous and global oceans production is under limitation of iron availability. 

Heterogeneity is a consequence of different dispersion mechanisms acting on 

different major iron sources which are atmospheric dust input, hydrothermal vent 

fluid input and coastal sediment recycling (Tagliabue et al., 2017). Coastal sediment 

iron recycling and the affective scale of released iron, its retention in marine iron 

cycle are the missing parts of the shelf iron release mechanism. The highest iron 

effluxes are known to be sourced from the low oxygen but not highly reducing 

conditioned seafloors. The “narrow redox window” conditions are generally met by 

the oxygen minimum zones and hypoxic areas (Scholz et al., 2014b). Hypoxic areas 

are the hotspots to understand the mechanisms dominating benthic iron release. 

Examining the iron species having different characteristics in terms of chemical, 

physical and biological reactivities is required to understand the faith of the released 

iron (P. W. Boyd & Ellwood, 2010a; Tagliabue et al., 2017). Considering the scarce 

levels and of iron in seawater and impact of sample handling, only with fast on-board 

detection methods, sub-species for iron can be studied. 
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1.1 Aim of the Study  

The Black Sea is the biggest euxinic basin and is known to be anoxic for thousands 

of years. The iron release from the Black Sea shelf is a component of “iron-shuttle” 

mechanism which transports iron from the shelf towards the deeper basin laterally. 

Additionally, the Black Sea has different well-established redox zones at the seafloor 

corresponding to favored condition for benthic iron release. The Sea of Marmara 

having recent deoxygenation is under our focus to examine the current redox state 

and its potential to source iron from the sea floor. 

Briefly, the Black Sea is an ideal location to study iron biogeochemistry and to build 

on earlier studies and the Sea of Marmara is an optimum area to apply same 

approaches to assess the redox states of these two similar but unique areas. With this 

approach, with this thesis work, studying the benthic iron mobilization patterns over 

the redox gradients of the Sea of Marmara and the Black Sea was aimed.  

1.2 Significance of Iron 

Life in the oceans is supported by a multitude of elements including nitrogen, 

phosphorus, and silicon - the major and minor limiting nutrients in the oceans. Trace 

metals, including iron, gained its importance in oceanography quite late compared 

to these nutrient elements due to the detection challenges in seawater. Hence, the 

essentiality of iron in primary production processes was overseen until 1990s so-

called Iron Age in Oceanography (Coale et al., 1999). On the other hand, only after 

the advancements in technology, first iron profiles as dissolved and particulate iron 

in seawater was reported in 1982 (Gordon et al., 1982), different iron fractions and 

pools could be studied and the importance of iron in marine systems could be 

revealed (von der Heyden & Roychoudhury, 2015). The nutrient-like profile of the 

iron in the water column hinted that the iron is strongly controlled by the biological 

uptake and remineralization. Scavenging of iron in the column decrease the amount 

of the available iron and the balance between biological uptake, remineralization and 
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scavenging creates a hybrid type of distribution (Lohan & Tagliabue, 2018). The 

intact relation between iron and C, O, P, N, S, Mn is revealed with more findings 

about the characteristic features of iron cycle (Raiswell & Canfield, 2012). 

Idea of iron acting as a limiting factor on primary production appeared firstly in the 

studies of high nutrient low chlorophyll areas (the Southern Ocean, the eastern 

equatorial Pacific, the subarctic Pacific) which was not understood well at the time. 

Iron was claimed to be limiting factor in HNLCs along with temperature and light 

(Gran, 1931) supported with the observations of incubation experiments. After about 

a half century, the iron enrichment exhibited that the iron might be limiting nutrient 

for marine production in HNLC regions (J. H. Martin & Fitzwater, 1988). Followed 

by in-situ iron-fertilization studies, iron was approved to be a limiting nutrient  

(Philip W. Boyd et al., 2000; de Baar et al., 2005). Besides being a limiting nutrient, 

iron had critical role during glacial times by inducing higher biological pump activity 

(J. H. Martin & Michael Gordon, 1988). On top of understanding the importance of 

iron for marine production, impact of iron cycle on net primary production and 

higher trophic levels under future climate change scenarios took attention and started 

to be included in model studies for open ocean projections (Tagliabue et al., 2020). 

Within a wider point of view now, marine iron cycle has effect on production, 

phytoplankton ecosystems (larger cells -diatom- favored) and even on evolution of 

higher trophic levels. 

Iron’s relation with the primary production is because of the co-factor nature of the 

iron that takes role in photosynthesis. Among other important biological processes, 

iron is also a co-factor for nitrogen fixing enzymes which couples the nitrogen and 

iron cycle (Raiswell & Canfield, 2012). On the one hand, iron can increase primary 

production activity via direct fertilization and via inducing more fixed nitrogen by 

stimulating nitrogen fixation (Mark Moore et al., 2009; J. K. Moore et al., 2001). On 

the other hand, iron may decrease primary production by scavenging phosphorus in 

the water column via adsorption. Adsorbed phosphorus onto iron oxyhydroxide 

particles transports the phosphorus to sediment and release it back upon reduction of 
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iron (Raiswell & Canfield, 2012). Furthermore, iron is an electron acceptor that can 

be involve in reductive iron respiration of organic matter under anoxic conditions.  

Iron reductive respiration (Bethke et al., 2011): 

CH3COO- + 8FeOOH(s) + 15 H+ → 8 Fe+2 + 2HCO3
- + 12 H2O   

Iron respiration is strongly linked to manganese and sulfur cycles as well which are 

other anaerobic electron acceptors; overall iron and it’s linkage with the other 

electron acceptors has impacts on marine carbon storage (Donald E. Canfield et al., 

1993). Some of the major reactions occurring between other redox sensitive species 

are given below (Kappler et al., 2021): 

Fe+2 + O2 + 4H+ → Fe+3 + 2H2O   Iron oxidation by oxygen 

4Fe+2 + 2NO2
– + 5H2O → 4FeOOH + N2O + 6H+ Iron oxidation by nitrite 

2Fe+2 + MnO2 + 2H2O → Mn+2 + 2FeOOH + 2H+ Iron oxidation by manganese 

2FeOOH + 3H2S → 2FeS + S0 + 4H2O Iron reduction by hydrogen sulfide 

On top of the modern ocean biogeochemical cycle, iron was also a crucial element 

in the Earth’s evolution. One of the core hypothesis for the emergence of life is the 

hydrothermal vents are a potential site for hosting the first forms of life (W. Martin 

et al., 2008; Russell & Hall, 2006). Remaining of an ancient iron metabolizing 

bacteria found in hydrothermal vent precipitates dated back to 3.7-4.2Ga suggests 

that iron and hydrothermal vent areas were key members of life in the ocean since 

the beginning (Dodd et al., 2017). Recent studies aiming to understand metabolic 

evolution with respect to metal availabilities in ancient oceans by combining genetic 

studies with biogeochemistry clarifies that key co-factor metals and their redox 

dynamics was and still important to understand the essence of life (Garcia et al., 

2020; E. K. Moore et al., 2017). Fe, Mn, Mo, W, Cu, Ni, Co, Zn and V can be counted 

as the key co-factor metals throughout the history (Broderick, 2015). Among these 

cofactors, iron is one of the most common co-factors for most of the fundamental 

redox processes such as sulfate/sulfur reduction, methanogenesis/methane oxidation, 
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nitrification/denitrification, oxygenic/anoxygenic photosynthesis. Therefore, iron is 

also utilized by microbial life to be incorporated in the enzymes on top of having a 

role as electron acceptor/donor in fundamental redox processes. These redox 

biogeochemical processes caused significant changes in the Earth’s history. For 

instance, emergence of oxygenic photosynthesis, required incorporation of Fe and 

other metals which in return expanded the oxidative redox potential range for biology 

and consequently shifted the redox state of Earth (E. K. Moore et al., 2017). Shortly, 

the biogeochemical redox regulation exerted by the redox species and life can be 

untangled by only understanding the linked cycles of each.  Iron as one of the most 

important key co-factor and electron acceptor hosted and shaped the evolution of 

Earth, oceans, and life.  

1.3 The General Characteristics of the Black Sea  

1.3.1 Hydrography, Water Masses and Circulation in the Black Sea 

The Black Sea is a semi-enclosed system and fed with only Mediterranean seawater 

from the Marmara, via the Bosphorus while receiving large amount of riverine 

inputs. The water mass budget of the Black Sea is dependent on riverine input, 

precipitation, evaporation and, deep inflow and surface outflow via the Bosphorus. 

The freshwater inputs exceed the loss by evaporation and the remaining compound 

of the water budget is out flowed through the Bosphorus. The fresh water inputs 

shows seasonal and interannual variability (Özsoy & Ünlüata, 1997; Ünlülata et al., 

1990). Dramatic difference in salinity of the water sources of the Black Sea creates 

a two-layered (surface water salinities < 18 ppt; deeper water salinities = 22 ppt) sea 

with limited mixing in between due to permanent halocline (Oguz et al., 1992). The 

density stratification is determined by salinity, except for near surface which 

temperature effect is more pronounced, pycnocline and halocline coincides at the 

depths of 100-200m. The extent of mixing is controlled by these coincident clines 

and consequently builds oxycline and chemocline at the same density layers.  The 
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seasonality in the upper water column is observed as a seasonal thermocline in the 

first 30 m and followed by the Cold Intermediate Layer along the profile with core 

temperatures of 6°C and the upper and lower CIL boundaries are described as 8°C 

isothermal layer (J. W. Murray et al., 1991). Deeper water parts below the halocline 

does not exhibit seasonal variabilities (Oguz et al., 1991). The surface waters are 

physically controlled by the circulations given in Figure 1. The general circulation 

has the characteristics of being mainly cyclonic, time dependent and having basin 

wide spatial structures. One of the major seasonal/interannual components is Rim 

Current flowing along the margin of the Black Sea. The interior of the Rim Current 

is controlled by the multi-centered cyclonic cells and in between the Rim Current 

and coast, by a series of anti-cyclonic eddies (Oguz et al., 1993). 

 

Figure 1: General circulation in the upper layer of the Black Sea. (Oguz et al., 1993) 

1.3.2 Redox Layers in the Black Sea 

Riverine inputs stimulate primary production on the surface and consumes oxygen 

in the bottom layer as a consequence of exportation of the produced organic matter. 

The strong stratification limits the O2 ventilation to bottom layer and dissolved 

hydrogen sulfide accretion occurs up to 400 µM levels in the deepest parts (Codispoti 

et al., 1991; Tugrul et al., 1992). In between the two distinct layers, a unique 
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transitional “sub-oxic” layer exists with <10uM dissolved oxygen and <0.3uM 

dissolved hydrogen sulfide (James W. Murray et al., 1999; James W. Murray & 

Yakushev, 2006; Yemenicioglu et al., 2006a). As a result, Black Sea is an euxinic 

area hosting various anoxic respiration pathways below oxycline and exhibits large 

redox layers up to hydrogen sulfide production at the bottom, see Figure 2.  

 

Figure 2: Redox biogeochemical structure of the Black Sea water column  
(Konovalov et al., 2005). 

Black Sea is the largest area in the world being euxinic and special for being euxinic 

for over thousands of years (Deuser, 1974; Glazer et al., 2006; Piper, 2016; Piper & 

Calvert, 2011; Wilkin et al., 1997). Because of the natural characteristic features, the 

Black Sea has become an interest in oceanography since 1980s (Codispoti et al., 
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1991) and now it is a well-established area to study iron in different redox conditions 

in seawater and sediment. For instance, because the sub oxic layer enables iron 

dissolution in seawater, the analysis of dissolved and particulate iron in the seawater 

is less challenging compared to open ocean studies (Lewis & Landing, 1991b). The 

dissolved iron levels in sub oxic seawater are significantly higher than oxic seawater 

average levels, the former being around 300nM (dFe<0.4um) (Haraldsson & 

Westerlund, 1988; Lewis & Landing, 1991a; Yemenicioglu et al., 2006b). Moreover, 

the sedimentary iron studies have shown that except for sulfidic sea floors, the anoxic 

areas in the Black Sea is a hotspot for reductive dissolution of Fe (Kraal et al., 2019; 

Scholz et al., 2014a). The transport of the dissolved iron from the shelves of the 

Black Sea to sulfidic basin is a well-known process, known as “shuttling” (Donald 

E. Canfield et al., 1996; W. K. Lenstra et al., 2019). Porewater sediment 

biogeochemistry in terms of iron has started to be studied since 2001 with increasing 

number of studies (Konovalov et al., 2007; Jeroen W.M. Wijsman et al., 2001). The 

relatively higher dissolved iron levels in the sediment porewaters (dFe~100uM) of 

suboxic sea floor implicated that the sediment porewaters are a source for water 

column iron (dFe~200-300nM) (Konovalov et al., 2007). The transport of this iron 

from shelf acts on the sulfur cycle in the anoxic basin and creates an interconnection 

between the different redox areas of the basin and the depositional layers within the 

sediment (Yücel, Konovalov, et al., 2010). The interplay between the carbon and 

coupled Mn-Fe-P-S cycles in the Black Sea was studied extensively (Kraal et al., 

2019; Yücel, Luther, et al., 2010).  

1.4 Boundaries and Thresholds of Redox Layers 

Redox thresholds and related terminology have various definitions which weakens a 

consistent classification. For this reason, in this thesis work, the following thresholds 

are taken as the limits of redox conditions, see Figure 3.  
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Figure 3: Referred redox thresholds in this thesis work. The structure of the scheme 
is sourced by Algeo & Li (2020). 

The redox conditions referring to “suboxic” is defined as the DO <10 µM as defined 

by James W. Murray and coworkers (1999). For the hypoxia threshold, DO < 2 ml/l 

threshold used in the literature is taken which corresponds to ~89 µM (Diaz & 

Rosenberg, 2008; Yakushev & Newton, 2013). The presence of dissolved hydrogen 

sulfide is described as sulfidic and the oxygen levels higher than 89 µM are classified 

as oxic conditions at the sea floor.  

1.5 Vertical Distribution and Cycling of Elements (O, N, P, C, S, Mn, Fe) 

The vertical distribution of carbon, oxygen, phosphorus, nitrogen, sulfur, 

manganese, and iron is controlled by the abiotic and biotic reactions occurring along 

the water column and continues in the sediment porewaters. The zonation is 

determined mainly by the thermodynamics of the metabolic pathways of organic 

matter degradation reactions, see Figure 4 (Jorgensen, 2006).  
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Figure 4: Thermodynamically ordered metabolic pathways of organic matter 
degradation (Jorgensen, 2006). 

Zonation accompanies redox stratification along a decreasing redox potential 

gradient. The redox interactions at the interfaces determines the cycling and the 

distribution of key redox species along the column (Kappler et al., 2021). 
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Figure 5: A scheme of redox stratified environments (Kappler et al., 2021) 

The Black Sea water column characteristics shows strong redox stratification and 

zonation is observable along the water column down to sulfate reduction at the 

bottom. In the Sea of Marmara, upon deoxygenation, the following redox zones starts 

to appear, for instance Izmıt Bay exhibited sulfidic characteristics indicating high 

levels of sulfate reduction at the bottom waters, see section 2.2. 

1.6 The General Characteristics of the Sea of Marmara  

The Sea of Marmara is located in between the Black Sea and the Mediterranean Sea 

by the Bosphorus and the Dardanelles straits, respectively. The bottom layer is fed 

by the denser, warmer and more saline Mediterranean waters (salinity = 38ppt) while 
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the surface layer is fed by the Black Sea nutrient rich, less saline and buoyant waters 

(salinity = 18ppt). These interconnected marine system is called Turkish Straits 

System (Beşiktepe et al., 1994; Ünlülata et al., 1990). The resulting halocline forms 

a dominates density stratification and forms a permanent pycnocline which prevents 

mixing between layers. The turbulent entrainment cause exchange between the two 

layers and the upper layer salinity varies along the surface from Dardanelles towards 

to the Bosphorus. The strongest impact is created at the onset of the jet inflow from 

the Black Sea. The surface circulation is dominated by anticyclonic gyre which is 

driven by the sea-surface level differences between the Black Sea and the Aegean 

Sea. The jet inflow from the Black Sea creates additional impact on the surface 

circulation depending on the winter wind stress and seasonal variations. The entrance 

of Mediterranean waters from the Dardanelles dominates the sub-halocline 

circulation. Both layers of the circulations vary with seasonality. The Mediterranean 

intrusions are most pronounced at the western part of the basin thus, the minimum 

salinity and oxygen zones placed at the eastern basin (Beşiktepe et al., 1994).  
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Figure 6: Circulation patterns in the Sea of Marmara: (top) surface circulation; 
(below) circulation below the halocline (Beşiktepe et al., 1994). 

The sea of Marmara was reported be experiencing the anthropogenic stress from the 

surrounding urban areas since the 1970s (Ediger et al., 2016) and the dissolved 

oxygen levels below the euphotic zone was reported to be declining drastically to 

form “oxycline” since 2000s (Yilmaz, 2002). Similar to Black Sea’s permanent 

pycnocline structure inhibits oxygen ventilation to deeper layers, the two-layered 

system in the sea of Marmara restricts the oxygen ventilation from the surface. 

Despite the bottom layer is fed by oxygen rich Mediterranean waters, the oxygen 

input cannot compensate the oxygen consumption by the organic matter degradation 

(Beşiktepe et al., 1994; Tuǧrul et al., 2002). In this aspect, especially the eastern part 

of the sea of Marmara, having less exposure to oxygen-rich Mediterranean waters, 

reported to be experiencing significant decreases in the bottom water oxygen levels 

to hypoxic limits over the last 20 years (Yucel et al., 2020; 2021;Ediger et al., 2016; 
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Hélène et al., 2020). The iron in the sediments’ solid phase was studied broadly to 

assess the pollution (A. O. Algan et al., 1999; O. Algan et al., 2004; Balkis & 

Çaǧatay, 2001; Ergin et al., 1991; Mülayim et al., 2012; Okay et al., 2008; Topcuoǧlu 

et al., 2004) however porewater dissolved iron studies was missing. Only pore water 

geochemistry involved study aimed to study sulfate-methane transition zone depth 

did not report any data. Thus, the sea of Marmara is a potential area for benthic iron 

release however it is understudied in terms of biogeochemical dynamics and redox 

mechanisms.  

1.7 Overview of Marine Iron Cycle and Sources 

Iron is scarce in oceans, being less than 0.2 nmol/kg and 0.07nmol/kg on average at 

the surface waters. Below depth of 500m, the iron concentration is about 

0.76nmol/kg (Johnson et al., 1997), however the distribution of iron is not 

homogenous. Strong regional variations are associated with the regionality of major 

iron sources: atmospheric (meridional distribution), hydrothermal fluids (mainly 

around ridges) and coastal and shallow sediments i.e. atmospheric dust input is 

predominant in low-latitudes while in higher latitudes continental margin and 

hydrothermal iron sources are more important (Tagliabue et al., 2014a, 2017). 
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Figure 7: A scheme of marine iron cycle (Tagliabue et al., 2017) 

According to result of a model study by Tagliabue (2014b), the integral iron 

inventory contributions partitioning between sedimentary, hydrothermal and 

atmospheric dust is 74%, 23% and 2%, respectively. However, for carbon export 

from the euphotic zone, the partitioning changes between dust and hydrothermal 

sediment as the contributions of 79–81% from sedimentary, 12–16% from dust input 

and 3% from hydrothermal vent. The distribution is controlled by the processes of 

stabilization by ligands and different lifetime of iron species which determines the 

effective distance scale of the source (Tagliabue et al., 2017). Because iron 

originated from hydrothermal fluids and coastal sediments is thought to have only 

local effect and, higher solubility of aeolian iron, predominant iron source was 

thought to be atmospheric dust on the surface waters and in iron cycle (MOORE et 
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al., 1984) [Moore et al., 2002; Fung et al., 2000; Archer and Johnson, 2000; Aumont 

et al., 2003]. However, recent studies, controls and stabilization on different iron 

pools indicates that these sources have bigger parts in marine iron cycle than it was 

assumed to be (Elrod et al., 2004). To understand the further transport of iron, 

fractions of iron was aimed to be understood since the different fractions of iron has 

different half-life and durability (P. W. Boyd & Ellwood, 2010a). Especially 

organically complexed iron in the oxidized form can remain in the dissolved pool as 

colloids in stabilized forms enhancing the durability of the mobilized iron. The 

colloidal fraction of iron is an important fraction of upper water column iron 

inventory (von der Heyden & Roychoudhury, 2015). Size fraction studies reveals 

more on the characteristics of different iron sources. The sFe and cFe in the upper 

column decouples significantly during the spring time due to seasonality of 

biological uptake and surface iron supply from atmosphere (von der Heyden & 

Roychoudhury, 2015). The hydrothermal and benthic sources however are not 

affected by the seasonality.  

Until the beginning of 2000s, hydrothermal input for iron cycle was perceived as a 

local source because of the acceptance that iron was being oxidized and settled 

around the vent area thus not being dispersed in ocean. In 2006, the iron source for 

deep ocean of Pacific was shown to be mostly due to hydrothermal activity 

originating from the fast spreading East Pacific Rise (Chu et al., 2006). Following 

this, the observations of unexpectedly high dissolved iron concentrations around the 

hydrothermal vent areas (Bennett et al., 2008) showed that dissolved iron can be 

stabilized in the forms of organic complexes or colloids which contradicts the idea 

of iron being precipitated and sink back to the ground. Detailed iron measurements 

in major ocean areas (Chever et al., 2010; Klunder et al., 2012; Saito et al., 2013) 

and further, the correlation between the higher iron anomalies in the water column 

and 3He which is a tracer for vent fluids near the East Pacific Rise (Fitzsimmons et 

al., 2014) clarified the hydrothermal vent iron inputs had larger impacts enhanced by 

the formation of more durable species (Tagliabue et al., 2010). Fitzsimmons et al., 

(2014) showed that in the abyssal of southeast to southwest transect of Pacific Ocean 
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had 0.4-0.9 nmol/kg higher dissolved iron than global average levels sourced by 

hydrothermal vents. Studies focusing on the stabilization of dissolved iron by organic 

complexation (Bennett et al., 2008; Hawkes et al., 2013; Toner et al., 2009) and 

colloidal nanoparticles (Findlay et al., 2019; Yücel et al., 2011, 2021) shown that 

iron inputs from the deep ocean can deliver iron without removal resulting in higher 

spatial and temporal effectiveness. These studies reassures that the outcomes of 

similar approaches onto benthic iron sources can enhance the global iron cycle 

studies. 

Benthic release and transport of iron from continental shelf sediments is one of the 

major iron source in global ocean iron cycle (Lyons & Severmann, 2006; Raiswell 

& Canfield, 2012). The production of dissolved iron in the sediments porewater is 

mainly controlled by reductive dissolution of iron coupled to organic matter 

degradation (Burdige, 1993). Produced dissolved iron can either take place in 

diagenetic reactions in sediment or can be released to overlying bottom waters 

(Burdige, 1993; Wytze K. Lenstra et al., 2021; Raiswell & Canfield, 2012). 

Diagenetic controls such as precipitation by sulfur to form authigenic minerals of 

Fe-S immobilizes iron and inhibits its release to overlying waters (Berner, 1984). 

The dissolved iron release to overlying waters is favored by low-oxygen and non-

sulfidic conditions (W. B. Homoky et al., 2011; Pakhomova et al., 2007; Scholz et 

al., 2014b). Under long-term oxygen depletion and anoxia, the oxidized iron 

deposition onto the surface of the sediment is limited and thus the dissolved iron 

release is restricted (Slomp et al., 1997; J. W.M. Wijsman et al., 2001). Although the 

mobilized dissolved iron can be transported to overlying waters, it can be re-oxidized 

and remain in the suspension or settle down to sediment surface leading to a cycle at 

the sediment surface called “refluxing” (Adelson et al., 2001). Bio-irrigation 

increases the flux from porewaters to overlying waters (W. K. Lenstra et al., 2019). 

Thus, iron mobilization patterns under changing redox conditions are important to 

identify so that the scale of sedimentary iron sources can be understood better.  

Upon already known characteristics of different iron sources, their impact scale, 

durability to different mechanisms and conditions remains to be unrecognized. 
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Within sedimentary iron release, how and to what scale the various and shifting 

redox conditions affecting the form and the amount of iron is yet to be answered. 

1.8 Objectives 

This thesis is structured around these central questions and aiming to resolve the 

following 4 objectives:  

1) To identify for the first time the benthic iron flux patterns in the Black Sea 
and in the Sea of Marmara over various redox conditions, 

2) To improve the shipboard and fast detection of dissolved iron species in 
marine porewaters and seawater, 

3) To compare the Sea of Marmara - a newly developing hypoxic sea - with the 
other hypoxic and iron-rich areas in Earth Oceans 

4) To propose controls on the partitioning between colloidal and soluble phases 
of benthic iron and their role in seafloor iron mobilization under hypoxic 
areas. 
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CHAPTER 2  

2 MATERIAL METHOD 

2.1 Study Area 

2.1.1 December 2020 R/V Bilim-2 Cruise 

2.1.1.1 Stations of porewater and size fractions in December 2020 cruise 

In December 2020, we visited 9 stations and sampled the water column with CTD 

operations in order to have bottom water conditions before the sediment sampling 

(Figure 8). The seawater salinity, temperature, density and dissolved oxygen were 

measured by in-situ sensors of SEABIRD CTD Probe, and the seawater samples 

were obtained from the selected depths by the remotely controlled Niskin bottles via 

the 12- bottle Rosette System of CTD Probe. Stations selected as: 3 in southwestern 

shelf of the Black Sea as one transects, and 6 in the Sea of Marmara as two transects 

(Figure 9). Transects were selected to investigate oxic, hypoxic, suboxic and sulfidic 

conditions of the Sea of Marmara and the Black Sea. 



 
 

20 

 

Figure 8: Map of stations visited for water column sampling in December 
2020 R/V Bilim-2 Cruise.  

After water column studies, we revisited the station areas to sample sediments by 

deploying the Multi Corer (Oktopus, Kiel). For sediment sampling, we revisited 9 

stations given in Figure 9 in red dots (for station 11, we sampled one more sulfidic 

station to obtain a better-quality sediment core named as 11C). These sediments were 

sampled for dissolved iron, dissolved hydrogen sulfide, nutrients, and major ions in 

porewater. Dissolved iron and hydrogen sulfide analysis done on-board so that the 

stations for size-fractionation analysis. Nutrients and major ions in porewater and 

solid-state samples were stored for onshore analysis. After porewater dissolved iron 

results obtained on-board, we revisited 3 stations to sample for size fractionation 

analysis of dissolved iron pool (green dots in Figure 9).  
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Figure 9. Map of stations visited for porewater sampling in December 2020 R/V 
Bilim-2 Cruise. Red dots are the stations sampled for nutrient, major ions, dFe and 
H2S analysis in porewater and green dots are the stations revisited to sample for only 
size fractionation of dissolved Fe in porewater. 

2.1.1.2 Stations of seawater iron in December 2020 cruise 

In December 2020, we visited 6 stations in Black Sea and in the Sea of Marmara to 

sample seawater for dissolved iron measurements (Figure 10). In the Sea of Marmara 

stations, we also sampled seawater for particulate iron(<1.0µm) analysis. 



 
 

22 

 

Figure 10: Seawater stations for particulate iron (<1.0µm) analysis in December 
2020 R/V Bilim-2 Cruise. 

2.1.2 June 2021 R/V Bilim-2 Cruise 

2.1.2.1 Stations of porewater and size fractions in June 2021 cruise 

In June 2021, we visited 11 stations and sampled the water column with CTD 

operations, likewise December 2020 cruise (Figure 11). Stations selected as: 3 in 

southwestern shelf of the Black Sea as one transects, 3 in shelf in east of Bosphorus 

in the Black Sea as one transects and 5 in the sea of Marmara as 1 transect (Figure 

12). The Black Sea transects was selected as 3 main stations in each transect 

representing oxic, suboxic, hypoxic and sulfidic seafloors. The Sea of Marmara 

stations studied as 1 transect along the Izmıt Bay which is sulfidic at the bottom to 

Çınarcık Basin which is suboxic. After water column studies, we revisited the 

stations to sample sediments by deploying the Multi Corer (Oktopus, Kiel). These 

sediments are sampled for dissolved iron, dissolved hydrogen sulfide, nutrients, and 

major ions in porewater. Nutrients and major ions in porewater and solid-state 
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samples are stored for onshore analysis. Dissolved iron and hydrogen sulfide analysis 

done on-board. In this cruise, no size fractionation sample in porewater was taken. 

 

Figure 11: Map of stations visited for water column sampling in June 2021 
R/V Bilim-2 Cruise. 
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Figure 12: Map of stations visited for porewater sampling in June 2021 R/V 
Bilim-2 Cruise. Red dots are the stations sampled for nutrient, major ions, 
dFe and H2S analysis in porewater. 

2.1.2.2 Stations of seawater iron in June 2021 cruise 

In June 2021, we visited 3 stations to sample iron in seawater (Figure 13). In the 

Black Sea stations, we also sampled sub-oxic layer in 3 depths for further analysis 

of size fractionation in seawater.  

 

Figure 13: Seawater stations for dissolved iron (<0.45µm) and size fractionation 
(colloids and soluble phase) analysis in June 2021 R/V Bilim-2 Cruise. 

2.2 Bottom Water Biogeochemistry in Stations Sampled for Porewaters and 

Size Fractions  

In each station, CTD operation was conducted to measure oceanographic parameters 

such as salinity, temperature, and dissolved oxygen as well as to sample seawater in 

the water column above the target sedimentary area. Samples were obtained for 

dissolved oxygen, nutrients, and dissolved hydrogen sulfide (only in 
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sulfidic/expected to be sulfidic stations) and the samples were analyzed on board as 

quickly as possible after retrieval. Sediment and porewater sampling stations were 

chosen according to bottom conditions of our research area. In Figure 14, bottom 

water conditions during December 2020 cruise are shown which were used in the 

selection of sediment core locations. In line with the objectives of this thesis work, 

we have chosen 2 hypoxic areas in Marmara: Armutlu and Izmıt Bay. These areas 

corresponding to the southern and eastern rim of the Çınarcık Basin and both areas 

have similar DO conditions at the bottom however, in terms of nitrate concentrations, 

Armutlu Transect differs from Izmit Transect with higher NO3
- distribution at the 

bottom. Thus, the two areas represent different redox states in the Marmara Sea. In 

Black Sea, however, selected stations were chosen to the better-known classification 

of as oxic, suboxic and sulfidic bottom water conditions, hence yielding in three 

stations corresponding to these conditions. 

 

Figure 14: December 2020 R/V Bilim-2 Cruise stations given over bottom water DO, 
NO3

-  and H2S concentrations indicating redox conditions. 
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In each transect, we selected a core with higher dFe in porewaters to further 

subsample for and analyze the iron size fractionation. To do so, after sampling the 

whole transect cores and measurements for dFe in porewater, the R/V Bilim-2 spent 

one extra day in the site to obtain extra cores, to subsample and analyze the size 

fractionated porewaters.    

In Figure 14, bottom water biogeochemical conditions during second cruise of this 

thesis work - the June 2021 cruise are shown. In June 2021, the porewater sampling 

stations were revised according to the December 2020 results and June 2021 bottom 

water conditions. Armutlu transect was excluded this time and a greater focus on 

Izmit Bay was given with inclusion of the deepest parts of the Izmit Bay (Izmit-Deep 

station) and Çınarcık-Deep stations. 

 

Figure 15: June 2021 R/V Bilim-2 Cruise: stations given over bottom water DO, 
NO3

-  and H2S concentrations indicating redox conditions. 
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2.3 Categorization of the Stations According to Their Bottom Conditions 

The bottom redox conditions are categorized according to thresholds given in 

section 1.4. The categorized stations are given in Table 1. 

Area Cruise Station 
Bot. Depth 

(m) 
Bot. DO 

[µM]  
Redox 

Category 
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 1 70 69 hypoxic 

3 286 11 hypoxic 

4 475 14 hypoxic 

5 84 39 hypoxic 

7 243 11 hypoxic 

8 381 17 hypoxic 
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1 67 49 hypoxic 

3 195 22 hypoxic 

4 649 7 suboxic 

IZMIT DEEP 206 0 sulfidic 

45-C 1214 5 suboxic 
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0
 9 81 157 oxic 

10 107 57 hypoxic 

11 448 0 sulfidic 
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0
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1
 9 87 181 oxic 

10 142 8 suboxic 

16 83 195 oxic 

17 120 65 hypoxic 

Table 1: Redox categorization of the stations according to their bottom conditions. 

2.4 Sample Handling 

2.4.1 Porewater Filtration 

Upon arrival of sediment core to the deck of the ship, the interface water was sampled 

immediately after cores arrived. Interface water was filtered by using Minisart Nylon 

syringe-tip filters (0.45µm) and divided into subsamples for the analysis of dissolved 

iron, dissolved hydrogen sulfide, nutrient, and major ions. The rest of the sediments 

were sliced accordingly to intervals of 1-2-3-4-6-8-10-15-20-25-30-35-40 cm 
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quickly with care to avoid oxidation and the sliced sediments were filled into 50ml 

centrifuge tubes. Samples were centrifuged for 6000 rpm for 10 minutes to obtain 

porewaters. Porewater was filtered by Minisart Nylon syringe-tip filters (0.45µm) 

and divided into sub-samples likewise the interface water. Nutrient and major ion 

samples were stored in the -18°C until the preparation for on-shore analysis. 

Dissolved iron samples were acidified with HCl (Analytical Grade) to adjust the pH 

to 3. Hydrogen sulfide sub-samples were added on top of tubes pre-filled with zinc 

acetate and infused with argon gas to avoid oxidation. Dissolved iron was measured 

with ferrozine spectrophotometric method on-board. Dissolved hydrogen sulfide was 

measured with methylene blue assay on-board (see below for further details of on-

board measurements). 

2.4.2 Seawater Sampling for Trace-Level Iron Measurements 

The tubes for seawater samplings were prepared by immersing them in detergent and 

in 10% hydrochloric acid solutions for 1 day in each solution and rinsed with distilled 

water for 3 times in between the steps. The blank measurements were carried out to 

check the contamination levels. 5 blank samples were measured, and the average of 

blanks were 5.93±2.98 nM. The cleaning protocol was adequate for expected Fe 

levels in the Black Sea (100-300nM). The sampling was done with care and quickly 

to avoid contamination. To sample particulate iron (<1.0µm), seawater was filtered 

with Nuclepore Hydrophilic Membrane (pore size of 1.0µm); for colloidal iron 

(<0.20µm) Nuclepore Hydrophilic Membrane (pore size of 0.2µm), and for soluble 

iron (<0.02µm) anodisc membrane (pore size of 0.02 µm) was used. Nuclepore 

membranes were pre-cleaned with 10% hydrochloric acid and dried under laminar-

flow hood. Anodisc membranes cannot be cleaned with hydrochloric acid due to 

inorganic composition, thus a freshly opened package was used.  For dissolved iron 

(<0.45µm), Minisart Nylon syringe-tip filters (pore size of 0.45µm) was used and 

flushed with hydrochloric acid before filtration. Samples was acidified to adjust the 
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pH=3 with suprapur hydrochloric acid or suprapur nitric acid for fixation until 

analysis. 

2.4.3 Sequential Filtration for Size Fractionation of Dissolved Iron Pool 

Size fraction analysis were done only in selected stations and media. The seawater 

size fractionation is given in section 2.4.2. For porewater size fractionation, we 

collected an extra core to dedicate all the porewater for size fractionation analysis. 

Colloidal iron (<0.20µm) and soluble iron(<0.02µm) fractions were aimed to be 

analyzed within the dissolved iron (<0.45µm) pool. To do so, upon centrifuging and 

obtaining the porewaters, all the liquid was firstly filtered with Minisart Nylon 

syringe-tip filters (0.45µm). Two 15ml centrifuge tube having HCl acid (Suprapur 

inorganic trace analysis grade) and HNO3 (Suprapur inorganic trace analysis grade) 

acid was prepared beforehand in the amounts of fixing the sample to pH=3. 2ml of 

porewater is added into these tubes before filtration for next step. For 0.20 filtration, 

Minisart Nylon syringe-tip filters (0.20µm) was used and again sub-sampled the 

<0.20 fraction twice with HCl and HNO3, fixed same as 0.45 fraction. For the soluble 

fraction, we used anodisc membrane (pore size of 0.02 µm) to filter the rest of the 

solution. The soluble fraction is fixed with HCl only. At the end, 5 sub-samples of 3 

different iron size pools were obtained (Figure 16). This protocol was followed from 

(Yücel et al., 2011, 2021). 



 
 

30 

 

Figure 16: Scheme of size-fraction sub-sampling. 

2.5 Measurements On Board 

2.5.1 Dissolved Hydrogen Sulfide 

Dissolved hydrogen sulfide (H2S, HS-, S-2) was measured by spectrophotometric 

methylene blue method (CLINE, 1969). Measurements for dissolved hydrogen 

sulfide was made on-board, and some samples were measured on shore due to limited 

time during the cruise. The pathlength of the quartz cuvette used was 1cm. 

Calibration standards were prepared as 5-10-20-30-40 µM and every tube and 

distilled water used during the preparation was infused with argon gas. Samples for 

H2S measurements taken with care to avoid contamination of air and was infused 

with argon gas prior to sampling. The samples were fixed with 0.05 M zinc acetate 

(reference standard) solution until the analysis. After fixation, samples were treated 

with the 2M N,N-dimethyl-p-phenylene diamine (coloring reagent) with 0.1 M 
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Reagent Grade ferric chloride (catalyst) and waited for 10-15 minutes to complete 

the reaction time until the readings.  

2.5.2 Dissolved Iron 

For dissolved iron measurement ferrozine spectrophotometric method was used 

(Stookey, 1970). For nM levels of analysis, the spectrophotometer was coupled with 

50cm liquid waveguide capillary cell. For µM levels of analysis, if the levels are 

known, measurements done with 1cm pathlength quartz cuvettes. Acidified (pH=3) 

samples were treated with 2.5 M ammonium acetate (pH buffer), and 0.1M 

hydroxylamine hydrochloride (reducing agent to analyze Fe+2/+3) and finally with 

colored with 0.05M ferrozine reagent. Iron concentrations were determined at 562 

nm wavelength in the visible range. The calibration curve is prepared using ferrous 

ammonium sulfate as standard solution. 

Lower detection limits were required for seawater iron and dissolved iron in sulfidic 

seafloor porewater was expected to be needed. A portable and modular spectroscopy 

system of Ocean Insight was used for the analysis. 50 cm length liquid waveguide 

capillary cell is used in conjunction with the spectroscopic method to enhance 

detection limits (Waterbury et al., 1997). With the liquid waveguide capillary cell, a 

peristaltic pump is used to inject the sample into cell (Figure 17). 
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Figure 17: Scheme of spectroscopy setup in conjunction with LWCC (World 
Precision Instruments, https://www.wpiinc.com/lwcc-3050-liquid-waveguide-
capillary-cell-50-cm-pathlength, last visited on  August 2022). 

Use of liquid waveguide capillary cell was preferred for several reasons: i) enables 

on-board and fast analysis while decreasing the detection limit by factor of 50, ii) 

capillary cell volume is 0.125µL and requires very small amount of sample to obtain 

a reading including the volumes needed for washing the cell. Sub sampling the 

porewater, which is already limited, decreases the volume to 1-2ml for each sub-

sample. 50cm length is decided to be optimal for our analysis considering longer 

cells would require higher analyte volumes and more effort would be necessary to 

clean the cell which would compromise on-board fast detection efforts. 

Lowering the detection limit at least by the factor of 50 with 50 times longer 

pathlength cell was expected according to Beer’s Law. The optimal range of 

standards with 1cm cuvette method is 10-50µM. Therefore, with LWCC, 200-

1000nM range was optimal; moreover, with the longer reading times for absorption 

is used to enhance detection limits more notably. Hence, 10-200nM of standards 

were included for the calibration curve. With the trials, the absorption of 600nM 

standard was larger than 1 and very noisy due to increased integration time of 

absorptions. At the end, standards were selected in the range of 10-500nM in the 

order of 10-20-30-40-50-100-150-200-250-300-400-500nM. The calculated 

detection limit is 11.5 nM. The calculated molecular absorptivity for ferrozine which 

is specific to method is 30000 L/mol.cm which is consistent with Stookey (1970)’s 

empirical data (Figure 18). 



 
 

33 

 

Figure 18. Calibration curve for nano-molar level iron measurements. 

2.5.3 Size Fractionation 

The sub-samples of size divided dissolved iron pool were measured as in section 

2.5.2 . The smaller size groups are being subtracted from the larger one to obtain the 

only colloids and only soluble fractions. Operationally defined colloidal and soluble 

fractions are calculated by the subtraction of the fractions. Colloidal fraction is 

obtained by exclusion of soluble phase (dFe<0.02 µm) from the (dFe<0.20 µm) pool. 

This protocol was followed from (Yücel et al., 2011, 2021). 

Filt, 0.45µm Filt, 0.20µm Filt, 0.02µm 

sFe + cFe + dFe>0.20µm cFe + sFe sFe 

dFe(µM) <0.45 

HCl 

dFe(µM) <0.45 

HNO3 

dFe(µM) 

<0.20 HCl 

dFe(µM) 

<0.20 HNO3 

dFe(µM) <0.02 

HCl 

Table 2: Table for sub-samples of size-fractionation 
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2.6 Measurements On Shore 

2.6.1 Dissolved Nutrients 

Porewater samples prepared by diluting by 1/10 to overcome seawater salt 

interferences. Porewater dissolved inorganic nutrients NO3
- + NO2

-, NO2
-, NH4

+ 

analysis was done according to colorimetric methods (K. Grasshoff, M. Ehrhardt, 

1983) using four channel autoanalyzer (Bran+Luebbe Model) in the METU-IMS 

laboratory. The detection limits are reported as 0.05µM for NO3
- + NO2

-, 0.05µM for 

NO2
- and 0.04µM for NH4

+. 

2.6.2 Solid TC, TOC and TN 

Sediments after porewater extraction were preserved as Ar gas infused and froze in 

-20°C until analysis. Solid samples were weighed to obtain wet weight. Afterwards 

freeze-drying the sediment samples, weighed again to get dry weight in order to 

obtain porosity of sediments. Freeze-dried sediments are then powdered with marble 

mortar and sieved for homogenization. Dried and homogenized samples were 

prepared for TC, TOC and TN analysis with the Vario El Cube Elementar Model 

CHN Analyzer (UNEP/MAP, 2006) with dry oxidation method. To have TOC and 

TC measurements, duplicates of the samples were prepared; one is treated with HCl 

to remove inorganic carbon from sediment to give TOC values. Approximately 30 

mg of dry sediment powders are put into pre-combusted silver cups. For TOC 

measurement preparations, 5-10µL of distilled water and 10µL of 20% HCl (vol/vol) 

was added initially and added more as needed until all the inorganic carbon was 

removed as CO2. Treated sediment samples are dried again prior to analysis at 60°C 

for 24 hours. The silver cups filled with sediments are compacted and placed in the 

autosampler of CHN Elemental analyzer. TN concentrations were measure for all 

duplicates and used as control parameter to check any significant difference in 

treated and non-treated samples.
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CHAPTER 3  

3 RESULTS 

3.1 The Black Sea  

3.1.1 Water column profiles of porewater stations 

In this section, as commonly used in the Black Sea oceanographic literature (Tugrul 

et al., 1992), water column parameters are given as plots of variable of interest versus 

density (expressed as ), to be able to compare the biogeochemical shifts better via 

excluding physical effects. For better interpretation between the stations, the scales 

kept same. 

Area Cruise Station 
Bot. Depth 

(m) 
Bot. DO 

[µM]  
Redox 

Category 
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 9 81 157 oxic 

10 107 57 hypoxic 

11 448 0 sulfidic 
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1

 9 87 181 oxic 

10 142 8 suboxic 

16 83 195 oxic 

17 120 65 hypoxic 

 

3.1.1.1 Oxic Water Column Profiles 

Stations has DO > 89 µM are categorized as “oxic” stations. Station 9 and 16 has 

oxic conditions among the stations in the Black Sea. 
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Station 9 of the southwestern transect in Black Sea (Figure 19 in December 2020 and 

Figure 20 in June 2021), exhibited oxic conditions at the bottom with 156 µM DO 

in Dec. 2020 and 181 µM DO in June 2021. Bottom density layer was 14.98 and 

15.28    in Dec. 2020 and June 2021, respectively. Dissolved nitrate in the bottom 

waters was 2.2µM in Dec. 2020 and decreased by half in June 2021 to 0.95µM while 

dissolved phosphate levels were comparable for each cruise (0.25 and 0.22 µM). 

Related porewater results are given in section 3.1.2 Figure 28. 

 

 

Figure 19: Station 9, December 2020 Black Sea R/V Bilim-2 Cruise: Water column 
physical and biogeochemical parameters vs. density graphs. Bottom depth: 81 m 
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Figure 20: Station 9, June 2021 the Black Sea R/V Bilim-2 Cruise: Water column 
physical and biogeochemical parameters vs. density graphs. Bottom depth: 87 m 

Oxic station (16) of the west of Bosphorus transect in Black Sea (Figure 21) was 

visited only in June 2021 Cruise. Station bottom waters had dissolved oxygen at level 

of 195 µM DO. Bottom density layer is at 15.07 . Dissolved nitrate was 2.02 µM 

and dissolved phosphate was 0.31 µM. Compared to other oxic station 9 in 

southwestern shelf result in June 2021, station 16 has more nitrate and phosphate at 

the bottom despite the bottom waters were less dense, representing surface features 

hence nutrient depletion must be expected. Related porewater results are given in 

section 3.1.2 Figure 29. 

 

 

Figure 21: Station 16, June 2021 the Black Sea R/V Bilim-2 Cruise: Water column 
physical and biogeochemical parameters vs. density graphs. Bottom depth: 83 m 
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3.1.1.2 Hypoxic Stations Water Column Profiles 

Station 10 of the southwestern transect in Black Sea (Figure 22) had hypoxic 

conditions at the bottom with 57.40 µM DO in December Cruise 2020. Bottom 

density layer was 15.67 in Dec. 2020. Dissolved nitrate was 3.79 µM in Dec. 2020 

Dissolved phosphate levels were 0.64 µM in Dec. 2020. Related porewater results 

are given in section 3.1.2 Figure 32. 

 

 

Figure 22: Station 10, December 2020 Black Sea R/V Bilim-2 Cruise: Water column 
physical and biogeochemical parameters vs. density graphs. Bottom depth: 107 m 

Station 17 of the west of Bosphorus transect in Black Sea (Figure 23) was visited 

only in June 2021 Cruise. Stations bottom waters have oxygen at level of 65 µM DO. 

Bottom density layer was at 15.97  approaching towards the onset of suboxic layer. 

Dissolved nitrate was 3.36 µM and dissolved phosphate was 1.21 µM. Compared to 

other hypoxic station 10 in southwestern shelf result in December 2020, despite the 

bottom density layer had higher  values, bottom dissolved oxygen was higher than 

station 10, possibly due to intrusions from Bosphorus (Konovalov et al., 2003). Also, 

the small increase of DO from 56 µM DO at 15.84  to 65 µM DO at 15.97  
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(bottom) might be indicative of oxygen impact from Bosphorus. Related porewater 

results are given in section 3.1.2 Figure 31. 

 

 

Figure 23: Station 17, June 2021 the Black Sea R/V Bilim-2 Cruise: Water column 
physical and biogeochemical parameters vs. density graphs. Bottom depth: 120 m  

3.1.1.3 Suboxic Stations Water column Profiles 

Station 10 of the southwestern transect in Black Sea (Figure 20), had suboxic 

conditions 8.20 µM DO in June 2021. Bottom density layer was 16.17  in June 

2021. Dissolved nitrate was 0.10 µM. and dissolved phosphate were 4.67 µM. In 

June 2021, compared to December 2020, the suboxic onset was observed better at 

the bottom with lower DO and nitrate. Related porewater results are given in section 

3.1.2 Figure 32. 

 



 
 

40 

 

Figure 24: Station 10, June 2021 the Black Sea R/V Bilim-2 Cruise: Water column 
physical and biogeochemical parameters vs. density graphs. Bottom depth: 142 m 

3.1.1.4 Sulfidic Stations Water Column Profiles 

Permanently sulfidic station (11) of the southwestern transect in Black Sea (Figure 

25 in December 2020 and Figure 26 in June 2021), had high levels of dissolved 

sulfide at the bottom waters with 119 µM H2S in Dec. 2020 and 83 µM H2S in June 

2021. Bottom waters were denser compared to the shallower sites of this transect 

with 16.96 and 16.87  in Dec. 2020 and June 2021, respectively. Dissolved nitrate 

was 0.17 µM in Dec. 2020, which was unexpectedly high and might be reflecting an 

oxidation of ammonia during sampling and was below detection in June 2021. 

Dissolved ammonia was 33.65 and 16.85 µM in 2020 and 2021, respectively. 

Dissolved phosphate levels were 4.63 µM in Dec. 2020 and 5.35 µM in June 2021.  

The water column distributions of nutrients, according to Black Sea’s redox 

regulated characteristic distributions (Tugrul et al., 1992), the density layers are 

higher than expected, in December 2020 cruise. First peak of phosphate maximum 

and nitrate maximum appears at 14.5 and phosphate minima appears at 15.84; 

however, the second and bigger peak appears at 16.19 as expected. On the other 

hand, in June 2021, the phosphate peaks were at 15.41 and 16.2 with minima at 

15.84, additionally the nitrate peak was also at 15.41, the nutrient distributions seem 

consistent with literature. As a result, for both cruises, with high levels of NH4
+ and 

H2S, the bottom water represents strongly reducing conditions. Related porewater 

results are given in section 3.1.2 Figure 33. 
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Figure 25: Station 11, December 2020 Black Sea R/V Bilim-2 Cruise: Water column 
physical and biogeochemical parameters vs. density graphs. Bottom depth: 448 m 

 

 

Figure 26: Station 11, June 2021 the Black Sea R/V Bilim-2 Cruise: Water column 
physical and biogeochemical parameters vs. density graphs. Bottom depth: 359 m 

Sulfidic station 18 of the west of Bosphorus transect in Black Sea (Figure 27) was 

visited only during the June 2021 Cruise. Stations bottom waters had hydrogen 

sulfide at level of 202 µM H2S at 16.88 . Dissolved nitrate was below detection 
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and dissolved phosphate was 5.59 µM. Compared to other sulfidic station 11 in 

southwestern shelf result in June 2021, station 18 had higher H2S values with similar 

nitrate, ammonia, and phosphate values at the bottom. In the water column, the 

phosphate and DO distributions are clearly affected by the oxygen rich water 

intrusion from Bosphorus, especially with 48 µM at 16.2 density layer. Related 

porewater results are given in section 3.1.2 Figure 34. 

 

 

Figure 27: Station 18, June 2021 the Black Sea R/V Bilim-2 Cruise: Water column 
physical and biogeochemical parameters vs. density graphs. Bottom depth: 387 m 

3.1.2 Results of sedimentary porewater profiles  

3.1.2.1 Sedimentary Porewater Profiles of Oxic Stations 

Porewater nitrate, ammonia, dissolved iron, and hydrogen sulfide distributions along 

the core of station 9 are given in Figure 28 for both cruises. The water column 

characteristics of station 9 are given in the section 3.1.1 in Figure 19 and Figure 20 

for December 2020 and June 2021 results, respectively. The bottom conditions 

represented oxic in both sampling periods.  
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In December 2020, the interface water had 6 µM of nitrate which is higher than 

bottom nitrate values by a factor of 3. Nitrate decreased drastically in 1 cm surface 

layer to 1.9 µM and diminished at 10cm layer indicating high rates of denitrification 

at the very top of the sediment. Dissolved iron was 0.04 µM in the interface water 

and increased dramatically towards 2 cm layer to 138 µM levels indicating high 

activity of microbial iron reduction. Whole sediment profile exhibited high levels of 

dissolved iron higher than 15 µM for 1-25cm interval until 30cm layer to 3µM dFe 

value. Dissolved hydrogen sulfide was below detection limit at any layers. 

In June 2021, the interface water had 1.37 µM of nitrate. Nitrate showed a decreasing 

trend on the top seen as in December 2020 results, however, did not become depleted 

and remained around 0.50 µM levels through whole profile. These results imply that 

the measurement of nitrate for this core had high percentages of error as nitrate would 

be expected to be absent in the reducing conditions of hydrogen sulfide presence.  

Dissolved iron was below detection limit in the interface water but denoted a 

maximum at 1cm with a value of 26 µM levels. At 10cm and deeper layers dFe was 

below 5 µM, and for 15-25 cm interval dropped up to nanomolar (nM) levels. 

Dissimilarly to December 2020, in June2021 hydrogen sulfide appeared at 10cm and 

increased to 10 µM at 20cm indicating microbial sulfate reduction activities.  

Station 9 porewater nitrate, dFe and H2S results indicated high levels of 

denitrification and mobilized iron on the surface of the sediment in both cruises. 

Redox condition quickly shifted from denitrification to iron reduction at the first 1-

2cms. December 2020 and June 2021 results were found to be different mostly on 

the aspect of presence of hydrogen sulfide. June 2021 results showed stronger redox 

zonation with lower maxima of nitrate and dissolved iron. 
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Figure 28: Station 9, December 2020 and June 2021 the Black Sea R/V Bilim-2 
Cruise: Porewater redox-sensitive nutrients, dissolved hydrogen sulfide and 
dissolved iron (<0.45µm) distributions along the core. 

Porewater nitrate, ammonia, dissolved iron, and hydrogen sulfide distributions along 

the core of station 16 are given in Figure 33. The water column characteristics of 

station 16 are given in the section 3.1.1 in Figure 21. The bottom water showed oxic 

conditions. 

In station 16, nitrate ranged from 0.1 to 1 µM through the profile including the 

interface water, which was lower than bottom water values, indicating denitrification 

on the top of the sediment layer. Unexpected distribution of nitrate is related to June 

2021 nutrient measurements error. Dissolved iron appeared after 1 cm and raised to 

49 µM at 4cm layer. Dissolved iron decreased towards deeper to 0.15 µM at 30cm. 

Hydrogen sulfide measurements were not conducted during the cruise according to 

results of previous oxic station results. 

Station 16 porewater results indicated high level of mobilized iron on the top part of 

the sediment being consistent with other oxic stations’ porewater results.    
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Figure 29: Station 16, June 2021 the Black Sea R/V Bilim-2 Cruise: Porewater 
redox-sensitive nutrients, dissolved hydrogen sulfide and dissolved iron (<0.45µm) 
distributions along the core. 

3.1.2.2 Sedimentary Porewater Profiles of Hypoxic Stations 

Porewater nitrate, ammonia, dissolved iron, and hydrogen sulfide distributions along 

the core of station 10 are given in Figure 30 for December 2020 cruise. The water 

column characteristics of station 10 are given in the section 3.1.1 in Figure 22 for 

December 2020. The bottom water exhibited hypoxic conditions in December 2020. 

In December 2020, the interface water had 2.40 µM of nitrate which was lower than 

bottom nitrate values. Nitrate decreased towards 4cm layer and disappeared, 

indicating denitrification in the surface waters of sediment instead of sediment 

porewater. Dissolved iron was 0.36 µM in the interface water and increases towards 

2 cm layer to 28 µM levels. Dissolved iron was lower than 5 µM between 10cm and 

23cm reaching at a value of 1.82 µM at the bottom of the sediment core. Dissolved 

hydrogen sulfide detected only at 1cm layer with a concentration of 0.50 µM 

suggesting insufficient sulfate reduction for this sediment core. 

 

Figure 30: Station 10, December 2020 the Black Sea R/V Bilim-2 Cruise: Porewater 
redox-sensitive nutrients, dissolved hydrogen sulfide and dissolved iron (<0.45µm) 
distributions along the core. 

Porewater nitrate, ammonia, dissolved iron, and hydrogen sulfide distributions along 

the core of station 17 are given in Figure 31. The water column characteristics of 

station 17 are given in the section 3.1.1 in Figure 23. The bottom water shows 

hypoxic conditions. 
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In station 17, nitrate was 0.40 µM in the interface waters which was lower than 

bottom water values.  The whole profile couldn’t be sampled for nutrients due to low 

volume of porewaters, so the nutrient data discontinues for 4-20cm interval. Until 

8cm depth, nitrate increased to 8 µM unexpectedly. The increase in nitrate reflected 

to ammonia as decrease which might be indicating oxidation of ammonia during 

sampling. Dissolved iron concentrations were less than 2 µM until 10cm layer and 

maximized at 15cm at a level of 21 µM.  

Station 17 porewater results indicated high positive error in nitrate measurements. 

Also, it differed from other Black Sea suboxic-hypoxic stations’ results in terms of 

comparatively lower levels of mobilized iron at the surface of the sediment.  

 

Figure 31: Station 17, June 2021 the Black Sea R/V Bilim-2 Cruise: Porewater 
redox-sensitive nutrients, dissolved hydrogen sulfide and dissolved iron (<0.45µm) 
distributions along the core  

3.1.2.3 Sedimentary Porewater Profiles of Suboxic Stations 

Porewater nitrate, ammonia, dissolved iron, and hydrogen sulfide distributions along 

the core of station 10 are given in Figure 32 for June 2021 Cruise. The water column 

characteristics of station 10 are given in the section 3.1.1 in Figure 24 for June 2021 

results. The bottom water exhibited suboxic conditions in June 2021.  

In June 2021, the interface water has 0.90 µM of nitrate which is higher than bottom 

waters, however the sediment profile of nitrate had a similar error as in station 9 in 
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June 2021. Nitrate varied between 0.4-0.8 µM through whole water column, even in 

hydrogen sulfide layer indicates a positive error in measurements. The error disables 

to deduce the exact sediment depth for denitrification layer in this core; however, the 

minimum levels are indicative of denitrification at the surface part of the sediment. 

Dissolved iron was 3.85 µM in the interface water and increases significantly to 110 

µM at 2cm indicating high rates of microbial iron reduction. The iron reduction 

redox layer is narrower compared to December 2020, because dissolved iron 

decreases quickly to 19 µM at 3cm and remains below 1 µM until the bottom of 

sediment. Hydrogen sulfide was below 1 µM until 6cm but increased to 72 µM at 

15cm which then decreased to levels around 2 µM below 25cm below seafloor. 

Dissimilarly to December 2020, in June2021 gives a mid-profile hydrogen sulfide 

peak and the trend indicates sulfate reduction below the iron reduction layer.  

Station 10 porewater results pointed high levels of iron reduction in both cruises and 

sulfate reduction in June 2021. As in the comparison of cruises for station 9, June 

2021 results indicates stronger redox zonation in the sediment, anyhow the dissolved 

iron peak was higher for June 2021 compared to December 2020. 

 

Figure 32: Station 10, June 2021 the Black Sea R/V Bilim-2 Cruise: Porewater 
redox-sensitive nutrients, dissolved hydrogen sulfide and dissolved iron (<0.45µm) 
distributions along the core. 

3.1.2.4 Sedimentary Porewater Profiles of Sulfidic Stations 

Porewater nitrate, ammonia, dissolved iron, and hydrogen sulfide distributions along 

the core of station 11 are given in Figure 33 for both cruises. The water column 
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characteristics of station 11 are given in the section 3.1.1 in Figure 25and Figure 26 

for December 2020 and June 2021 results, respectively. The bottom waters were 

highly sulfidic conditions for both cruises. 

In December 2020, nitrate was below detection limit due to highly reducing 

conditions in the sediment porewater. Dissolved iron was 0.33 µM within the first 

1cm and remaining larger than 0.05uM throughout the sediment. Dissolved 

hydrogen sulfide was 215 µM at 1cm layer being higher than the bottom water 

values. Hydrogen sulfide increased towards deep in the profile up to 3 mM levels. 

Although hydrogen sulfide and dissolved iron did not display a redox zonation, the 

distribution trend of them pointed out a counteracting relation indicative of FeS 

precipitation. 

In June 2021, porewater volume was so limited and only iron and hydrogen sulfide 

sub-samples were taken. Within these, only hydrogen sulfide could be measured. 

Dissolved iron measurements failed during the cruise due to complications with 

liquid wave guide capillary cell. As in December 2020 cruise results, hydrogen 

sulfide started to increase from 138 µM to about 3mM levels towards the bottom of 

sediment. 

Station 11 porewater results showed that the presence of hydrogen sulfides hinders 

dissolved iron to nanomolar levels due to precipitation. The distribution trend was 

visible even at nanomolar levels. The distribution of iron through the profile 

appeared to be controlled by the amount of hydrogen sulfide, emphasizing the close 

coupling of Fe and S cycles in sediment porewaters.  
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Figure 33: Station 11, December 2020 and June 2021 the Black Sea R/V Bilim-2 
Cruise: Porewater redox-sensitive nutrients, dissolved hydrogen sulfide and 
dissolved iron (<0.45µm) distributions along the core. 

Porewater nitrate, ammonia, dissolved iron, and hydrogen sulfide distributions along 

the core of station 18 are given in Figure 34. The water column characteristics of 

station 18 are given in the section 3.1.1 in Figure 27.  

In station 18, nitrate showed measurement errors. Dissolved iron was not measured 

during the cruise because low levels of dissolved iron was shown in previous results.  

 

Figure 34: Station 18, June 2021 the Black Sea R/V Bilim-2 Cruise: Porewater 
redox-sensitive nutrients, dissolved hydrogen sulfide and dissolved iron (<0.45µm) 
distributions along the core 

3.1.3 Profiles of carbon and nitrogen analysis in solid sediment samples 

Analysis for elemental carbon (total and organic fraction) and nitrogen is given 

(Figure 35-Figure 37) for station s9,10 and 11 visited in December 2020 cruise.  

Total carbon in station 9 sediments was higher than 3mmol/g for first 10cm and total 

organic carbon was higher than 1.5mmol/g. TOC/TN ratio increased towards 10cm 

indicating higher carbon content on the top part of the sediment.  
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Figure 35: Station 9, December 2020 Black Sea R/V Bilim-2 Cruise: Sediment solid 
state total carbon and nitrogen distributions along the core 

In station 10, 6cm sediment layer had significant change in total carbon and total 

organic carbon distributions that this layer consists of high amounts of deposited 

carbonate shells. Overall, total carbon was higher and, total organic carbon and total 

nitrogen was lower than TOC/TN of station 9. 

 

Figure 36: Station 10, December 2020 Black Sea R/V Bilim-2 Cruise: Sediment solid 
state total carbon and nitrogen distributions along the core 

In station 11 was richer in terms of total organic carbon and total nitrogen content 

compared to the other stations. TOC/TN ratio was around 11 through the profile 

except for the depths of 20 and 25cm. 
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Figure 37: Station 11, December 2020 Black Sea R/V Bilim-2 Cruise: Sediment solid 
state total carbon and nitrogen distributions along the core 

3.1.4 Profiles of size fraction in seawater and in porewater dFe 

In station 9, high amount of dissolved iron result in porewater was promising for size 

fractionation analysis. The size fraction distribution along the core within the 

dissolved iroon pool is given in Figure 38. The fractions concentrations were 

obtained by subtracting from the larger pool and shown in size ranges. 

0.02<dFe<0.20µm fraction represents colloidal iron and dFe<0.02µm one represents 

soluble iron. The dissolved iron pool was mostly dominated by soluble fraction and 

colloidal fraction was quite minor. However the collodial fraction was only found on 

the surface layer of the sediment. The results have obvious errors such as negative 

concentration values. In literature, such as Heyden et al. 2015, negative 

concentration values for size fractions was reported before. For the discussion of 

negative concentration results see section 4.2. 
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Figure 38: Station 9, December 2020 Black Sea R/V Bilim-2 Cruise: Porewater 
dissolved iron (<0.45µm) size fractions distributions along the core. (On top) the 
distributions over the same scale range of concentrations. (Below) the distributions 
are widened to observe the distribution trend. 

In station 11, during December 2020 cruise, we sampled the seawater from suboxic 

layer at density depths of = 15.84, 16.01, 16.19 for particulate iron analysis. The 

highest value was at 16.19  with a concentration of 80nM at the onset of hydrogen 

sulfide layer. This was our preliminary results for seawater iron analysis. 
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Figure 39: Station 11, December 2020 Black Sea R/V Bilim-2 Cruise: Seawater 
particulate iron (<1.0 µm), DO, redox sensitive nutrients and hydrogen sulfide 
distributions along the water column 

Likewise, in station L56L10, we sampled the seawater along the whole water column 

for particulate iron analysis. The highest pFe value was 289nM at 16.60  value on 

the upper boundary of hydrogen sulfide layer in the presence of 14.6uM H2S.  
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Figure 40: Station L56L10, December 2020 Black Sea R/V Bilim-2 Cruise: Seawater 
particulate iron (<1.0 µm), DO, redox sensitive nutrients and hydrogen sulfide 
distributions along the water column 

After the preliminary results we obtained at nanomolar levels of iron in seawater 

during December 2020 cruise, in June 2021, we applied size fractionation in the 

depths of the highest dissolved iron in seawater. In station L43L10, in the off-shore 

of the southwestern transect, the dissolved iron distribution in watercolumn with 

other parameters are given on the top and size fractionation distribution of dissolved 

pool at  is given below in Figure 41. The suboxic layer showed high amounts of 

mobilized iron in the seawater to levels of 224nM. At 16.0  value, dissolved iron 

was below detection limit. At 16.1  value, the dissolved pool only consisted of 

colloidal fraction (29nM) and larger dissolved fraction (19nM). At 16.2  depth, the 

dissolved pool only consisted of colloidal(38nM). There was no difference between 

nitric acid and hydrochloric acid treated samples for this station and no negative 

concentration result was obtained in this size fraction analysis. 
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Figure 41: Station L43L10, June 2021 the Black Sea R/V Bilim-2 Cruise: (on top) 
Seawater dissolved iron (<0.45 µm), DO, redox sensitive nutrients and hydrogen 
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sulfide distributions along the water column. (below) Seawater dissolved iron (<0.45 
µm) size fraction distributions along 3 density depths of =16.0, 16.1, 16.2 

In station L27L57, in the off-shore of the east of Bosphorus transect, the dissolved 

iron distribution in watercolumn with other parameters are given on the top and size 

fractionation distribution of dissolved pool at  is given below in Figure 42. The 

suboxic layer dissolved iron seawater was  89nM which were approximately half of 

the dissolved iron measured in L43L10. Selected  depths were 16.6,16.7 and 16.8, 

according to previous particulate iron results obtained in Black Sea. In this station, 

in addition to dissolved iron pool, particulate iron was also analyzed. 16.7  depth 

had the highest particulate concentration as 176nM and colloidal concentration as 

86nM. In this station, size fractionation results had negative values. 

Overall, the negative concentration error was smaller in the seawater size 

fractionation results. The colloidal forms were found to be dominant for water 

column while soluble fraction was assessed to be dominant for porewater. These 

results exhibited that there was a difference in iron fractionation for seawater and 

porewater.  
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Figure 42: Station L27L57, June 2021 the Black Sea R/V Bilim-2 Cruise: (on top) 
Seawater dissolved iron (<0.45 µm), DO, redox sensitive nutrients and hydrogen 
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sulfide distributions along the water column. (below) Seawater dissolved iron (<0.45 
µm) size fraction distribution along 3 density depths of =16.6, 16.7, 16.8 

3.2 The Sea of Marmara 

3.2.1 Water column profiles of porewater stations 

In this section, water column parameters are given over depth, exhibiting bottom 

water conditions for each station and temporal variability in between cruises. 

Area Cruise Station 
Bot. Depth 
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[µM]  
Redox 
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1 67 49 hypoxic 

3 195 22 hypoxic 

4 649 7 suboxic 

IZMIT DEEP 206 0 sulfidic 

45-C 1214 5 suboxic 

 

3.2.1.1 Hypoxic Water Column Profiles 

Station 1 of the Izmit transect in the Sea of Marmara (Figure 43 in December 2020 

and Figure 44 in June 2021), exhibited hypoxic conditions at the bottom with 69 µM 

DO in Dec. 2020 and 49 µM DO in June 2021. Dissolved nitrate was 6.6 µM in Dec. 

2020 and it was higher in June 2021 as 9.57µM. Likewise, phosphate was 0.53µM 

during December 2020 and it was higher in June 2021 as 0.93µM. Overall, the nitrate 

levels of the bottom waters in the Sea of Marmara stations were higher than those of 

the Black Sea. Related porewater results are given in section 3.2.1.1 Figure 55. 
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Figure 43: Station 1, December 2020 the Sea of Marmara R/V Bilim-2 Cruise: Water 
column physical and biogeochemical parameters vs. depth graphs. Bottom depth: 
70m 

 

 

Figure 44: Station 1, June 2021 the Sea of Marmara R/V Bilim-2 Cruise: Water 
column physical and biogeochemical parameters vs. depth graphs. Bottom depth: 
67m 

Station 3 of the Izmit transect in the Sea of Marmara (Figure 45 in December 2020 

and Figure 46 in June 2021), exhibited hypoxic conditions at the bottom with 21 µM 
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DO in Dec. 2020 and 11 µM DO in June 2021. Dissolved nitrate was 6.07 µM in 

Dec. 2020 and was higher in June 2021 as 8.18 µM. Likewise, phosphate was 0.74 

µM during December 2020 and was higher in June 2021 as 0.99µM. Related 

porewater results are given in section 3.2.1.1 Figure 56. 

 

 

Figure 45: Station 3, December 2020 the Sea of Marmara R/V Bilim-2 Cruise: Water 
column physical and biogeochemical parameters vs. depth graphs. Bottom depth: 
286m 
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Figure 46: Station 3, June 2021 the Sea of Marmara R/V Bilim-2 Cruise: Water 
column physical and biogeochemical parameters vs. depth graphs. Bottom depth: 
195 m 

Station 4 of the Izmit transect in the Sea of Marmara (Figure 47 in December 2020), 

exhibited hypoxic conditions at the bottom with 13.5 µM DO in December 2020 

cruise. Dissolved nitrate was 3.63 µM in Dec. 2020 and phosphate was 0.43 µM 

during December 2020. Related porewater results are given in section 3.2.1.1 Figure 

57. 
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Figure 47: Station 4, December 2020 the Sea of Marmara R/V Bilim-2 Cruise: Water 
column physical and biogeochemical parameters vs. depth graphs. Bottom depth: 
475 m 

Station 5 of the Armutlu transect in the Sea of Marmara was visited only in December 

2020 cruise (Figure 48), exhibited hypoxic conditions at the bottom with 39.3 µM 

DO. Dissolved nitrate was 13.36 µM while phosphate was 0.97 µM. Nitrate levels 

at the bottom of this area were significantly higher than the Black Sea transect and 

Izmit transect in the Sea of Marmara. Related porewater results are given in section 

3.2.1.1 Figure 58. 
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Figure 48: Station 5, December 2020 the Sea of Marmara R/V Bilim-2 Cruise: Water 
column physical and biogeochemical parameters vs. depth graphs. Bottom depth: 84 
m 

Station 7 of the Armutlu transect in the Sea of Marmara was visited only in December 

2020 cruise (Figure 49), exhibited hypoxic conditions at the bottom with 11.10 µM 

DO. Dissolved nitrate was 14.62 µM while phosphate was 1.03 µM. Nitrate levels 

at the bottom are significantly higher than the Black Sea and Izmit transect in the 

Sea of Marmara. Related porewater results are given in section 3.2.1.1 Figure 59. 

 

 

Figure 49: Station 7, December 2020 the Sea of Marmara R/V Bilim-2 Cruise: Water 
column physical and biogeochemical parameters vs. depth graphs. Bottom depth: 
243 m  

Station 8 of the Armutlu transect in the Sea of Marmara was visited only in December 

2020 cruise (Figure 50), exhibited hypoxic conditions at the bottom with 17.30 µM 

DO. Dissolved nitrate was 12.75 µM while phosphate was 0.89 µM. Nitrate levels 
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at the bottom were significantly higher than the Black Sea and Izmit transect in the 

Sea of Marmara. Related porewater results are given in section 3.2.1.1 Figure 60. 

 

 

Figure 50: Station 8, December 2020 the Sea of Marmara R/V Bilim-2 Cruise: Water 
column physical and biogeochemical parameters vs. depth graphs. Bottom depth: 
381 m  

3.2.1.2 Suboxic Water Column Profiles 

Station 4 of the Izmit transect in the Sea of Marmara (Figure 51 in June 2021), 

exhibited suboxic conditions with 7 µM DO in June 2021. Dissolved nitrate was 7.37 

µM and phosphate was 1.33 µM.  For station 4, in June 2021, a deeper area compared 

to December 2020 cruise was sampled due to drift during CTD operation which 

resulted in with lower DO and higher nutrient levels at the bottom. Related porewater 

results are given in section 3.2.1.1 Figure 57. 
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Figure 51: Station 4, June 2021 the Sea of Marmara R/V Bilim-2 Cruise: Water 
column physical and biogeochemical parameters vs. depth graphs. Bottom depth: 
649 m 

In addition to the shallow-deep transects around the rim of the Çınarcık Basin, we 

also collected samples for one time the Station 45-C (Çınarcık-Deep), deepest part 

in Çınarcık Basin in the Sea of Marmara, during the June 2021 cruise (Figure 52), 

exhibited nearly suboxic conditions at the bottom with 4.60 µM DO. In the bottom-

most waters, dissolved nitrate was 4.29 µM which lower than other the Sea of 

Marmara stations while phosphate was 1.03 µM. In 45-C water column profile, 

general structure of the Sea of Marmara can be seen as drastically decreasing oxygen 

below pycnocline to 60µM levels and continues to decrease towards 350 m to levels 

of 10µM. 350-1000m interval exhibited DO levels around 10µM and below 1000m 

dissolved oxygen decreased to 5µM levels. 45-C water column represent an oxygen 

minimum zone (OMZ). Related porewater results are given in section 3.2.1.1 Figure 

62. 
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Figure 52: Station 45-C (Çınarcık-Deep), June 2021 the Sea of Marmara R/V Bilim-
2 Cruise: Water column physical and biogeochemical parameters vs. depth graphs. 
Bottom depth: 1214 m 

 

3.2.1.3 Sulfidic Water Column Profiles 

Station IZMIT-DEEP, the deepest part of the İzmit Bay in the Sea of Marmara, was 

visited only in June 2021 cruise (Figure 53 and hydrogen sulfide profile in Figure 

54), exhibited sulfidic conditions at the bottom with 33 µM H2S. Bottom depth s 

205m and below 118m appeared with 12µM and DO disappeared with 2.5µM, 

meaning bottom 87 meter water mass is sulfidic. Dissolved nitrate was close to 

detection limits as 0.4 µM at the bottom due to reducing conditions while phosphate 

was 1.98µM. Related porewater results are given in section 3.2.1.1 Figure 63. 
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Figure 53: Station Izmit Deep, June 2021 the Sea of Marmara R/V Bilim-2 Cruise: 
Water column physical and biogeochemical parameters vs. depth graphs. Bottom 
depth: 206 m 

 

Figure 54: Station Izmit Deep, June 2021 the Sea of Marmara R/V Bilim-2 Cruise: 
dissolved hydrogen sulfide in water column.  

In general, according to comparison of December and June cruises for the stations 

of 1, 3 and 4; June 2021 had higher nutrient values at the bottom. For the Sea of 

Marmara and the Black Sea bottom conditions comparison, the Sea of Marmara had 

significantly higher nitrate levels at the bottom in similar dissolved oxygen levels. 

This case suggests that the Sea of Marmara nutrient load is higher than the Black Sea 

for the periods we sampled.  
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3.2.2 Results of sedimentary porewater profiles 

3.2.2.1 Sedimentary Porewater Profiles of Hypoxic Stations 

Porewater nitrate, ammonia, dissolved iron, and hydrogen sulfide distributions along 

the core of station 1 are given in Figure 55 for both cruise legs in the Sea of Marmara. 

The water column characteristics of station 1 are given in the section 3.2.1 in  Figure 

43 and Figure 44 for December 2020 and June 2021 results, respectively. The bottom 

conditions represent hypoxia in both sampling periods.  

In December 2020, the interface water had 10.10 µM of nitrate which was higher 

than bottom nitrate values. Nitrate decreased drastically in 1 cm surface layer to 2.10 

µM indicating high denitrification activity at the very top of the sediment. Nitrate 

showed a decrease towards deeper with an increasing peak at 2cm and disappeared 

at 15cm layer. Dissolved iron was 1.78µM in the interface water and increased 

dramatically at 1 cm layer to 63.07 µM levels indicating high activity of microbial 

iron reduction. Nitrate and dissolved iron profile indicated high microbial anaerobic 

respiration within 1cm layer of the sediment. Dissolved iron reduction layer was 

quite narrow and dissolved iron decreased to 23.07 at 2cm and remained <1µM 

below 10cm except for 25 cm depth. Dissolved hydrogen sulfide was detected only 

in interface(2.3µM) and 3cm layer(0.8µM). The expected redox zonation order did 

not occur in this profile and no sulfate reduction layer appeared despite the very 

narrow iron reduction layer. This result might be related to small amount of TOC 

presence (Figure 64) in the core below 15cm (<0.80mmol/g). 

In June 2021, the interface water had 1.60 µM of nitrate being remarkable lower than 

bottom water indicating denitrification on the sediment surface. Nitrate decreased to 

0.40µM at 1cm, however, did not disappear and remains at 0.40-0.50 µM levels 

through whole profile. This result can be related to error in nitrate measurements and 

may be reflecting the contamination in distilled water used for measurements.  

Dissolved iron was 0.15µM in the interface water but exhibited a maxima at 1cm to 
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37µM levels. At 4 cm and deeper layers dFe varied from 3 to 5µM. As in December 

2020, iron reduction appeared to be occurring at the top of the sediment within a 

narrow part. Dissolved hydrogen sulfide was detected only at 3cm layer (1.6µM) and 

30cm layer(0.8µM). 

Station 1 porewater nitrate, dFe and H2S results indicated redox processes of 

denitrification and iron reduction is very intense in the surface sediments. December 

2020 and June 2021 results looks similar interestingly especially for dissolved iron 

and dissolved hydrogen sulfide. Hydrogen sulfide appeared at 3cm in both cores and 

dissolved iron in corresponding layer did not show a significant increasing or 

decreasing trend. 

 

Figure 55: Station 1, December 2020 and June 2021 the Black Sea R/V Bilim-2 
Cruise: Porewater redox-sensitive nutrients, dissolved hydrogen sulfide and 
dissolved iron (<0.45µm) distributions along the core. 

Porewater nitrate, ammonia, dissolved iron, and hydrogen sulfide distributions along 

the core of station 3 are given in Figure 56 for both cruises. The water column 

characteristics of station 3 are given in the section 3.2.1 in Figure 45 and Figure 46 

for December 2020 and June 2021 results, respectively. The bottom conditions 

represent hypoxia in both sampling periods.  

In December 2020, the interface water had 6.40 µM of nitrate which was nearly the 

bottom water levels. Nitrate started to decrease from the surface towards 8cm and 

disappeared. Dissolved iron was 1.11µM in the interface water and increased 

dramatically at 1 cm layer to 87 µM levels indicating high activity of microbial iron 

reduction. Differently the nitrate profile indicated larger redox zonation compared to 
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station 1 and present below the iron reduction layer. Denitrification and iron 

reduction zones appeared to coincide. Dissolved hydrogen sulfide was detected only 

at 2-4cm range with maxima at 3cm as 4µM.  

In June 2021, the interface water had 1.20 µM of nitrate which was substantially 

lower the nitrate concentrations of the bottom waters. Nitrate remained at 0.5-1.0 

µM levels through whole profile except for 40cm layer with 1.9µM. Dissolved iron 

was 0.15µM in the interface water but maximized at 1cm to a concentration of 27µM. 

At 10 cm and deeper layers dFe was lower than 15µM, after 25cm decreased to 5µM 

levels and for the deeper part than 40cm remained in levels close to detection. 

Dissolved hydrogen sulfide was detected only 2-6 cm layer range (maxima=1.6µM). 

Similar to station 1, station 3 porewater nitrate, dFe and H2S results indicated a strong 

imprint of denitrification and iron reduction processes on the surface sediments. For 

both stations in December 2020 and June 2021 results looks similar and 3-5cm layer 

shows presence of hydrogen sulfide. 

 

Figure 56: Station 3, December 2020 and June 2021 the Black Sea R/V Bilim-2 
Cruise: Porewater redox-sensitive nutrients, dissolved hydrogen sulfide and 
dissolved iron (<0.45µm) distributions along the core. 

Porewater nitrate, ammonia, dissolved iron, and hydrogen sulfide distributions along 

the core of station 4 are given in Figure 57 for December 2020 Cruise which 

exhibited hypoxic conditions at the bottom. The water column characteristics of 

station 4 are given in the section 3.2.1 Figure 47Figure 51 for December 2020. 

In December 2020, the interface water had 9.5 µM of nitrate which was higher than 

bottom water levels. Nitrate started to decrease from the surface and disappears at 
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first 3 cm. Dissolved iron was 1.64µM in the interface water and increased at 3 cm 

layer to 26µM levels. Dissolved iron decreased after 3cm and gave a second peak at 

8cm as 22µM. Dissolved hydrogen sulfide was detected only at 2-6cm range which 

remains to be 0.80µM. The hydrogen sulfide layer coincided with the decrease layer 

in dissolved iron before the second peak.  

Station 1, 3 and 4 indicated that redox zonation in the Sea of Marmara is quite near 

the surface and dominated by denitrification and iron reduction. Surface 10 cm of 

the sediment was more prone to form redox zonation might be related to those 

general low levels of TOC below 10cm (section 0) in the Sea of Marmara restricted 

high respiration activities. Even though presence of hydrogen sulfide appeared only 

in some sediment layers and, especially around 3-5cm layers in the Sea of Marmara, 

it might be an indicative of sulfate reduction below the iron reduction zone. 

Disordered distribution of the hydrogen might be due to precipitation reactions 

between iron and sulfur which inhibits dissolved hydrogen sulfide in porewater.  

 

Figure 57: Station 4, December 2020 the Black Sea R/V Bilim-2 Cruise: Porewater 
redox-sensitive nutrients, dissolved hydrogen sulfide and dissolved iron (<0.45µm) 
distributions along the core 

Porewater nitrate, ammonia, dissolved iron, and hydrogen sulfide distributions along 

the core of station 5 are given in Figure 58, which was visited only in December 

2020 cruise. The water column characteristics of station 5 are given in the section 

3.2.1 in Figure 48. The bottom conditions represented hypoxic.  

In station 5, the interface water had 11.3 µM of nitrate, despite the nitrate 

concentration was high, the bottom water still had higher nitrate concentrations. 
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Nitrate started to decrease from the surface and disappeared at first 4 cm and lower 

level at the interface indicated the denitrification occurs above the sediment. 

Dissolved iron was 0.07µM in the interface water and increased at 1 cm layer to 11.5 

µM levels. Dissolved iron remained around 10µM along the core (30cm) except for 

4.87µM at 8cm. Ammonia distribution mirrored nitrate profile and was similar to the 

iron profile, indicating the release of both NH4
+ and Fe to porewaters during 

sedimentary organic matter respiration. Dissolved hydrogen sulfide was below 

detection limit throughout the core.  

 

Figure 58: Station 5, December 2020 the Sea of Marmara R/V Bilim-2 Cruise: 
Porewater redox-sensitive nutrients, dissolved hydrogen sulfide and dissolved iron 
(<0.45µm) distributions along the core 

Porewater nitrate, ammonia, dissolved iron, and hydrogen sulfide distributions along 

the core of station 7 are given in Figure 59, which was visited only in December 

2020 cruise. The water column characteristics of station 7 are given in the section 

3.2.1 in Figure 49. The bottom conditions represent hypoxic.  

In station 7, the interface water had 1.40 µM of nitrate, the bottom water had 

significantly higher nitrate concentrations. Nitrate started to decrease from the 

surface and disappeared at first 4 cm and lower level at the interface indicated the 

denitrification occurs above the sediment. Dissolved iron was 0.11µM in the 

interface water and increases at 1 cm layer to 12.43 µM levels. Dissolved iron 

remained around 10µM down to 25cm and decreases to <5µM levels below 25cm. 

As in station 5, ammonia accumulated with depth except for the 10-14 cm interval. 

Dissolved hydrogen sulfide was only detected at the range of 4-8cm as 0.80µM.   
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Figure 59: Station 7, December 2020 the Sea of Marmara R/V Bilim-2 Cruise: 
Porewater redox-sensitive nutrients, dissolved hydrogen sulfide and dissolved iron 
(<0.45µm) distributions along the core 

Porewater nitrate, ammonia, dissolved iron, and hydrogen sulfide distributions along 

the core of station 8 are given in Figure 60, which was visited only in December 

2020 cruise. The water column characteristics of station 8 are given in the section 

3.2.1 in Figure 50. The bottom conditions represent hypoxic.  

In station 8, the interface water had 9.80 µM of nitrate, the bottom water had higher 

nitrate concentrations. Nitrate started to decrease from the surface towards 2cm to 

0.10µM and and disappeared at first 4 cm. Lower level at the interface indicates the 

denitrification occurs above the sediment. Dissolved iron was 0.86µM in the 

interface water and increased drastically at 1 cm layer to 60.37 µM levels. Dissolved 

iron showed disordered distribution with strong twists along the core, which was not 

the case in the station 5 and 7. Dissolved iron decreased to 8 µM at 2cm from 60µM 

at 1cm; increased at 3-4cm to 30-35µM levels and decreased again in the range of 4-

10cm to 0.43µM levels. Below 10cm the layers had maximum and minimum points 

within 0-10µM concentration range. Dissolved hydrogen sulfide was only detected 

at the range of 3-10cm as 0.80µM. Ammonia distribution indicated a different 

increasing trend below 10cm and did not show coupled distribution with dissolved 

iron, a different trend from the station 5 and 7. 
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Figure 60: Station 8, December 2020 the Sea of Marmara R/V Bilim-2 Cruise: 
Porewater redox-sensitive nutrients, dissolved hydrogen sulfide and dissolved iron 
(<0.45µm) distributions along the core. 

3.2.2.2 Sedimentary Porewater Profiles of Suboxic Stations 

Porewater nitrate, ammonia, dissolved iron, and hydrogen sulfide distributions along 

the core of station 4 are given in Figure 61 for June 2021 cruise. The water column 

characteristics of station 4 are given in the section 3.2.1 in Figure 51 for June 2021 

results which exhibited suboxic conditions at the bottom.  

In June 2021, the interface water had 1.10 µM of nitrate which was lower than nitrate 

levels in the bottom water. Nitrate remained at 0.5-1.0 µM levels throughout whole 

profile, resembling the pattern of station 3 June 2021 profile. Dissolved iron was 

0.58µM in the interface water and gave a maxima at 4cm to 50µM levels. Differently 

from other the Sea of Marmara stations, dissolved iron layer was larger as between 

6-15cm dFe was around 30µM and only after 20cm decreased to 15µM. Dissolved 

hydrogen sulfide appeared at 1cm as 5 µM and discontinued along the core with 

presence at 2 and 6cm depths as 0.80µM.  

In June 2021, the bottom water nutrients are quite higher than of December 2020, 

especially for nitrate, and dissolved oxygen levels are lower. The change in the water 

column towards less oxygenated state is seen as denitrification above the sediment 

surface instead of first 1-2cm of the sediment. 
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Figure 61: Station 4, June 2021 the Black Sea R/V Bilim-2 Cruise: Porewater redox-
sensitive nutrients, dissolved hydrogen sulfide and dissolved iron (<0.45µm) 
distributions along the core 

After presenting the results of the two transects, below the results of the two special 

stations in the Sea of Marmara 45-C and Izmit-Deep are given.  

Porewater nitrate, ammonia, dissolved iron, and hydrogen sulfide distributions along 

the core of station 45-C are given in Figure 62 for both core results, which was visited 

only in June 2021 cruise but sampled two cores in the sample multi-corer operation. 

The water column characteristics of station 45-C are given in the section 3.2.1 in 

Figure 52. The bottom conditions were suboxic.  

In station 45-C, the interface water had 1.40 µM of nitrate, lower than the bottom 

water levels. Nitrate decreased and remained in the range of 0.40-1.2µM along the 

core. June 2021 nutrient measurement errors masks the distribution of nitrate along 

the core however compared to bottom water conditions, sediment porewater levels 

were lower indicating the denitrification occurs above the sediment layer. Only 

dissolved iron and dissolved hydrogen sulfide was measured for both cores and 

nutrient were measured only in 45-1 numbered core. The data points for 6, 8 and 

25cm layers was missing due to problems during sample handling for dissolved iron 

of the 45-1 core. These data points coincided the decreasing ranges within dissolved 

iron layer and thus the profile of dissolved iron distribution appeared differently for 

45-1 core because of missing data points. The expectation was to have similar 

distribution for both cores since they were sampled during the same operation 

although the sediment layer was not expected to be fully homogenous. The most 

apparent difference was the amount of the dissolved iron. The dissolved hydrogen 
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sulfide, however, was sampled for all sampling depths and the distributions showed 

similarity with slight shift downward in the 45-2 core. Thus, the dissolved iron 

descriptions in this section refers to 45-2 core dFe values even though the nutrient 

data is coming from the 45-1 core. Dissolved iron was below detection limit in the 

interface water however appeared at the surface layer and remained around 5µMm 

until 4cm. Peaks at 6cm as 25µM, a second peak appears at 15cm as 27µM, and the 

third peak was at 30-35cm interval as 28-29µM. At 10cm a minima appeared as 

18µM, second minima was at 25cm as 5.34 µM and for below 40cm layer, dFe 

remained in the range of 0.5-1.5µM. Dissolved iron showed disordered distribution 

with shifts in trend along the core at 10 and 25cm layers. Dissolved hydrogen sulfide 

was only detected at the range of 1-8cm with absence at 4cm, thus 2 peaks as 1.60µM 

at 1-2cm and as 0.80 at 6-8cm. Ammonia distribution did not show coupled 

distribution with dissolved iron, differently from the station 5 and 7. 

 

Figure 62: Station 45-C (Çınarcık-Deep), June 2021 the Sea of Marmara R/V Bilim-
2 Cruise: Porewater redox-sensitive nutrients, dissolved hydrogen sulfide and 
dissolved iron (<0.45µm) distributions along the core. 

3.2.2.3 Sedimentary Porewater Profiles of Sulfidic Stations 

İzmit-Deep station is the deepest point (200m depth) in the İzmit Bay and was the 

most anoxic part of the Sea of Marmara. Porewater nitrate, ammonia, dissolved iron, 

and hydrogen sulfide distributions along the core of station IZMIT-DEEP are given 

in Figure 63, which was visited only in June 2021 cruise. The water column 

characteristics of station IZMIT-DEEP are given in the section 3.2.1 in Figure 53 

and Figure 54. The bottom conditions were sulfidic in the deepest 87 meter of the 
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water column, indicating high microbial sulfate reduction activity in the water 

column.  

In station IZMIT-DEEP, the interface water was sampled only for dissolved iron and 

dissolved hydrogen sulfide thus there is no data for nitrate in interface water. Nitrate 

remained in the range of 0.5-1.0µM for whole profile which might be related to 

measurement error. At 50cm, nitrate appeared as 3.6µM unexpectedly at the bottom 

of the core. Dissolved iron was 0.15µM in the interface water and remained in the 

range of 0.15-0.6µM for most of the part of the core (0-40cm) with an exceptional 

peak at 8cm as 3.20µM. Below 40cm, dFe increased towards 50cm to 2.55µM. 

Increase in dissolved iron and nitrate at the bottom of the core might be indicating 

the redox state was different at the bottom in addition to the regard of absence of 

hydrogen sulfide. Dissolved hydrogen sulfide was 32.3µM in the interface water 

which was the same levels as bottom water. Dissolved hydrogen sulfide increased 

towards 6cm and gives a maxima point as 182 µM. At 8 cm, coinciding the dFe peak, 

H2S decreased to 51.60µM and increased again to 66µM at 10 cm layer. Below 

10cm, H2S remained to be 0.10µM. Ammonia distribution indicated a different 

increasing trend below 10cm. The shifts below 10 cm might be indicating less 

reducing conditions below 10 cm might be signifying that the reducing condition on 

the upper part of the sediment and water column is a recent change.  

 

Figure 63: Station IZMIT-DEEP, June 2021 the Sea of Marmara R/V Bilim-2 Cruise: 
Porewater redox-sensitive nutrients, dissolved hydrogen sulfide and dissolved iron 
(<0.45µm) distributions along the core 

Overall, except for IZMIT-DEEP station, the Sea of Marmara benthic characteristics 

is storngly similar to those of the Black Sea’s oxic and suboxic bottoms considering 
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the high amounts of mobilized dissolved iron at the surface of the sediment. IZMIT-

DEEP station resembles to sulfidic bottom of the Black Sea, however, IZMIT-DEEP 

has higher dFe values due to lower reducing conditions compared to sulfidic stations 

of the Black Sea. Also, the higher dFe values might be due to a recent change in the 

redox conditions and the sulfate reduction and iron reduction competition is not 

overwhelmingly won by sulfate reduction as it is in the Black Sea. In general, the 

Sea of Marmara redox state is mostly dominated by denitrification and iron reduction 

zone on the upper sediment and bottom waters; and compensates sulfate reduction 

at this moment. 

3.2.3 Profiles of carbon and nitrogen analysis in solid sediment samples 

Analysis for elemental carbon (total and organic fraction) and nitrogen is given 

(Figure 64-Figure 69) for station 1,3,4,5,7 and 8 visited in December 2020 cruise.  

Total carbon in station 1 sediments is in the range of 2-3mmol/g and total organic 

carbon is in the range of 1-2mmol/g for first 10cm. Below 10cm, the range of TC 

drops to 1.7-1.8mmol/g and the range of TOC drops to 0.6-0.8mmol/g. TN is in the 

range of 0.07-0.19mmol/g for first 8cm and below it drops to 0.05-0.07 mmol/g 

range. TOC/TN ratio exhibits increasing trend towards 10-15cm as value of 18 and 

drops to levels of 14 below 15cm. Higher TOC content in the first 10cm shows 

stronger redox zonation on the upper part (Figure 55). Below 10cm, lower organic 

carbon content may not be adequate to support high anaerobic activities thus does 

not induce products of anaerobic processes at µM levels. 
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Figure 64: Station 1, December 2020 the Sea of Marmara R/V Bilim-2 Cruise: 
Sediment solid state total carbon and nitrogen distributions along the core. 

Total carbon in station 3 sediments is in the range of 2-2.6mmol/g and total organic 

carbon is in the range of 1-1.5mmol/g for first 10cm. Below 10cm, the range of TC 

drops to 2-1.9mmol/g and the range of TOC drops to 1.0-0.7 mmol/g. TN is in the 

range of 0.06-0.12mmol/g for most of the profile with a minima of 0.03mmol/g at 

30cm.  

 

Figure 65: Station 3, December 2020 the Sea of Marmara R/V Bilim-2 Cruise: 
Sediment solid state total carbon and nitrogen distributions along the core. 

Total carbon in station 4 sediments is in the range of 2-2.4mmol/g and total organic 

carbon is in the range of 0.9-1.29mmol/g for first 10cm. Below 10cm, the range of 

TC drops to 1.85-1.95mmol/g and the range of TOC drops to 0.8-0.9 mmol/g. TN is 

in the range of 0.07-0.11mmol/g for first 10cm and below 10cm it is in the range of 

0.05-0.07mmol/g. 

 

Figure 66: Station 4, December 2020 the Sea of Marmara R/V Bilim-2 Cruise: 
Sediment solid state total carbon and nitrogen distributions along the core. 
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Total carbon in station 5 sediments is in the range of 1.5-2.0mmol/g and total organic 

carbon is in the range of 0.4-0.8mmol/g for first 10cm. Below 10cm, the range of TC 

drops to 1.3-1.5mmol/g and the range of TOC drops to 0.3-0.5 mmol/g. TN is 

significantly low in the sediment solid as 0.04-0.03mmol/g for only the first 6cm.  

 

Figure 67: Station 5, December 2020 the Sea of Marmara R/V Bilim-2 Cruise: 
Sediment solid state total carbon and nitrogen distributions along the core. 

Total carbon in station 7 sediments is in the range of 2.0-3.0mmol/g through whole 

profile except for 20cm with 3.93mmol/g. the difference between total carbon and 

total organic carbon is higher compared to other stations indicating high carbonate 

content. Total organic carbon decouples especially at 20cm signifies high amount of 

carbonate deposition.  

 

Figure 68: Station 7, December 2020 the Sea of Marmara R/V Bilim-2 Cruise: 
Sediment solid state total carbon and nitrogen distributions along the core. 

Total carbon in station 8 sediments is in the range of 2.0-2.7mmol/g and total organic 

carbon is in the range of 0.5-1.5mmol/g for the first 20cm, differently than other 

stations 10 cm organic rich part.  Below 20cm, the range of TC drops around 

1.5mmol/g and the range of TOC drops around 0.2mmol/g. TN is in the range of 
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0.04-0.1 mmol/g for first 20cm and below 20cm it is in the range of 0.01-

0.02mmol/g. 

 

Figure 69: Station 8, December 2020 the Sea of Marmara R/V Bilim-2 Cruise: 
Sediment solid state total carbon and nitrogen distributions along the core 

3.2.4 Profiles of size fraction in porewater dFe 

In station 3 and 7, high amount of dissolved iron result in porewater was promising 

for size fractionation analysis. The size fraction distribution along the core within 

the dissolved iron pool is given in Figure 70 for station 3 and Figure 71 for station 

7. The results has higher negative concentration error in fractions than for the Black 

Sea size fractions in porewater. Higher error and absence of colloids indicates the 

nature of the fractions different than Black Sea benthic fractions.  
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Figure 70: Station 3, December 2020 the Sea of Marmara R/V Bilim-2 Cruise: 
Porewater dissolved iron (<0.45µm) size fractions distributions along the core. (On 
top) the distributions over the same scale range of concentrations. (Below) the 
distributions are widened to observe the distribution trend. 
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Figure 71: Station 7, December 2020 the Sea of Marmara R/V Bilim-2 Cruise: 

Porewater dissolved iron (<0.45µm) size fractions distributions along the core. (On 

top) the distributions over the same scale range of concentrations. (Below) the 

distributions are widened to observe the distribution trend.
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CHAPTER 4  

4 DISCUSSION 

4.1 Comparison of the Black Sea vs. the Sea of Marmara  

In the Black Sea, the porewater profiles are consistent with the typical organic matter 

respiration pathways and their expected zonation in the literature (D. E. Canfield et 

al., 1993). For oxic/hypoxic conditions in Black Sea, denitrification occurs at the 

very surface of the sediment or even above the sediment layer, extending well into 

the bottom deep waters. Below the denitrification layer the redox zone shifts to iron 

reduction layer in the range of 2-4 cm of the sediment surface, yielding a sharp 

dissolved iron peak. The finding that in the uppermost centimeters of the sediment 

layer we encountered signs of microbial iron respiration indicates that redox 

transitions are rapid and fast on the surface sediments, primarily driven by high rates 

of organic carbon oxidation rates because lower carbon oxidation rates would cause 

metal cycles to appear much lower layers in the sediment (Y. Wang & Van 

Cappellen, 1996).  Sedimentary iron reduction occurs mainly by two mechanisms: 

reductive iron dissolution by organic matter respiration (biotic) and reduction by 

hydrogen sulfide (mostly abiotic) (Burdige, 1993; A J Pyzik et al., 1992; Albert J 

Pyzik & Sommer, 1981). Reduction by hydrogen sulfide immobilizes iron to 

precipitate as Fe-S minerals (Rickard & Luther, 2007). According to Burdige (1993), 

the production of dissolved iron in the sediments porewater is mainly controlled by 

reductive dissolution of iron coupled to organic matter degradation. In Black Sea 

results, high amounts of dissolved iron at the surface sediments indicates high levels 

of overall organic matter degradation and reductive iron respiration under oxic and 

suboxic conditions. In the sulfidic conditions, as expected according to literature, 
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low levels of dissolved iron are present due to strongly reducing conditions that is 

fully dominated by sulfate reduction. Here, iron reduction is only taking place 

concurrently with sulfate reduction (Donald E. Canfield et al., 1996) and iron is 

immobilized down to nanomolar levels. In general, the sedimentary organic matter 

degradation is dominated by anaerobic process in the absence of oxygen (D. E. 

Canfield et al., 1993). 

  

Figure 72: The relation between Fe efflux and bottom water oxygen levels (Scholz 
et al., 2014.) 

The most favorable condition for iron dissolution is a narrow redox window with 

low-oxygen and non-sulfidic condition on the surface of the sediment (W. B. 

Homoky et al., 2011; Pakhomova et al., 2007; Scholz et al., 2014b), which is 

consistent with our Black Sea transects results. the Sea of Marmara  experiencing a 

recent deoxygenation due to recent anthropogenic stress and eutrophication (Akçay, 

2022), represents an oxygen-depleted bottom which suitable for high dissolved iron 

efflux at the bottom. The stations selected in the eastern part of the Sea of Marmara 

, due to remoteness from the Mediterranean oxygenated water input and high impact 

of urban areas, exhibits low-oxygen and hypoxic conditions at the sea floor (see 

section 3.2.1) and (Yucel et al., 2020; 2021; Akçay, 2022). Thus, the Sea of Marmara 

is a promising spot to find high levels of dissolved iron in sediments. However, the 

benthic iron in sedimentary porewater studies in the Sea of Marmara  was missing 
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while the iron speciation in sediment solids were studied (Yang et al., 2018a). So far, 

the porewater of the Sea of Marmara  was mostly studied within the aim of 

understand the gas hydrate related processes and not included iron dynamics of 

porewaters (Ruffine et al., 2015). On top of this, the Sea of Marmara differs from the 

suboxic areas of Black Sea in terms of the redox history. The Black Sea’s redox 

conditions are quite profound and well-structured while the Sea of Marmara is 

experiencing a recent deoxygenation and changes in its redox regimens. Hence, the 

comparison between the Black Sea and the Sea of Marmara provides a novel 

approach and an additional perspective for investigating the benthic iron dynamics 

under recent redox changes.  

According to bottom water results of the Sea of Marmara, nitrate concentrations were 

generally higher than Black Sea’s bottom waters which indicates higher levels of 

availability of a higher energy-yielding electron acceptor compared to iron. The 

dominant microbial respiration pathways were denitrification and iron reduction on 

the surface of the sediment, with absence of hydrogen sulfide layer indicating no 

significant activity of sulfate reduction along the sampled sediment depths. Also, due 

to lower organic carbon content of the deeper sediments, the carbon oxidation 

activity was mostly restricted to surface 10 cm layers of the sediment. Despite the 

lack of a significant sulfate reduction, just below the iron reduction zone a low level 

of dissolved hydrogen sulfide was detected for 3-5cm layers in most of the station. 

This pattern might be indicative of low activity of sulfate reduction just below the 

iron reduction zone which could be a consequence of tight redox zonation created by 

narrow organic carbon layer. The hydrogen sulfide accumulation cannot be taking 

place in the occupation of dissolved iron.  

4.1.1 Flux Calculations  

The porewater dissolved iron concentrations and their distributions among the 

stations were presented in the result section (see section 3.1.2 and 3.2.1.1). To 

understand their potential scale of being a sedimentary source, dissolved iron fluxes 
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based on diffusion calculation upon concentrations gradients are needed to be 

assessed.  

Porewater dissolved iron fluxes based on diffusion for each station visited in 

R/V Bilim-2 December 2020 cruise was calculated by using Fick’s first law of 

diffusion (Boudreau, 1996; Yücel, 2009). According to Fick’s first law of diffusion 

(Eq.1), the flux, J, is calculated by the parameters of effective diffusivity (Deff) and 

the concentration gradient(∂C) over the depth interval(∂z). The depth intervals for 

concentration gradient are preferred according to surface peak values (Table 3). 

𝐽 =  𝐷𝑒𝑓𝑓 (
𝜕𝐶

𝜕𝑧
)  (Eq.1) 

Effective diffusivity coefficients are adjusted molecular diffusivity (D0) coefficients 

accordingly for porous media (Eq.2).  

𝐷𝑒𝑓𝑓  =  𝐷0 [1 − 2 ln(ø)] (Eq.2) 

Porosity(ø) of the sediment over the depth interval is calculated by the ratio of voids 

over total weight of the sediment (Eq.3).  

ø =  
𝑤𝑒𝑡−𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡

𝑤𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡
  (Eq.3) 

Molecular diffusivity values were also corrected according to salinity, temperature 

and pressure conditions at the bottom for each station and values are obtained by 

using R programming “marelac” package by Karline Soetaert and Thomas Petzoldt 

(2020) which is based on (Boudreau, 1996).  

Dale and coworkers (2015) suggested that to improve the estimations for benthic 

inputs to marine iron cycle, carbon oxidation rate and bottom water oxygen levels 

are crucial parameters to include, and previous models were underestimating the 

benthic fluxes. For this reason, with estimation approaches, carbon oxidation rate 

and the relation of the bottom water oxygen levels are discussed below.  

Flux calculations were done to infer and investigate: I) sediment-water interface 

diffusive flux of iron to interpret the benthic iron source; II) depth integrated flux for 
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NH4
+ and Fe compared to interpret the total carbon oxidation and the contribution of 

iron respiration. 

The carbon content of the sediment solid phases was only analyzed for the samples 

of December 2020 Cruise. So, the porosity data required for the flux calculation of 

June 2021 cruise samples was taken from the December 2020 cruise. 
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0 

1 63 1 4.54E-05 0.14 56 70 15.8 38.8 69 6.7 2.1 

3 87 1 4.40E-05 0.14 78 286 14.6 38.7 11 6.1 1.5 

4 27 3 4.40E-05 0.11 7 475 14.6 38.7 14 3.6 1.2 
5 12 1 4.47E-05 0.10 9 84 15.2 38.8 39 13.4 0.8 

7 12 1 4.40E-05 0.16 12 243 14.6 38.7 11 14.6 1.0 

8 60 1 4.40E-05 0.11 48 381 14.6 38.7 17 12.8 1.4 

Ju
ne

 2
02

1 

1 37 1 4.51E-05 0.14
* 34 67 15.6 38.8 49 9.6  

3 27 1 4.44E-05 0.14
* 24 195 15.0 38.8 22 8.2  

4 22 2 4.41E-05 0.11
* 9 649 14.6 38.7 7 7.4  

IZMIT 0.6 1 4.54E-05 0.14
* 

0.

4 
206 15.8 38.8 0 0.0  

45-C 6 2 4.43E-05 0.11
* 2 1214 14.7 38.7 5 4.3  

th
e 

B
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ck
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ea
 D
ec

. 2
02

0 9 138 2 3.87E-05 0.13 53 81 8.9 19.4 15
7 2.2 1.9 

10 28 2 3.84E-05 0.10 9 107 8.7 20.3 57 3.8 0.9 
11 0 1 3.86E-05 0.16 0 448 8.9 22.0 0 0.2 2.7 

Ju
ne

 2
02

1 

9 27 1 3.86E-05 0.15
* 22 87 8.9 19.8 18

1 1.0  

10 110 2 3.84E-05 0.10
* 36 142 8.8 21.0 8 0.1  

16 27 2 3.88E-05 0.13
* 10 83 9.0 19.6 19

5 2.0  

17 0.6 2 3.87E-05 0.10
* 

0.

2 
120 8.9 20.7 65 3.4  

Table 3: Diffusive iron flux at sediment-water interface with redox conditions and 
physical parameters affecting the molecular diffusivity. Orange cells: porosity data 
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is taken from the same stations of December 2020 Cruise. (*: porosity data is taken 
from the similar regions’ porosity data from December 2020 Cruise) 

The highest benthic dFe flux was calculated for station 3 in the Sea of Marmara of 

December 2020 cruise as 78 µmol.m-2d-1 within all stations. Despite the highest dFe 

levels were found in the oxic sea floor of the Black Sea, the highest flux was 

calculated for the Sea of Marmara. The average flux for only the hypoxic stations is 

28 µmol.m-2d-1 for the Sea of Marmara and 22 µmol.m-2d-1 for the Black Sea. The 

major reason for this difference is due to molecular diffusion coefficients are 

calculated specifically for station conditions and the coefficients are higher with 

warmer and more saline media (Boudreau, 1996). Thus, according to diffusive flux 

calculations, the Sea of Marmara is more prone to release the dissolved iron due to 

faster diffusion mechanisms. The relation between the amount of dissolved iron in 

the iron reduction layer and the calculated flux can be seen in Figure 73. The slope 

of the line for the Sea of Marmara is two times higher than of the Black Sea 

suggesting that even a recent redox change in warmer seafloors can cause higher 

impacts in the bottom waters compared to less warm iron rich environments due to 

faster diffusion mechanism. Keeping mind that the calculated diffusive flux is an 

approach to estimate the flux however does not represent exact flux values which 

can be detected by in-situ chamber measurements. It is known that the concentration 

gradient diffusive flux calculations can under/overestimate compared to in-situ 

analysis by up to factor of 0.01-50 (Pakhomova et al., 2007), depending on the other 

controls of bio irrigation, resuspension and redox reactions.  
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Figure 73: Graph of diffusive iron flux vs. dissolved iron concentration in porewaters 
for the Black Sea and the Sea of Marmara. Blue: The Sea of Marmara (n=11). 
Orange: The Black Sea(n=7). 

On contrary to the relation between bottom water oxygen and benthic iron fluxes are 

reversely correlated suggested by Dale (2015), our data shows different trends within 

different oxygen ranges and possible coupling to TOC content acting as a 

compensating factor. However, for The Black Sea, the result seems consistent with 

Dale (2015) bottom oxygen and iron flux reflects the reverse correlation when 

grouped as “oxic” and “suboxic” stations of their transect.  

 As indicated by Crémière (2017), Ruffine (2018) and Yang (2018), higher TOC 

contents creates more reducing and acidic conditions in the sediment which might 

induce upward transition of redox zonation and tight interconnections between 

zones. Thus, higher TOC content might act as a compensating factor for higher 

oxygen levels at the bottom. However, the higher TOC content can also make the 

sediment much reducing that the iron reduction and sulfate reduction zones overlap. 
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Figure 2: Graph of diffusive iron flux vs. bottom water dissolved oxygen 
concentrations for the stations of December 2020 Cruise for the Black Sea and the 
Sea of Marmara. Blue: The Sea of Marmara. Orange: The Black Sea 

In non-sulfidic stations, total organic carbon content at the dissolved iron peak layers 

is correlated with diffusive Fe fluxes indicating the higher organic carbon content 

induces higher levels of iron mobilization. The relation between the TOC content 

and iron fluxes are correlated while the bottom oxygen levels exhibit distinctly 

reverse and correlated relations.  
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Figure 3: Graph of diffusive iron flux vs. total organic carbon content in sediment 
solids for the hypoxic/low-oxygen stations of December 2020 Cruise for the Black 
Sea and the Sea of Marmara. Blue: The Sea of Marmara. Orange: The Black Sea 

The low TOC bearing stations (4, 5, 7) might be indicating that the iron respiration 

cannot be supported adequately by the electron donors thus the iron respiration is 

low. However, the iron respiration ratios are significantly small among the total 

estimated carbon oxidation. These results might be related that sulfate reduction 

occurring just below the iron reduction zone might trapping both the dissolved iron 

and dissolved hydrogen, thus the calculated iron respiration rate is underestimated. 

Station 3 and 8 distinguishes with higher iron fluxes which has intermediate TOC 

content and low oxygen compared to other stations. Iron flux and the iron respiration 

ratio from station 3 was decreased in June 2021 which might be indicating that redox 

conditions becoming more reducing and likewise for stations 4,5, and 7, iron 

respiration was calculated to have negative error. 
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1 0.59 0.97 8.6 28 49.3 
3 0.48 8.27 73.2 3 21.7 
4 0.79 5.66 50.1 6 7.4 

IZMIT DEEP 0.05 15.46 136.8 0 0 
45-C 0.42 9.36 82.8 2 4.6 

th
e 
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0 9 2.02 4.21 37.2 22 156.6 
10 0.37 3.51 31.0 5 57.4 
11 0.00 24.61 217.8 0 0 
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ne
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02

1 9 0.39 1.44 12.7 12 181.2 
10 1.48 20.50 181.4 3 8.2 
16 0.74 4.28 37.9 8 195.1 
17 0.32 0.92 8.1 16 65 

Table 4: Contribution of microbial Fe reductive organic matter respiration to 
estimated total carbon respiration in sediment porewaters for each station. 

Moreover, a recent accumulation of higher TOC (see section 3.1.2.1 and 0) causes 

shallower redox zonation which complicates the redox species interplay. Thus, to 

understand the interplay between bottom oxygen levels, organic carbon content of 

the sediment and the diffusive flux of iron can be more complicated than presumed 

especially in recently deoxygenation and eutrophic environments. This point of view 

is crucial to understand future of benthic iron dynamics and patterns regarding the 

expansion of hypoxic areas.  

4.1.2 Comparison of the Sea of Marmara with other hypoxic systems 

According to model estimations that includes carbon oxidation rates and bottom 

oxygen levels (Dale et al., 2015), benthic dFe flux in the global ocean is 109±55 
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Gmol/yr, with components of 72 Gmol/yr from the shelf sediments(<200m) and 37 

Gmol/yr by slope sediments (200–2000m).  

Calculated mean benthic dFe flux according to (Dale et al., 2015) is 7.3 µmol.m-2d-

1 for shelf (<200m depth) margins and 3.5 µmol.m-2d-1 for upper slope margins 

(200<depth<1000m). And specifically, for oxygen depleted seafloors the average is 

estimated to be 35 µmol.m-2d-1 in recognition that this can be an underestimation and 

they can be up to 3 factors higher. the Sea of Marmara flux values, that were 

measured for the first time in this study, are comparable to other global oceanic areas 

with high benthic iron fluxes, particularly similar to the range detected in the oxygen 

minimum zones of the Peruvian, California and Oregon margins of the Pacific 

Ocean. The Sea of Marmara fluxes are not as high as that seen in Baltic Sea bays and 

fjords, which may support the notion that the Sea of Marmara oxygen minimum 

zonation displays a more oceanic/continental shelf character than small/enclosed bay 

character. an aspect which may render a more accurate analogue of the Proterozoic 

iron-rich oceans of the geologic past.   

Study Area JFe from pw 

concentration 

[µmol.m-2d-1] 

JFe from 

incubations in situ or 

ex situ [µmol.m-2d-1] 

This study the Sea of Marmara  0.4 - 78 NA 

This study 
Southwestern shelf of the 

Black Sea 
0.25 - 53 NA 

(Pakhomova 

et al., 2007) 

Golubaya Bay in Black Sea, 

the Vistula Lagoon in the 

Baltic Sea, 

the Gulf of Finland in the 

Baltic Sea 

3 – 400  5 – 1000 

(Mcmanus et 

al., 1997) 

Californian margin  

Borderland Basins 
NA -0.18 –18 

(Berelson et 

al., 2003) 
Monterey Bay (California) NA 1.3–10.8 

(Severmann et 

al., 2010) 

Oregon-California shelf  

Californian Borderland Basins 
NA 12–568 

Table 5: Benthic iron flux ranges from other margins. Edited after Dale et al. (2015), 

Pakhomova et al. (2007) 
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(Noffke et al., 

2012) 
Peruvian margin NA 0–316 

(Friedl et al., 

1998) 

Northwestern shelf of the 

Black Sea 
NA 0-18.7 

(William B. 

Homoky et al., 

2012) 

the California and Oregon 

shelves 
73-103 3.5-8.3 

Proterozoic oceans experienced a redox shift during the Great Oxidation Event, and 

the surface waters were oxygenated while the deep oceans were governed by anoxia. 

The deep waters are known to be Fe+2 rich where some areas were in the sulfidic 

phase (Planavsky et al., 2011). The competition between the iron and sulfide was 

dominated by reduced iron for deep waters (Donald E. Canfield et al., 2008). The 

strong redoxcline at the seafloor and iron rich character implicates that the Sea of 

Marmara represents an ideal analogue environment for Proterozoic ocean dynamics 

among the other proposed analogue environments for Proterozoic Oceans by Rico & 

Sheldon (2019), especially considering the Sea of Marmara benthic mobilized iron 

patterns represents a global OMZ character. The interplay between the carbon, 

nitrogen, phosphorus, and sulfur in the sediment layer can give clues about the 

biogeochemical dynamics during the Proterozoic Era’s oceans.  

4.2 Nature of colloidal and soluble phases of benthic iron 

Regarding the differences of durability and longevity of between iron species, size 

fractionation is one of the key applications to understand better the dissolved iron 

pool and its further implications on ocean iron cycle. Among different methods of 

separation of size fractionations in seawater (Fitzsimmons & Boyle, 2014), we 

applied porewater centrifugation and sequential filtration with membranes to obtain 

colloidal(20nm<dFe<200nm) and soluble(dFe<20nm) fractions, which was 

previously applied to hydrothermal vent fluids to investigate colloidal fraction in 

Table  5. (cont.)
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vent fluids (Yücel et al., 2011). The future directions in the aim of understanding 

differences of longevity and durability of the iron species will be focusing on 

chemical speciation of iron within size fractions and the strong interplay between 

organic ligand speciation (P. W. Boyd & Ellwood, 2010a; von der Heyden & 

Roychoudhury, 2015). Organic ligands are known to be forming complexes with iron 

and stabilizes the iron in dissolved form that enhances the residence time of the iron 

in the water column(P. W. Boyd & Ellwood, 2010b). In this section, comparison of 

size fraction results within I) the porewater vs. seawater, II) the Sea of Marmara vs. 

the Black Sea benthic areas. 

The negative concentration results of size fractions were reported in the data 

compilation of (von der Heyden & Roychoudhury, 2015) paper as 57 data points of 

the 1320 total data within 11 of 29 studies they compiled corresponding to 7.9% of 

the open ocean euphotic zone data. The error is claimed to be due to several reasons 

(von der Heyden & Roychoudhury, 2015); I) multiple filtrations increases the 

manipulation of the sample by introducing air, changing the pH and temperature 

which can result in disequilibrium between fraction and repartitioning in between 

separating the sub-samples ((Chin et al., 1998; Fitzsimmons & Boyle, 2012; 

Thuróczy et al., 2011). II) colloid disaggregation and particle adsorption on filters 

(Boye et al., 2010). 

Comparing the benthic size fraction results (ref results section), the size fraction in 

station 9 in the Black Sea exhibits smaller error percentages compared to the Sea of 

Marmara stations. This difference can be due to two possible reasons: I) the colloid 

fraction is actually a smaller pool that a recent dissolution of iron cannot feed colloid 

formation yet. II) the bottom temperature of the Sea of Marmara is higher than the 

Black Sea might be acting on faster repartitioning of fractions and creates larger 

errors during sampling handling.  

Comparing the seawater and benthic size fractions, only benthic size fractionation 

shows negative concentrations while in seawater there was none. According to our 

size fractionation in seawater data the dominant fraction within the dissolved iron 
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pool was colloidal fraction which is consistent with 37–51% on average colloidal 

fraction in southern ocean (Boye et al., 2010). Benthic fractionation exhibits negative 

concentration error might be due to seawater colloids are more durable to filtration 

and do not transfer material to smaller size pool during filtration. 

4.3 Colloidal and soluble phases of benthic vs. hydrothermal fluids 

As stated by the studies shown that the organic complexation (Bennett et al., 2008; 

Hawkes et al., 2013) and colloidal nanoparticle formation (Findlay et al., 2019; 

Yücel et al., 2011, 2021) of dissolved iron from hydrothermal vent fluids, 

hydrothermal vent iron input to global ocean cycle is more promising than was 

thought. In this section, I compare the potential impact scale of hydrothermal vent 

and benthic iron inputs, two iron sources which was thought to be effective only in 

deep ocean. H. Wang (2019) compares the size fractions of iron and organic ligands 

in the fluids from the Longqi hydrothermal plumes on the Southwest Indian Ridge. 

The colloids were around 70% of the dissolved iron while the soluble phase was 

around 30%. The major fractions of colloidal iron were iron oxyhydroxides and 

sulfide colloids 86.4 ± 6.2% and organically complexed iron formed the 65.7 ± 5.4% 

of the soluble phase. The results indicate that the ligands are most likely to stabilize 

the soluble phase while the colloids are stabilized by the inorganic formations. In 

(Yücel et al., 2011), the pyrite nanoparticles within the colloidal fraction was 10% 

and the formation on these fractions were proposed to be occur before the discharge 

of the fluid.  Followed by the study (Yücel et al., 2021) the inorganic colloids is 

shown to be stable around the vent area bearing the potential to be effective in long-

distances. Thus, the major controls on the colloid phase stabilization in vent fluids 

seems to be the dependent on the inorganic processes before fluid discharge in high 

temperature and mineral-rich environment. And the organic complexation within the 

deep ocean might be acting on the soluble phase and labile ligands. DOC is being 

used as a parametrization for ligand in the global iron cycle models based on the 

assumption that the ligands are produced by the remineralization of organic matter 



 
 

99 

(Somes et al., 2021; Völker & Tagliabue, 2015). According to study by Burdige & 

Gardner (1998), the porewater DOC is dominated by the molecular weight species 

that are smaller than 3kDa by 60-90%. Hence, the stabilization of iron especially the 

soluble phase might be controlled by the organic complexation in the porewaters. On 

top of the fact that the organically complexed iron from hydrothermal vent fluids is 

dominantly the soluble fraction, the sedimentary iron might be more prone to be in 

the form of soluble fraction in organically stabilized form. This approach would 

approve our size fractionation results from the porewater because our results mostly 

consisted of soluble phase. However, since the ligand size fractions and functional 

group speciation are understudied, more studies is needed for a more comprehensive 

view. 
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CHAPTER 5  

5 CONCLUSION 

On the basis of iron’s biogeochemical importance for the Earth system, it  is apparent 

that iron studies considering the niches of iron, coupling and interplay with other 

elements and the impact of various redox conditions on these dynamics is 

understudied and need to be understood better. This thesis work contributes to 

studies of iron for establishment of new understandings of iron dynamics in a 

recently changing environment, the  Sea of Marmara, and, in a well-established  

redox stable area  hosting different conditions, the Black Sea.  According to our 

results, the high activity of benthic iron mobilization  in the sea floor of the Sea of 

Marmara is now evident. This results indicates that antropogenic stress, on top of its 

unique structure, induces deoxygenation and consequently high activity of anaerobic 

respiration processes at the bottom of the basin.  The current redox state indicates 

that the denitrification and iron reductive respiration is the most dominant process in 

the upper sediments resulting in high amounts of dissolved iron release within the 

first centimeters of the sediment. 

To approach the sedimentary iron sources by keeping in mind that new 

improvements made for the understanding of retention and stability  of different iron 

pools, we applied  the physical categorization of iron to further investigate the 

potential outcome of the detected benthic iron input.  The size fractionation 

application was done for the first time in the sedimentary porewaters of the Sea of 

Marmara and the Black Sea.  The size fractionation also applied to seawater of the 

Black Sea which is already known to have high levels of dissolved and particulate 

iron in the sub oxic water column. The results indicates the size partitioning of iron 

in porewater and seawaters have different characteristics imlpying different controls 

might be acting on. The results are also compared with the hydrothermal vent 

sourced size fractions  to undertand differences between the deep ocean iron sources. 
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Methodologically, fast on board detection of iron enables to avoid most of the 

challenges with iron analysis such as oxidation which will contribute to further 

analytical studies of reduced and oxidized iron forms.   

In summary, a more detailed view of iron dynamics needed to be understood to   

depict the whole biogeochemical cycle of iron comprehensively. And to do so,  more 

detailed and multi-dependent approaches is required.
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