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Abstract :   
 
The ocean redox structure and nitrogen utilization are investigated in the Holocene sapropel depositions 
in the Sea of Marmara, based on inorganic, organic, and isotopic analyses and grain-size distribution of 
the sediments of a piston core from Çınarcık Basin. Two sapropel units are identified in the core studied, 
the lower (main) sapropel of the early Holocene and the upper sapropel of the middle-late Holocene. 

Relatively high C/N ratios (10-11) and smaller δ13Corg values (∼ -26‰) in the lower Holocene sapropel 
unit indicate that the organic matter is mainly of terrestrial origin. Up to 5.5‰ δ15N values and Mo 
concentration (6.5 ppm) above crustal values in the bottom of the lower sapropel unit strongly suggest 
that bottom-water conditions were denitrifying and suboxic-dysoxic, suitable for the preservation and 
burial of the organic matter. Such bottom-water conditions were induced by water stratification that 
resulted from the transgression from the Aegean Sea coupled with a riverine influx from the Black Sea 
that provided the terrestrial organic matter. A progressive upward decrease of C/N ratios and increase of 
δ13Corg values in the upper sapropel unit might have been caused by the additional supply of organic 
matter of mainly marine origin and improved ventilation of the lower water, which resulted in the oxidation 
of the organic nitrogen pool and a decrease of δ15N values (below 3‰) under nitrate-rich conditions. Mn 
enrichment in the upper sapropelic sediments also supports a relatively oxidative environment. 
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Highlights 

► Nitrogen isotopic compositions in the Holocene sapropels from the Sea of the Marmara are reported 
for the first time. ►The redox condition changed from suboxic-dysoxic to relatively oxidative during the 
Holocene sapropel deposition. ►The nutrition condition shifted from low nitrate to temporally nitrate-rich 
during the sapropel deposition. ►Holocene sapropel deposition in the Sea of Marmara was closely related 
to the regional paleo-hydrological condition. 

 

Keywords : Sea of Marmara, Holocene sapropel, Ocean redox structure, Nitrogen utilization, Organic 
matter sources 
 
 

 

 



 

 

1 Introduction 43 

Sapropels typically contain organic carbon concentrations between 1 and 10 wt.%, 44 

which contrast with surrounding organic-depleted sediments (Çağatay et al., 2019; 45 

Rohling et al., 2015). Sapropel formations have formed repeatedly in the Mediterranean, 46 

the Sea of Marmara, and the Black Sea, in response to the variations of solar 47 

radiation/global and regional climatic patterns/monsoon runoff (Bahr et al., 2005; 48 

Dirksen et al., 2019; Grant et al., 2016; Grimm et al., 2015; Rohling et al., 2015). In the 49 

Sea of Marmara (SoM), sapropels are sediments containing more than 1.5 wt.% organic 50 

carbon (Çağatay et al., 1999; Çağatay et al., 2009; Çağatay et al., 2000; Çağatay et al., 2015; 51 

Sperling et al., 2003; Tolun et al., 2002). Two sapropel units, the main Holocene (lower) 52 

and the Middle-Late Holocene (upper) sapropels, were detected in the SoM during the Late 53 

Glacial-Holocene period, which are radiocarbon dated at 12.3-5.7 kyr BP and ca. 5.4 and 54 

2.7 kyr BP, respectively (Çağatay et al., 2015). The onset of the main Holocene sapropel 55 

deposition is 1.5 ka older than sapropel S1 in the Mediterranean that started forming at 10.8 56 

cal. ka BP (De Lange et al., 2008).  57 

Several factors have been involved in explaining the sapropel formation in the 58 

Mediterranean, the Black Sea, and Sea of Marmara: a. increased influx of terrestrial 59 

organic matter and freshwater, which contribute to the onset of the sapropel formation 60 

(Aksu et al., 1999; Bouloubassi et al., 1999; Çağatay et al., 1999; Çağatay et al., 2000; 61 

Checa et al., 2020; Tolun et al., 2002; Vidal et al., 2010); b. enhanced surface ocean 62 

productivity and export of organic matter to sediments (Calvert and Fontugne, 1987; 63 

Calvert et al., 1992; Sperling et al., 2003); c. suboxic/anoxic conditions resulting from a 64 

large influx of freshwater/marine flooding/enhanced monsoon intensity (Benkovitz et al., 65 
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2020; Çağatay et al., 2019; Çağatay et al., 2000; De Lange et al., 2008; Möbius et al., 2010; 66 

Moodley et al., 2005; Rohling et al., 2015); d. combination of increased production and 67 

better preservation of organic matter (Bouloubassi et al., 1999; Çağatay et al., 2009; Checa 68 

et al., 2020; Higgins et al., 2010; Lane-Serff et al., 1997; Tolun et al., 2002; Triantaphyllou 69 

et al., 2014; Vidal et al., 2010); e. precession-controlled atmospheric temperature 70 

variability (Dirksen and Meijer, 2020; Triantaphyllou et al., 2014). However, the relative 71 

importance of these factors for sapropel formation is still being debated, and conflicting 72 

interpretations are often invoked. To clarify the major factors involved in the sapropel 73 

formations in the SoM, nitrogen isotopes have been used to infer nutrient utilization and 74 

sapropel-forming redox condition. 75 

Nitrogen is an essential macronutrient to all life, establishing linkages between 76 

ocean redox, nutrient supply, and organic productivity (Ader et al., 2014; Francis et al., 77 

2007; Holmes et al., 1999; Sigman and Casciotti, 2009; Stüeken et al., 2016; Wang et al., 78 

2018b). Nitrogen involves numerous oxidation states, molecular diversity, and microbial 79 

typologies (Canfield et al., 2010). Physical, chemical, and biological process discriminates 80 

between 14N and 15N, leading to measurable differences in the δ15N, making it a powerful 81 

tracer of oceanic processes (Ader et al., 2014; Robinson et al., 2012; Sigman and Casciotti, 82 

2009). Nitrogen enters the marine N cycle mainly through fixation of the atmospheric N2 83 

with minor isotopic fractionation (≤2‰) (Sigman and Casciotti, 2009). Denitrification and 84 

anaerobic ammonium oxidation release nitrogen back to the atmosphere as N2O or N2, 85 

which only occurs under low-oxygen conditions (Francis et al., 2007; Sigman and Casciotti, 86 

2009). Denitrification (reduction of NO3
- to N2) causes a significant fractionation of ~20‰ 87 

in the water column, whereas the same process leads to a negligible fractionation within 88 

Jo
urn

al 
Pre-

pro
of



 

 

sediments (Brunner et al., 2013; Sigman and Casciotti, 2009; Stüeken et al., 2016). The 89 

balance between nitrogen fixation and denitrification/anammox ultimately governs the 90 

inorganic nitrogen reservoir in the ocean and its isotopic composition (Montoya and Voss, 91 

2006; Sigman and Casciotti, 2009). The nitrogen isotope composition of sedimentary 92 

organic matter has excellent potential to provide clues about paleoceanographic nutrient 93 

conditions and redox structure (Ader et al., 2014; Higgins et al., 2010; Robinson et al., 94 

2012; Stüeken et al., 2016). Phototrophic organisms can utilize various forms of dissolved 95 

nitrogen species to produce biomass, which is then deposited in the sediments and 96 

preserved through geological time. Thus, the sedimentary sequence theoretically records 97 

the history of surface ocean processes (Higgins et al., 2010; Sigman and Casciotti, 2009; 98 

Wei et al., 2016).  99 

Up to now, there are only a few studies that have been conducted to reconstruct the 100 

paleoceanographic nutrient/productivity conditions and redox structure during the sapropel 101 

deposition using nitrogen isotopes of sediment from the Holocene sapropels in the adjacent 102 

Black Sea and Mediterranean (Calvert et al., 1992; Higgins et al., 2010; Möbius et al., 103 

2010). In the Sea of Marmara, there is almost no published δ15N data on the sapropels to 104 

constrain the marine redox conditions. 105 

The main focus of this study is to improve our understanding of the major factors 106 

controlling the formation of sapropels in the SoM. Nitrogen isotopes, combined with the 107 

determination of two redox-sensitive element contents, Mo and Mn, are used to trace the 108 

variation in the marine redox conditions. C/N ratios and stable carbon isotopic signatures 109 

of organic matter are measured to define the contributions of marine and terrigenous 110 

organic matter to the two Holocene sapropel units. In addition, grain size distribution is 111 
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used to infer changes in physical sedimentary conditions during the sapropel formation. 112 

The results are discussed in terms of possible links between ocean redox structure, nutrient 113 

cycling, and primary productivity. 114 

2 Materials and analytical methods  115 

The sea of Marmara connects the Black Sea to the north and the Mediterranean to 116 

the west through the straits of Bosphorus (sill depth: ~ -35 m) and Dardanelles (sill depth: ~ 117 

-65 m), respectively (Çağatay et al., 2009; Çağatay et al., 2000; Kirci-Elmas et al., 2008). 118 

Thus, the SoM is influenced by two important water masses, leading to a two-layer water 119 

stratification. The upper water layer originates from the Black Sea and has a salinity of ~22 120 

psu, whereas the lower layer is saltier (~38 psu) and denser supplied from the 121 

Mediterranean. The Çınarcık Basin is the broadest and deepest basin (1275m deep) in the 122 

SoM and has a sedimentation rate of 1-3 m/kyr during the Holocene (Çağatay et al., 2012; 123 

Çağatay et al., 2009; Çağatay et al., 2000; Liu et al., 2019). The studied gravity core 124 

MRS-CS17 was collected from this basin (N 40° 42.9884, E 29° 6.7063) during the 125 

MARSITE cruise expedition onboard the R/V Pourquoi pas? in November 2014 (Figure 126 

S1). This 1038 cm long core was cut into 1m-length sections, and each section was split 127 

lengthwise into two half cores and systematically sub-sampled with a resolution interval of 128 

~30 cm. 129 

AMS radiocarbon analyses on organic carbon in high total organic content (TOC) 130 

intervals were carried out at Beta Analytic Inc. in Florida. The 14C ages of organic carbon 131 

were calibrated to calendar ages with the INTCAL13 calibration curve (Reimer et al., 132 

2013). A reservoir age of 400 years for the marine unit was used for the calibration, 133 
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assuming that only organic matter of marine origin was present in the analyzed samples 134 

(Çağatay et al., 2015; Siani et al., 2000; Soulet et al., 2011).  135 

The isotopic analyses of nitrogen (δ15N) and organic carbon (δ13Corg), together with 136 

total nitrogen (TN), and total organic carbon (TOC) were carried out in the Oxy-Anion 137 

Stable Isotope Consortium (OASIC) at the Louisiana State University (LSU). Aliquots of 138 

powdered samples between 20 and 50 mg were decarbonated with 12M hydrochloric acid 139 

(HCl). Then deionized water (18.2 MΩ) from Milli Q was used to rinse the powders until 140 

the pH reaches 4-5. Subsequently, the samples were dried and wrapped in tin capsules prior 141 

to analysis. The analyses were performed using Vario Microcube Elemental Analyzer (EA) 142 

connected to an Isoprime 100 isotope ratio mass spectrometer (IRMS). δ15N results are 143 

reported in per mil relative to atmospheric N2. Uncertainties are better than 0.3‰ for 144 

δ15Ν and 0.08% for TN. δ13Corg values are reported in per mil deviations from VPDB. 145 

Analytical reproducibility is better than 0.2‰ for δ13Corg and 0.3% for TOC.  146 

Molybdenum (Mo) and manganese (Mn) concentrations were measured on a Perkin 147 

Elmer NexION 350 ICP-MS at State Key Laboratory of Biogeology and Environmental 148 

Geology, China University of Geosciences (Wuhan). The calibration curves were 149 

constructed from a series of standard gravimetric solutions with a concentration range of 150 

1-1000 ppb.  151 

Grain size analyses were performed after treatment for removal of carbonate, 152 

amorphous metal oxides, and silica at Beijing International Center for Gas Hydrate, using a 153 

Malvern Mastersizer S equipment. Mean grain size, sorting, and skewness were 154 

determined using the Malvern software. 155 
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3 Results 156 

 157 

Figure 1. Lithostratigraphy and age-depth model of core MRS-CS 17, based on three AMS 158 
radiocarbon ages.  159 

Core/sample Core Depth (cmbsf) Calendar age (cal yr BP) 2σ (±yr) 

CS 17/ sediment 410 4180 30 

 720 5930 30 

 1020 7720 30 

Table 1. Calibrated AMS 14C ages of organic carbon in sediments from core MRS-CS 17, 160 
Sea of Marmara. 161 
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3.1 Chrono-stratigraphy 162 

The age-depth model for the 1038 cm-long core MRS-CS17 is established by three 163 

radiocarbon datings of bulk sedimentary organic matter (Fig.1, Table 1). The core 164 

comprises only the marine unit, including two sapropel layers, which are defined by their 165 

relatively high TOC content (>1.5 wt%) and dark olive green color. Core MRS-CS17 166 

intercepts only part of the main sapropel unit, whose upper boundary is dated at 5.9 kyr BP. 167 

The upper sapropel is dated at ca. 5.5-4 cal kyr BP. These two sapropelic layers in core 168 

MRS-CS 17 are broadly contemporaneous with the sapropels previously dated by Çağatay 169 

et al. (2015) in cores elsewhere in the Sea of Marmara at 12.3 -5.7 cal kyr BP and ca. 5.4 170 

and 2.7 cal kyr BP, respectively.  171 

3.2. Total organic carbon, total nitrogen, and C/N ratio 172 

The upper sapropel is with a slightly higher total organic carbon (TOC), an average 173 

of 1.8% compared to the average of 1.7% in the lower (main) sapropel. The lowest TOC 174 

content (0.53%) occurs in the interval between the two sapropel units, while intermediate 175 

values occur in sediments overlying the upper sapropel (Fig.2a). Total nitrogen (TN) 176 

values show a consistent pattern paralleling the TOC trend, with the sapropel units 177 

containing relatively high TN contents of 0.14-0.21%. A negative excursion of 0.05% 178 

occurs in the interval between the two sapropel units (Fig.2b). In the sediment unit 179 

overlying the upper sapropel from 20 to 330 cmbsf, the TN contents display relatively low 180 

values with an average of 0.11%. 181 

The C/N ratio varies between 10 and 11 in the lower part of the main sapropel 182 

(10.20-8.95 mbsf), after which it decreases slightly from ~10 to ~9.6 in the upper part of 183 

the main sapropel unit, except for a positive anomaly of ~11 at ~900 cmbsf (Fig.2c). The 184 
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unit deposited between the two sapropel layers is with a relatively high C/N ratio of 11. In 185 

the upper sapropel, C/N values show a slightly upward decreasing trend from ~10 to ~9.5. 186 

The topmost unit of the core is with C/N values varying between ~8 and ~10.5. 187 

 188 

Figure 2. Plots of TOC, TN, C/N, δ13Corg, and the terrigenous fraction (%) in core 189 
MRS-CS 17, the Sea of Marmara. The upper and lower shaded bands show the middle-late 190 
and the main Holocene sapropel units, respectively. The green and blue shades in the main 191 
Holocene sapropel indicate the intervals containing organic matter predominantly of 192 
marine and terrigenous origin. The solid grey circles in Figure 2(c) represent the C/N 193 
ratios from the Black Sea (Fulton et al., 2012). 194 

3.3 Organic carbon isotopes  195 

The organic carbon isotopic ratios (δ13Corg) in the interval of 10.20 to 8.10 mbsf of 196 

the core show low but upward increasing values ranging from -26.2 to -24.8‰ and 197 

averaging at -25.5‰ (Fig.2d). In the upper part of the main sapropel, the δ13Corg values 198 

show a slight decrease from -24.8‰ to -25.3‰. The layer between the two sapropels is 199 

relatively depleted in 13C with a minimum δ13Corg value of -25.8 ‰ at 6.20 mbsf, which 200 

corresponds to the positive excursion in the C/N value. The upper sapropel shows a general 201 

slightly upward decreasing trend δ13Corg values ranging from -24.6‰ to -24.9‰. δ13Corg 202 
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values in sediments overlying the upper sapropel vary within a relatively wide range 203 

between -25.9‰ at 2.45 mbsf and -24.5‰ at 1.80 mbsf. 204 

3.4 Nitrogen isotopes    205 

The δ15N values of different units in core MRS-CS17 range between 2.3 ‰ and 5.5‰ 206 

(Fig.3a), approaching typical values for modern sediments (Sigman et al., 2000; Wang et 207 

al., 2018a). The main sapropel display two sets of δ15N values, 3.6-5.5‰ in the interval of 208 

10.20-9.40 mbsf and +2.9‰ in the interval of 8.95-6.80 mbsf. In the upper sapropel (5.80 209 

to 4.10 mbsf), δ15N exhibit overall smaller values, varying between 2.3 to 2.8‰, except for 210 

a scattered high excursion of 3.7‰ at 4.80 mbsf. In sediments overlying those sapropelic 211 

layers, δ15N rise above 3.0‰ with a peak of 5.5‰ at 0.20 mbsf. A notable positive shift of 212 

4.3‰ occurs at 6.20 mbsf between the two sapropelic layers. 213 

3.5 Molybdenum (Mo) and Manganese (Mn) concentrations 214 

Molybdenum and Manganese show sharp changes in different core intervals (Fig. 215 

3b and 3c). High Mo contents above the crustal value (2 ppm) (Taylor and McLennan, 216 

1985) are observed in the lower part of the core in the lower sapropel with 6.5 ppm at 9.70 217 

mbsf and 4.1 ppm at 9.40 mbsf. In the upper part of the main sapropel, the Mo contents 218 

exhibit constant values below 2 ppm. Interestingly, in the upper sapropel and in the 219 

sediments between the two sapropels, the Mo contents are higher, with several excursions 220 

slightly higher than 2 ppm.  221 

Mn concentrations are relatively high below 10 mbsf in the main sapropel, with up 222 

to 2270 ppm at the bottom. In the upper part of the main sapropel and the intervening unit 223 

between the two sapropels, the concentrations vary between ~1000 and 1500 ppm. Mn 224 

concentrations are relatively high in the upper sapropel layer, with a range of ~2500-4510 225 
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ppm. In the uppermost sediments, the Mn concentration shows high fluctuations between 226 

950 to 4150 ppm. 227 

 228 

Figure 3. Profiles of (a)    δ15N, (b) Mo, and (c) Mn in core MRS-CS 17. Colors imply 229 
possible biochemical processes corresponding to nitrogen isotopic fractionation (from 230 
Cremonese et al., 2013; see text for explanation). Note the Mo enrichment above typical 231 
crustal values of <2 ppm in the lower part of the main Holocene sapropel unit, and relative 232 
Mn enrichment in the upper sapropel unit and the recent sediment unit above. 233 
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3.6 Grain-size distribution 234 

The mean grain size of the main sapropel (10.20-6.80 mbsf) is about 9.8 µm, 235 

slightly larger than (8.7 µm) in the upper sapropel (Fig.4). There are two silty layers at 6.20 236 

mbsf and 0.80 mbsf in the core, with the grain size of 12.7 µm and 16.4 µm, respectively. 237 

Most sedimentary succession shows moderate sorting with the standard deviation between 238 

0.77 and 0.97, except for the silty layers, with the values of 1.19 and 1.38. The skewness 239 

values average at ~ -0.4 for the main sapropel, -0.5 for the upper sapropel and the overlying 240 

sediments. The two silty samples show skewness values of -0.29 at 6.20 mbsf, and of -0.19 241 

at 0.80 mbsf. There is a weak positive correlation between the TOC and skewness, but no 242 

correlation is identified between sorting (standard deviation) and TOC. 243 

 244 

Figure 4. Plots of grain-size parameters in core MRS-CS 17 from the Çınarcık Basin. 245 

 246 
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4 Discussion 247 

4.1 Sources of the organic matter in the two sapropel units 248 

4.1.1 Preservation of the organic matter 249 

The use of paleoceanographic proxies such as carbon and nitrogen isotopes and C/N 250 

ratios for the sources of organic carbon and redox indicators require certain conditions of 251 

no significant post-depositional alteration of the original organic matter and no changes 252 

in possible sources of nitrogen. The TN and TOC in the sediments are usually used to 253 

characterize the extent of such possible post-depositional alterations (Calvert, 2004; 254 

Kikumoto et al., 2014; Wei et al., 2017). TOC and TN in core MRS-CS 17 show a positive 255 

linear relationship, with the linear regression line passing almost through the origin (Fig. 5). 256 

The strong linearity implies that the organic fraction in the sediments has a uniform 257 

composition, and the near-zero intercept on the TN axis indicates that there is little or no 258 

clay-bound nitrogen (Calvert, 2004). The lack of a linear correlation between C/N ratios 259 

and TOC contents further suggests that no significant loss of organic nitrogen occurred 260 

during early diagenesis (Fig. 5).  261 

The cross-plots of δ15N vs. TN and TOC show the absence of any correlation 262 

between these variables in all the sediment units (Fig. 5). These results imply that the early 263 

sediment diagenesis, as well as the organic matter degradation during settling through the 264 

water column, did not alter the nitrogen isotope composition of the sediments (Calvert et al., 265 

1992; Kikumoto et al., 2014). The overall δ13Corg trends appear to be independent of TOC, 266 

indicating that the δ13Corg mainly reflects the source of organic matter (marine vs. 267 

terrestrial) (Fig. 5).  268 
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 269 

Figure 5. Cross-plots of: (a) TN vs. TOC; (b) δ15N vs. TOC; (c) δ15N vs. TN; (d) TOC vs. 270 
C/N; (e) δ13Corg vs. TOC; (f) δ13Corgvs. C/N of the sediment core MRS-CS 17 from the 271 
Çınarcık Basin, the Sea of Marmara. 272 

4.1.2 Sources of the organic matter 273 

The C/N ratios are frequently used to identify the source of sedimentary organic 274 

matter (Aksu et al., 1999; Emerson and Hedges, 1988; Tolun et al., 2002). C/N ratios lower 275 

than 10 for marine plankton are relatively lower than those for land plants. The organic 276 

stable carbon isotope is also routinely used to discriminate between the marine planktonic 277 

and terrestrial organic sources (Aksu et al., 1999; Calvert and Fontugne, 1987; Tolun et al., 278 

2002). Variable δ13Corg values in the Marmara core section suggest that the sedimentary 279 

organic matter are mixtures of the two end-members (Calvert and Fontugne, 1987). A 280 

first-order mixing equation, with δ13Corg of marine and terrestrial sources as two 281 

end-members, is used to estimate their contributions (Aksu et al., 1999; Calvert and 282 

Fontugne, 1987; Tolun et al., 2002): 283 
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            δ13Corg = fterrestrial × δ13Cterrestrial + fmarine ×δ13Cmarine                (1) 284 
                  fterrestrial +  fmarine = 1                       (2) 285 

where f represents the fraction. 286 

The marine end-member is assumed to be -23.95‰ VPDB, which is the value of 287 

modern marine plankton in the eastern Mediterranean and the Black Sea (Aksu et al., 1999). 288 

The terrestrial end-member is the typical value for the C3 plants in temperate climatic zones, 289 

which is -28.95‰ VPDB (Aksu et al., 1999; Calvert and Fontugne, 1987). In accordance 290 

with the relationship in the formulae, the terrestrial fraction profile shows an inverse 291 

relationship to that of the δ13Corg (Fig.2e). 292 

Two sapropel units (the main and upper sapropels) were deposited in the latest 293 

Pleistocene-Holocene between 12.3 - 5.7 cal ka BP and ca. 5.4 and 2.7 cal ka BP in the Sea 294 

of Marmara (Çağatay et al., 2009; Çağatay et al., 2000; Tolun et al., 2002). In the lower 295 

portion of the core, the main sapropel layer is associated with obviously higher C/N ratios 296 

(10-11) and smaller δ13Corg values (~ -26‰) (Fig.2). These results suggest that terrestrial 297 

organic matter plays a relatively more important role in the lower portion than in the upper 298 

part of the main sapropel (Aksu et al., 1999; Emerson and Hedges, 1988; Tolun et al., 299 

2002). The first-order estimation results, based on δ13Corg of marine and terrestrial sources 300 

as the two end-members, show a terrestrial fraction of 57.4% in the bottom of the core 301 

(Fig.2). These results are consistent with previous observations suggesting that the onset of 302 

sapropels deposited during early Holocene in the SoM is induced by a high input of 303 

terrestrial organic matter (Çağatay et al., 2009; Çağatay et al., 2000; Tolun et al., 2002). 304 

The terrestrial organic matter in the main Holocene sapropel was likely provided by 305 

organic-laden runoff waters via the European rivers into the Black Sea and from there to 306 

the SoM (Çağatay et al., 2009; Çağatay et al., 2000; Tolun et al., 2002) (Fig.6a). This is 307 
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supported by the similarity of the C/N values of the Black Sea sediments deposited during 308 

the same time interval (Fig. 2c). The onset of the sapropel S1 deposition in the 309 

Mediterranean ca. 1.5 ka later was similarly marked by an increase in 310 

high-molecular-weight n-alkanes showing a significant influx of fresh vascular plant 311 

material, as well as the pollen assemblage suggesting the assumption that most of the 312 

insoluble organic matter are typical of terrigenous humic compounds (Aksu et al., 1999).  313 

In the upper part of the main sapropel and the upper sapropel deposited during 7-5.7 314 

cal ka BP and ca, 5.4 and 2.7 cal ka BP, the gradual decrease of C/N ratios coincides well 315 

with the progressive increase of δ13Corg values, indicating an increase in the proportion of 316 

the marine organic matter (Fig.2). The first-order estimation based on δ13Corg values 317 

demonstrates that the terrestrial fraction decrease from 32.2% in the main sapropel to 22.2% 318 

in the upper sapropel (Fig.2). These results illustrate that marine productivity is the main 319 

contributor to the organic matter in the upper sapropel. As also recorded in the Aegean Sea, 320 

there is an increase in low-molecular-weight n-alkanes from ~8.2 to 6.4 kyr BP, 321 

suggesting the primary productivity increased during the later depositional episode of S1 322 

(Aksu et al., 1999). Two reasons could explain the improvement of marine productivity: 1. 323 

The Mediterranean saltwater pours into the SoM, displacing the less-dense nutrient-rich 324 

bottom lacustrine water upward into the photic zone, which facilitates the primary 325 

productivity (Çağatay et al., 2009). 2. Riverine runoff mainly from the Black Sea provided 326 

phosphorus into surface waters, fueling diazotrophs and enhanced primary production 327 

(Castradori, 1993; Higgins et al., 2010; Sancetta, 1994; Vidal et al., 2010). Moreover, the 328 

warm and humid climate during the Mid-Holocene would also contribute to establishing 329 

Jo
urn

al 
Pre-

pro
of



 

 

highly productive conditions (Çağatay et al., 1999; Çağatay et al., 2015; Triantaphyllou et 330 

al., 2014).  331 

The C/N profile of the upper part of the main sapropel diverges considerably from 332 

that of the synchronous Black Sea sediments, whereas the C/N profiles of the younger 333 

sediments deposited in the SoM and the Black Sea during 5.9-4 ka BP are more 334 

conformable (Fig. 2c). These C/N trends suggest that although the Black Sea had high 335 

input of terrestrial organic matter during the deposition of the upper part of the main 336 

sapropel in the SoM, this matter was not transported to the SoM, which is likely due to a 337 

restricted Black Sea outflow in the SoM. On the contrary, a similarity between C/N profiles 338 

of the SoM and Black Sea sedimentary successions deposited during 5.9-4 ka BP interval 339 

might suggest a strong Black Sea influence on the organic matter composition of the SoM.  340 

The discussion above supports a model in which riverine runoff from the Black Sea 341 

brings the terrestrial organic matter to the SoM, contributing to the earlier part of the main 342 

sapropel deposition. The contribution of terrestrial fraction decreased, and marine primary 343 

productivity increased in the SoM with time, ending with organic matter of predominantly 344 

marine origin in the upper sapropel unit (see discussion in section 4.3 on 345 

paleoceanographic scenarios).  346 

4.2 Redox conditions of sapropel deposition in the SoM: insights from nitrogen 347 
utilization  348 

4.2.1 Lower part of the main (early Holocene) sapropel 349 

The δ15N ranges from 3.6‰ to 5.5‰ in the lower portion of the main sapropel 350 

(Fig.3), which is higher than those in the overlying sediments. These positive values 351 

indicate that the primary producers may have assimilated nitrogen induced by water 352 

Jo
urn

al 
Pre-

pro
of



 

 

column denitrification that occurred under relatively suboxic-dysoxic conditions. 353 

Denitrification is the process by which nitrate is reduced to N2 or N2O under suboxic 354 

conditions (oxygen concentration < 5µM) (Sigman and Casciotti, 2009). The consumption 355 

of nitrate through denitrification would leave the remaining nitrate pool enriched in 15N 356 

(Cremonese et al., 2013; Kikumoto et al., 2014; Sigman and Casciotti, 2009; Wang et al., 357 

2013). Thus the positive δ15N values recorded in sedimentary organic matter indicate a 358 

suboxic-dysoxic environment. In such an environment, the oxygen content is not high 359 

enough to increase the nitrate supply to the organic nitrogen pool via oxidation. Therefore 360 

the 15N-rich nitrate is mostly preserved in the sediments (Kikumoto et al., 2014; Sigman 361 

and Casciotti, 2009) (Fig.6a). In conclusion, the positive δ15N signals in the early Holocene 362 

sediments of the SoM generally reflect an oxygen-depleted bottom water condition. Lack 363 

of oxygen penetration in sediments is supported by the independent observation of Mo 364 

enrichment above crustal values of 2 ppm (Taylor and McLennan, 1985)(Fig. 3). In anoxic 365 

and organic-rich sediments, Mo is rapidly sequestered into the organic and clay fractions 366 

and precipitated as authigenic sulfide minerals where [H2Saq] reaches ~10µM (Helz et al., 367 

2011; Helz et al., 1996; Scott and Lyons, 2012). The Mo enrichment in core MD01-2430 in 368 

the SoM also documented an anoxic condition during deposition of the lower part of the 369 

main sapropel (Vidal et al., 2010). In addition, the scarcity of benthic foraminifera and 370 

sporadic occurrences of dysoxic species were observed in the core MAR98-12 for the 371 

same stratigraphic interval (Aksu et al., 2002).  372 

4.2.2 Upper part of the main sapropel and the upper sapropel 373 

The δ15N remains low with an average value of 2.9‰ throughout the upper part of 374 

the main sapropel and the upper sapropel units (895-680, 580-410 cmbsf) but drop to 2.3‰ 375 
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at 4.10 mbsf. Depleted δ15N signals are commonly attributed to either enhanced nitrate 376 

supply or improved N2 fixation (Kikumoto et al., 2014; Sigman and Casciotti, 2009). The 377 

two hypotheses reconcile with previously discussed scenarios of improved marine 378 

productivity. In scenarios 1, as dense Mediterranean water flows into the SoM and 379 

displaces the less dense lake water, weak ventilation of the SoM is established (Çağatay et 380 

al., 1999; Çağatay et al., 2009). The ventilation results in the oxidation of the organic 381 

nitrogen pool, which leads to a gradual increase of nitrate reservoir. In a nitrate available 382 

condition, partial assimilation of nitrate preferentially produces depleted δ15N signals 383 

(Kikumoto et al., 2014; Sigman and Casciotti, 2009). In the second scenario, increasing 384 

river input from the Black Sea yields phosphate excess in the surface water, which 385 

stimulates the diazotrophic N2 fixation. The fixed nitrogen carries a δ15N value of ~0‰ 386 

and then decreases the organic δ15N values (Ader et al., 2014; Kikumoto et al., 2014; Sachs 387 

and Repeta, 1999). Further decreased δ15N values in the upper sapropel sediments would 388 

reflect an integrated δ15N signal of incomplete utilization of nitrate and nitrogen fixation.   389 

Relative Mn enrichment in the upper part of the main sapropel and the upper 390 

sapropel suggests improved bottom water ventilation (Fig.3). Mn, as a redox-sensitive 391 

element, occurs in high concentrations as insoluble Mn-oxyhydroxides in the sediments 392 

deposited under oxic bottom waters (Çağatay et al., 2002; Çağatay et al., 2004; Calvert and 393 

Pedersen, 1993). Near the top of the main sapropel unit in core MAR98-12 in the Sea of 394 

Marmara, the bloom in Globobulimina also indicates an improvement in deep water 395 

oxygenation (Aksu et al., 2002). A similar observation of Mn peaks coinciding with the 396 

benthic foraminiferal record (G.orbicularis) in sapropel S1 was previously made and 397 
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interpreted to be indicative of increased deepwater ventilation in the Mediterranean Sea 398 

(Mercone et al., 2001). 399 

4.3 Paleoceanographic scenarios of sapropel deposition 400 

Riverine runoff from the Black Sea transferred into the SoM from the Late Glacial 401 

until the end of the Younger Dryas (Eriş et al., 2007; Vidal et al., 2010), which induced 402 

low-salinity surface water and a high input of terrestrial organic matter (Fig.6a). At about 403 

12.6 kyr BP, the SoM was reconnected with the Mediterranean Sea (Çağatay et al., 2015). 404 

Subsequently, a salinity stratification was established with the saline Mediterranean waters 405 

below and the brackish-fresh lacustrine of the Marmara Lake waters above (Çağatay et al., 406 

2000)(Fig.6a). The density stratification prevented deepwater ventilation and oxygen 407 

supply to the bottom waters (Aksu et al., 1999; Çağatay et al., 2000; Tolun et al., 2002). 408 

After the Younger Dryas, the water level of the Black Sea dropped below the Bosporus sill 409 

for a short period because of a decrease in precipitation (Ryan, 2007). This disconnection 410 

was supported by a salinity increase in the surface water of the SoM (an increment of about 411 

2.5 ‰ in ∆δ18Osw) (Vidal et al., 2010). 412 

The SoM was reconnected with the Black Sea with the overspill of Mediterranean 413 

waters via the Bosporus at 9 ka BP (Major et al., 2006; Ryan, 2007; Soulet et al., 2011). 414 

The main sapropel was deposited shortly after this reconnection, and the Black Sea’s 415 

outflow caused a decrease in the surface salinity of the SoM during the sapropel 416 

deposition (Sperling et al., 2003; Vidal et al., 2010) (Fig. 6b), while the continuous dense 417 

Mediterranean seawater poured into the SoM and caused ventilation (Fig. 6b). The 418 

outflow from the Black Sea was weakened at ~ 6.5 kyr BP as indicated by surface salinity 419 

increase in the SoM (Hiscott and Aksu, 2002), and the main Holocene sapropel 420 
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deposition ceased soon afterward (~ 6 kyr BP) (Çağatay et al., 2015; Hiscott and Aksu, 421 

2002; Sperling et al., 2003). 422 

The upper sapropel deposition took place between ~5.4 to ~3 kyr BP (Çağatay et 423 

al., 2015), when there was a warm and humid mid-Holocene episode in the region 424 

(Triantaphyllou et al. 2014; Çağatay et al., 2015). The start of the upper sapropel deposition 425 

also coincided with the establishment of the present-day layer flow system in the Bosporus 426 

Strait and the SoM (Algan et al., 2001; Çağatay et al., 2000; Fontanier et al., 2018) (Fig. 6c). 427 

The warm and humid conditions resulted from the albeit weak Mid-Holocene South 428 

Asian monsoon forcing and the lighter Etesian wind (Triantaphyllou et al., 2014), 429 

resulting in a relatively slow bottom water circulation and stagnation, leading to the 430 

deposition of the upper sapropel. 431 

An interruption in organic-rich sediment deposition occurred between the two 432 

sapropel layers (Fig.1), which show conformable negative excursions in the TOC and TN 433 

contents (Fig.2). Poor sorting and positively skewed grain size distribution, together with 434 

the coarser mean grain size in the interval between the two sapropels, imply an interruption 435 

of uniform sedimentation, which was likely caused by increased deepwater circulation 436 

(Fig.4). The upper sapropelic unit, with fine grain size and improved sorting, was 437 

deposited during a high stand of global sea level similar to the present day level. 438 
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439 
Figure 6. Paleo-hydrological models showing the ocean redox structure and nitrogen 440 
utilization during the sapropel formation in the SoM. (a) The main Holocene sapropel 441 
started depositing at 12.3 kyr BP, about 300 years after the Mediterranean transgression 442 
(Çağatay et al., 2015). The lower part of the main Marmara sapropel was deposited 443 
during the Younger Dryas until the inflow of Black Sea waters in the SoM ceased. 444 
However, Core MRS-CS 17 fails to capture this period as it extends back to ~8 ka BP, 445 
and thus the scenario for this period is hypothetical. The salinity gradient between the 446 
saline Mediterranean seawater and the fresh-brackish lacustrine water during this early 447 
period resulted in a strong stratification of the water column in the SoM. Anoxic 448 
conditions were established in a mode similar to the present-day Black Sea. With no or 449 
little oxygen, no nitrification through the oxidation of the organic nitrogen pool was 450 
possible. (b) An increase in the bottom water ventilation of the SoM started when the 451 
dense Mediterranean seawater began pouring into the Black Sea at ~9 kyr BP. The 452 
ventilation caused the oxidation of the organic nitrogen pool and resulting in a gradual 453 
increase in the nitrate reservoir. The ventilation weakened with the rise of the global sea 454 
level to its present position at ~6.5 kyr. Freshwater input with phosphate excess in the 455 
surface seawater may have stimulated the diazotrophic N2 fixation during this period. (c). 456 
After the establishment of the present two-way flow system between the Mediterranean 457 
and Black Sea waters, the upper sapropel started depositing between ~5.4 to ~3 kyr BP 458 
during a warm and humid climatic period. These climatic conditions resulted in enhanced 459 
productivity and relatively slow bottom water circulation and stagnation.   460 

Jo
urn

al 
Pre-

pro
of



 

 

5 Conclusions  461 

Multi-proxies from core MRS-CS 17 retrieved in the SoM provide 462 

paleoenvironmental and hydrographic information reaching back to the early Holocene. 463 

The C/N ratios and δ13Corg values show that most of the organic carbon at the onset of the 464 

lower sapropel is of terrestrial origin, and then the marine productivity contribution 465 

increased upward. Isotope analyses of total nitrogen suggest relatively high δ15N up to 5.5 ‰ 466 

at the bottom, and then it dropped to around 2.9 ‰ in the upper sapropel. The variation can 467 

be viewed as a shift in nutrient condition from a nitrate-limited to a temporal nitrate-rich 468 

one due to a gradual increase in the bottom water oxygen concentrations. This hypothesis is 469 

supported by redox-sensitive elements (Mo and Mn), which indicate anoxic conditions 470 

when the main sapropel was deposited, and then deepwater ventilation was strengthened 471 

and water O2 levels was increased when the upper sapropel was formed.  472 

This research attempts to further understand the relationship between the 473 

Holocene sapropel deposition in the SoM and the regional paleo-hydrological conditions. 474 

During the deposition of the lower part of the main Holocene sapropel, which started at 475 

~12.3 kyr BP, the density stratification between brackish-fresh lacustrine and the saline 476 

Mediterranean water prevented deepwater ventilation and oxygen supply to bottom water. 477 

As a result, the lower part of the main sapropel was deposited under suboxic/anoxic 478 

bottom water. The terrestrial organic matter in the lower part of the main Holocene 479 

sapropel was mainly provided by organic-laden riverine runoff from the Black Sea 480 

(Çağatay et al., 2009; Çağatay et al., 2000; Tolun et al., 2002). After the Younger Dryas, 481 

the outflow from the Black Sea ceased for a short period. As the dense Mediterranean 482 

seawater continued to pour into the SoM, it displaced less-dense, nutrient-rich lake 483 
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bottom waters upward to the surface, which leads to water stratification and bottom water 484 

anoxia/hypoxia, and finally to the main Holocene sapropel deposition. Later ventilation 485 

might have improved the oxygen-level, leading to a gradual increase of nitrate reservoir 486 

after the Mediterranean reconnection of the Black Sea at ca. 9 kyr BP. An outflow of the 487 

Black Sea to the SoM also started soon after the ingression of Mediterranean waters in 488 

the Black Sea. The river flow related phosphorus excess from the Balck Sea could have 489 

prompted nitrogen fixation in the SoM. The phosphorus-rich surface water and the upward 490 

nutrient-rich bottom lacustrine water facilitated the enhanced marine productivity in the 491 

upper part of the main sapropel. The upper sapropel deposition occurred in a warm and 492 

humid mid to late Holocene period between ~5.4 and ~3 kyr BP. These climatic 493 

conditions resulted in relatively slow bottom water circulation and enhanced organic 494 

productivity. 495 
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Highlights 

1. Nitrogen isotopic compositions in the Holocene sapropels from the Sea of the 
Marmara are reported for the first time to reconstruct paleoceanographic 

conditions. 

2. The redox condition changed from suboxic-dysoxic to relatively oxidative during 
the Holocene sapropel deposition in the Sea of Marmara. 

3. The nutrition condition shifted from low nitrate to temporally nitrate-rich due to a 
gradual increase in the bottom water oxygen concentration during the sapropel 
deposition. 

4. Holocene sapropel deposition in the Sea of Marmara was closely related to the 
regional paleo-hydrological condition. 
 

Jo
urn

al 
Pre-

pro
of



Declaration of interests 

 

☒ The authors declare that they have no known competing financial interests or personal relationships 

that could have appeared to influence the work reported in this paper. 

 

☐The authors declare the following financial interests/personal relationships which may be considered 

as potential competing interests:  

 

 
 
 

 

 

Jo
urn

al 
Pre-

pro
of


