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SUMMARY

The objective of this thesis is to investigate the water column oxygen and organic
productivity conditions during the deposition of the Black Sea sapropel, using
inorganic geochemical, paleontological and sedimentological methods.

Four cores were studied from Black sea basin two each from western (Core BS 9&
BS 15) and eastern basins (Core BS 23 (2)&46). These cores include two
sedimentary units. These units were deposited during the last 3000 and 7000-3000 yr
BP, respectively from top to base are a laminated coccolith unit and organic rich
sapropel.

These studied cores give important results concerning the depositional conditions of
the two stratigraphic units. Firstly, the high values of total carbonate content is a
result of high concentrations of calcite coccoliths of Emiliania huxleyi forming
coccolith laminae in this unit. This laminae are the product of annual summer
plankton blooms when the light intensity and temperature are optimal for a
maximum growth. .Secondly, the Carbonate, Ca/Al and Sr/Al profiles also shows
biogenic input and elevated values in the coccolith unit. The higher values of St/Al in
the coccolith unit in the western basin than those in the eastern basin indicate that
there are greater biogenic carbonate flux and relatively low detrital input in the
former basin compared to the latter basin.

Another important component of the Black Sea sediments is the detrital mineral and
organic matter which have been transported to the basin via the rivers. The
mineralogical composition and grain size of detrital input is consistent with the
enrichment of lithophile elements, such as K, Na, Mg, Rb, Cr, Ti and Zr in coccolith
unit. These metals, together with sharp increases in heavy metals of anthropogenic
origin (Cu, Zn, Pb, Sb and As), in the top few cm of the cores are due to
anthropogenic activity in the last few hundred years.

The differences in the depth of the onset of the enrichment in different cores are
because of different sedimentation rates at the different core sites. The sequence of
this depth distribution indicate that the sedimentation rate is in the order of Core BS
9> Core BS 15 > Core BS 23(2). '

The trends of Ba/Al profiles are generally conformable with those of Corg profiles in
the studied cores, indicating the proxy character of this ratio for organic productivity
in the Black Sea sediments. Ba/Al ratio is the highest in the sapropel unit in Core BS
15, followed by Core BS 23(2) and Core 46. These trends suggest that the organic
productivity was higher in the western basin than in the eastern basin during the
sapropel deposition.
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High Ba, Mo, P, Ni and V show strong correlation between each other in organic-
rich sediments. In the coccolith unit, Ba/Al ratio increases in the order: Core 46 < BS
23(2) < BS 9 < BS15, again suggesting higher organic productivity in the western
Black Sea basin compared to the eastern Black Sea basin during the last 3000 years.
The sharp enrichment of Ba in the few cm-thick core tops is an important indicator of
the recent eutrophication of the Black Sea.

The enrichments of Redox sensitive elements such as Mn and Fe in and above the
Black Sea sapropel are not observed in both the eastern and western Black Sea basins
strongly suggesting that the sapropel unit was deposited under anoxic water
conditions.

The enrichment chalcophile (Pb, Cu, Zn, Cd, Ni, As, S and Sb) elements in the Black
Sea sapropel in studied cores also strongly suggests that this layer was deposited
under anoxic bottom waters. High correlation coefficients between Fe, Co, As and S
support close relationship of these metals with sulphide phases in the sapropel unit.
The elevated values of Mo, Ni and V are observed in sapropel unit in Core BS 15,
BS 23 (2) and 46.These metals are probably concentrated in both the organic and
sulphide fractions.
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OZET

Tezin amaci, Karadeniz’e Akdeniz sulanmn girmesinden sonra orta Holosen’de
olusan sapropel biriminin ¢okeldigi su sttunu kosullarini ve organik iretimi
inorganik jeokimyasal ve paleontolojik yontemlerle belirlemektir.

Karadeniz’de ikisi batidan (BS 9&BS 15) ve ikisi dogudan (BS 23 (2)& 46) olmak
tizere 4 karot galigilmigtir. Bu karotlar iki sedimanter birim igerirler. Bu kokolit ve
sapropel birimi sirasiyla giniimiizden son 3000 ve 7000-3000 y1l 6nce ¢okelmigtir.

Cahgilan karotlar sapropel biriminin ¢bkelme kogullan ile ilgili olarak 6énemli
sonuglar vermigtir. Ik olarak kokolit laminali birimde yiiksek toplam karbonat
degerleri bu birimdeki kokolit laminalan olusturan Emiliania huxleyi kalsitik kokolit
konsantrasyonlarimin yiiksek olmasi nedeniyledir. Bu laminalar 151k yoguniugu ve
sicakligin biyime igin en elverigli oldugu yillikk yaz plankton patlamalarinin
ariniadir. Karbonata benzer sekilde, Ca ve Sr profilleri biyojenik akiyi gésterir ve
kokolit biriminde yiksek degerler gostermistir. Kokolit biriminde bati Karadeniz
havzasinda dogu havzasina gore daha yitksek Sr/Al degerleri izlenmistir. Bu bati
havzasinda daha ¢ok biyojenik karbonat akiyr ve kismen digiik detrital girdiyi
gostermektedir.

Karadeniz sedimentlerinin diger onemli bileseni nehirler yoluyla taginan organik
madde ve detrital minerallerdir. Kokolit biriminde K, Na, Mg, Rb, Cr, Ti, Zr gibi
litofil elementlerin zenginlesmesi mineralojik bilegim ve detrital tane biyikligi
akisi ile uyumludur. Bu metallerle birlikte antropojenik kokenli agir metallerin (Cu,
Zn, Pb, Sb and As) karotlarin st birkag cm.’sinde hizli artig1 son birkag yiizyildaki
antopojenik etkinlikle ilgilidir.

Farkli karotlardaki zenginlegsmelerin basladig: derinlikierdeki farkliliklar, farkls karot
alanlarindaki farkli sedimantasyon hizlan nedeniyledir. Buna gore sedimantasyon
hizinin siras1 Core BS 9>BS 15> BS 23 (2) seklindedir.

Karadeniz sedimentleri i¢inde organic iretimi gdsteren Ba/Al oram karot BS15 te
sapropel biriminde en yiiksektir. Bunu Core BS 23 (2) ve Core 46 izlemektedir. Aym
sira adi gegen karotlarda kokolit biriminde de izlenmistir. -Bu siraya gore gerek
sapropel ve gerekse kokolit ¢okelimi sirasinda bati havzada dogu havzaya gore daba
yuksek organik liretim gergeklegmistir.

Karadeniz karotlarinda sapropel biriminde Ba, Mo, Ni ve V ile organik karbon
arasinda kuvvetli korelasyon gorilmiigtiir. Bu kuvvetli korelasyonlar adi gegen
metallerin organik madde ile iligkisini gostermektedir..



Karotun st birka¢ cm.’sinde Baryumun hizla artis1 Karadeniz’ de yakin zamandaki
agin organik dretimin(6trifikasyon) Gnemli gostergesidir

Mn ve Fe gibi redoksa duyarli elementlerin Karadeniz sapropeli iginde ve iizerinde
hem dogu hemde bati Karadeniz havzasinda zenginlesme gdstermemesi sapropel
biriminin oksijensiz (anokzik) dip suyu kosullant altinda ¢okeldigini kuvvetle
desteklemektedir. Karadeniz sapropeli i¢inde kalkofil element (Fe, Cu, Zn, Cd, Ni,
Sb,As ve S) zenginlesmesi bu sonucu desteklemektedir.

Fe, Co, As ve S arasindaki yiiksek korelasyon katsayilari, bu metallerin sapropel
biriminde siilffid fazinda bulundugunu gostermektedir. Sapropel biriminde g¢ok
yilksek Mo, Ni, V degerleri Core BS 15 ve BS 23 (2) de gézlemlenmektedir. Bu
metaller biiyiikk olasilikla hem organik maddenin yapisinda hemde siilfid fazinda
konsantre olmustur.
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1. INTRODUCTION

1.1. Oceanography, Recent Sedimentary History and Holocene Sapropel of the
Black Sea

Black Sea is the largest modern anoxic basin in the world with a maximum depth of
2250 m. It is a tectonically restricted basin connected to Mediterranean and the world

ocean system via the Sea of Marmara and the Straits of Bosphorus and Dardanelles.

The present sill depths of Bosphorus and Dardanelles Straits are 35m and 64m,
respectively (Gunnerson and Ozturgut, 1974). The Black Sea has a positive water
balance and exports waters of low salinity to the Mediterranean, the positive water
balance is supported by substantial riverine input of fresh water from Danube
drainage system to the west, from rivers draining the southern part of the Russian and
Caucasus and Anatolian drainages to the east and south (Shimkus and Trimonis,
1974). The Bosphorus Strait limits the influx of relatively warm, saline
Mediterranean surface waters to the basin (Ozsoy and Unliiata, 1997). The Black Sea
has a pycnocline at depth of about 100-150 m, separating aerated brackish waters
(~18 %o) from anaerobic, H,S-rich more saline waters (~ 22.5 %o). However, The
pycnocline depth of Black Sea occur at ~75m in the centre and at ~210m at margins
(Murray et al., 1991).

The Black Sea basin consists of four physiographic parts: continental shelf
continental slope, basin apron and abyssal plain (Ross et al, 1974; Ross et al., 1978).



The northwest shelf of the Black Sea is much wider than the Anatolian Coastline and
Caucasus shelves (<20km). Some canyons trending at roughly right angles to the
coast have dissected the southern shelf and slope. These canyons are important in
transportation of sediment loads to the abyssal plains that cover large area in the

central part.

The Holocene Black Sea sediments deposited in the last 30000 year consist of three
units. The youngest is a modern, finely laminated coccolith marl (Recent unit of
Soviet workers and Unit 1 of Ross et al, 1970). This is underlain by a micro
laminated organic-rich sapropel (Old Black Sea unit of Soviet workers and Unit 2 of
Ross et al., 1970). Laminated carbonate-poor clays (New Euxinian unit of Soviet
workers: Unit 3 of Ross et al., 1970) comprise the oldest unit recovered. These three
units can be traced over most of the deep water area of the Black Sea and reflect the
evolution of hydrographic conditions in the basin following the last glaciation. In the
last glacial epoch and deglaciation, the Black Sea was a fresh water lake and a
lacustrine clay unit (Unit 3) was deposited when the Black Sea was isolated from the
Mediterranean (Degens and Ross, 1972; Ross and Degens, 1974). The last
connection with the Mediterranean was established through the Bosphorus at 7150 yr
BP (Ryan et al, 1997). After this connection, high organic productivity and
restricted circulation conditions caused deposition of the sapropel unit (Unit 2) about
between 7000 and 3000 yr BP. The coccolithophore Emiliania huxleyi invaded the
basin at about 3000yr BP and present oceanographic conditions were established
with the deposition the coccolith microlaminated mud. Based on modern AMS '*C
datings of numerous core samples from various parts of the basin, Jones and Gagnon
(1994) determined the calibrated ages of 2720 and 7900 yr BP for the Unit 1 / Unit 2
and Unit 2 / Unit 3 boundaries, respectively. Later, the same boundaries were dated
at 2000 and 7800yr by Arthur and Dean (1998).

Cagatay et al. (1990) found sapropel (Unit 2) is about 40 cm thickness and consist
mainly organic matter with some coccolith remains, clays, inorganically precipitated
aragonite, iron monosulfides and pyrite. The organic carbon content of the sapropel

unit ranges up to 14.25 % and average 10 %.



The average Corg contents of Unit 1 is ~3 %. The surface sediments from all
physiographic regions of the southern part of the Black Sea basin contain an average
of 2.3 % Corg. The areal distribution of Corg contents of composite samples
comprising all the three units shows an increase from < 1 % on the shelf to > 5% on
the abyssal plains (Cagatay, 1987, Cagatay et al, 1990). This distribution closely
approximates that of sedimentation rates given by Ross et al (1970).

According to Arthur and Dean (1998), the sapropel consists of ~50 cm of finely
laminated, olive-black sapropel found underlying Unit 1 in the deep basins but
thickens to 150 cm or more and becomes lighter in colour in shallow waters because
of a much higher accumulation rate of detrital clastic material. The sapropel contains
1-20 % Corg and 5-15 % CaCO;. The contents of the latter two components are
higher in the deep basin and lower in the shallower water due primarily to dilution by
detrital clastic material. At the base of the sapropel, there is a white laminated band
consisting of rounded needles of aragonite (‘rice grains’ of Ross and Degens, 1974).
Arthur and Dean (1998), subdivided sapropel unit on the basis of colour, organic
carbon content and the presence of the laminae at the base into two subunits. Subunit
Ib, is distinguished from Subunit IIb; on the basis of the presence of aragonite
laminae in subunit IIb, and the prominent peak in organic carbon content in Subunit
IIb;. They agree that increased primary productivity in Unit IT relative to Unit III
played an important role in forming the Unit II sapropel. However, they conclude
that the entire water column below ~200 m was sufficiently oxygen deficient at the
beginning of the deposition of Unit II to permit preservation of the fine laminations.
They believe that the bottom waters of the Black Sea became totally anoxic and
sulphidic (with free H;S in the bottom waters) within a few hundred years after the
initiation of deposition of Unit 2.

The Holocene Black Sea sediments consist of four units according to Calvert (1990).
Unit A consists of laminated, coccolith-bearing marls with carbon values ranging
from 0.66 to 3.88 %. Unit B is very homogeneous with 1.63 £ 0.09 % Corg and 13.4
%+ 0.17 % CaCOs. Unit C is the sapropel that organic carbon content of 14.4 % and
Unit D has the lowest Corg contents of the entire core and contains 15.6 to 26.0 %
CaCO;.



These sedimentary units, which are distinguished by carbon and carbonate profiles,
has been interpreted by Calvert et al. (1987) to represent: (1) the modemn sediment
facies of Black Sea (Unit A) which is equivalent to the Recent horizon of Soviet
workers (Arkangel’skiy and Strakhov, 1938) and Unit 1 of Ross et al. (1970) (2) the
recent sapropel (Unit C) which is equivalent to the Old Black Sea Horizon of Soviet
workers and Unit 2 of Ross ef al. (1970), and (3) laminated calcareous (lacustrine)
clays (Unit D) which are equivalent to New Euxinic horizon of Soviet workers and
Unit 3 of Ross et al (1970).

The homogeneous (Unit B) separating the modern facies and the sapropel in Cores
1432 and 1470 is interpreted to be a homogenite or turbidite horizon: such sediments
are evidently very common in Cores collected from the deep Black Sea (Degens et
al., 1980), although they have not previously been described from the cores collected
by the ATLANTIS II in 1969.

The composition of organic matter in the sapropel unit has been extensively studied
by different methods. These various studies have often produced contradictory
results concerning the origin of the organic matter in the sapropel. According to
Simoneit (1974, 1978) suggests that the organic matter is mainly of terrestrial origin
and consists of spores, pollen and other plant parts containing sterols and fatty acids.
Volkov & Fomina (1974) further recognized the presence of bitumen, humic and
fulvic acids. Similarly, Hunt (1974) concluded that the hydrocarbon composition of
the organic matter is enriched in aromatic and asphaltic compounds of terrestrial
origin, but poor in paraffin compounds of marine organic affinity. However, the
results of Pelet and Debyser (1977) and Lee et al.(1980) showed that the marine
component of the organic matter is more important than the terrestrial one.
Furthermore, infra-red spectroscopic studies by Huc et a/.(1978) indicate that the
sapropel is composed predominantly of aliphatic hydrocarbons.

Cagatay (1999) demonstrate that the elemental C/N of the sapropel in Core 46 in the
eastern Black Sea ranges from 12 to 16.4 and averages 14.5. Considering the C/N of
marine plankton and zooplankton lies between 5 and 8 and that of land plants
between 20-200 (Emerson, 1988), the C/N values of the Black Sea sapropel suggest

that the organic carbon is a mixture of marine and terrestrial material.



Recent & 1>C data obtained by Tolun et al.(1999) suggest a significant contribution of
terrestrial organic matter. Recent studies, involving Py/GC/MS analysis (Didyk et
al., 1978; Ergin et al., 1996, Brown et al., 2000; van de Meent et al., 1980,), Gas
Chromatography-Mass Spectrometry (GC-MS) analysis, together with *C magnetic
resonance spectrometry (Brown et al., 2000), demonstrated that the sapropel is a
Type 1 kerogen, having similar organic structures to oil shales. Rock-Eval analsis of
the sapropel unit produced very high hydrogen index values that also strongly
suggest Type 1 kerogen of marine algal origin (Espitalié e al., 1977 ; Volkov and
Fomina, 1974; Calvert, 1987 ). Py/GC/MS analysis shows that the principal organic
components in sapropel are alkanes, alkenes, alkyl benzenes, alkyl naphthalenes and

a few phenols.

Tolun (2001) studied the organic geochemistry of the Black Sea sapropel in Core 46
using elemental C/N analysis, Rock Eval Pyrolysis and C-isotope analysis. The
results show that the organic matter in the lower part of the sapropel starts with
predominantly terrestrial organic matter input, which gradually become more marine
towards the upper part and in the coccolith unit. In the view of these recent results, it
can be concluded that organic matter in the sapropel unit is mostly of marine
planktonic origin, with local and variable contribution of a terrestrial component

causing some variation in the composition.
Formation of any sapropel requires some special water column conditions:
1) increase in surface water productivity,

2) restricted bottom water circulation and anoxic bottom water conditions (Demaison
and Moore, 1980; Schrader and Maderne, 1981; Calvert and Price, 1983; Thunnel
and Williams, 1989; Pederson and Calvert, 1990; Calvert et al., 1992; Emeis et
al.,1996; Thomson et al., 1995).

Stagnant oceanic bottom waters with a low concentration or absence of oxygen
(anoxia) were considered for a long time as the main prerequisite for the
accumulation of high amounts of organic matter in sediments (Demaison and Moore,
1980).



However, recently, two contrasting models have been developed to explain the
deposition of organic matter rich sediments in marine realm, either (1) by
preservation under anoxic conditions in a static situation or (2) by high primary
productivity in a dynamic system (Pedersen and Calvert, 1990; Demaison, 1991;
Pedersen and Calvert,1991).

The relative importance of these two dominant controlling parameters is still being
heavily debated, although Stein (1986 a,b; 1990) conceived that either one of these
parameters could play a decisive role in different oceanographic situations. Another
parameter brought into a discussion more recently is the protective role for organic
matter adsorption on mineral surfaces and its influence on organic matter
accumulation in marine sediments (Keil et al., 1994a, b; Mayer, 1994; Ransom et al.,
1998).

According to first model, the lack of replenishment of oxygen by restricted
circulation in the bottom water can lead to anoxic or suboxic conditions in the water

column and at the sediment / water interface.

In the Black Sea, this is caused by the development of a very stable halocline
(preventing vertical mixing) at about 100 m to 150 m water depth. The surface layer
is fed by relatively light, riverine freshwater which overlies the salty Mediterranean
water. Over time, oxidation of sinking remnants of decayed organisms could
consume all the free oxygen in the deeper water, which was not effectively

replenished by Mediterranean water spilling over the Bosphorus sill.

Presently, the deep water in the Black Sea contains hydrogen sulfide restricting life
to anaerobic microorganisms that are commonly thought to degrade organic matter
less rapidly than aerobic bacteria. Lack of intense organic matter degradation under
anoxic conditions would then not necessarily require high surface water

bioproductivity for high organic carbon concentrations to occur in the sediment.

The productivity model is based on high primary productivity in the photic zone of
the ocean as it presently occurs in areas of coastal upwelling primarily on the western
continental margins, along the equator and as a monsoon-driven phenomenon in the
Arabian Sea (Rullkétter, 2000). Upwelling brings high amounts of nutrients to the
surface, which stimulates phytoplanktonic growth (e.g. Suess and Thiede 1983,
Thiede and Suess 1983, Summerhayes et al., 1992).



On continental margins, the formation of oxyge;-depleted water masses (oxygen
minimum zones) usually implies that they impinge on the ocean bottom where they
create depositional conditions similar to those in a stagnant basin (e.g. Pedersen and
Calvert 1990, 1991; Demaison, 1991). Finally, the first model requires anoxic bottom

water conditions so that organic matter is deposited.

On the other hand, the high productivity model does not primarily require anoxic

bottom water conditions (Calvert,1990).

Based on the distribution of Mn, I and Br in the deep water sediments, Calvert
(1990) suggest that the surface of the sediment and hence the bottom water was well
oxygenated at the time of the sapropel deposition in the Black Sea.

1.2. The Objectives and Qutline of the Study

As can be seen from the foregoing discussion, the Holocene sapropel in the Black
Sea has been the subject of numerous studies. However, depositional conditions,
especially concerning water-column oxygen levels, during the deposition of this

sapropel are still highly controversial.

The objective of this thesis is to investigate the water column oxygen and organic
productivity conditions during the deposition of the Black Sea sapropel, using
inorganic geochemical, paleontological and sedimentological methods.

For this study, high-resolution sampling analyses of three multi-corer cores and one
gravity core recovered from the deep eastern and western Black Sea basins were
carried out. The core samples were analysed for wide range of elements (Fe, Mn, Cu,
V, Nj, Cr, Mo, As, S, U, Th, Cd, Sb, Co, Pb, Zn Sr, Ca, P, La, Cr, Mg, Ti, Na, K, Ce,
Y, Nb, Ta, Sc and Li) and for organic productivity proxies (organic carbon,
carbonate and Ba). The samples were also studied under microscope for their mineral
composition and nanno- and micro-fossil content. Distribution of these parameters
along the depth of the cores was interpreted in terms of depositional conditions
during the sapropel deposition.



2. METHODS OF STUDY

2.1. Sample Collection

Four cores were studied from Black Sea basin two each from western and eastern
basins (Fig 2.1). The western basin multi-corer cores were collected from the western
continental margin in 1998 during the IJAEA-RADEUX cruise (Core BS-9: 44°
28.118° N, 31° 15 .178’E, 600 m water depth; Core BS-15: 43° 29 .094°N, 30° 42
367" E, 1319 m water depth). The gravity core in the eastern basin was collected by
R/V Carsamba for MTA study in 1978 (Core 46: 43° 00 OON, 36° 45 E, 2160 m
water depth). The multi-corer core in the eastern basin was collected in 2000 during
the JAEA-RADEUX cruise (Core BS 23 (2): 42° 57.506°N, 37 °22 403’ E, 2167 m
water depth).

2.2. Sample Preparation

The samples were dried to constant weight at 70° C and ground to fine powder in an
agate mortar. Core BS 9 was subsampled at about 1 cm intervals to 5 cm depth, 2 cm
interval between 15 c¢cm and 30 cm depth, and 5 cm interval between 30 and 50cm
depth.

Core BS 15 has a total length about 50 cm. The first 10 cm of this core were
subsampled at about 1 cm intervals, followed by 2 cm sampling interval between 10
and 20 depth, and 5 cm sampling interval between 20 and 50 cm depth.

Core BS 23, has a total length about 38.5 cm depth. The sampling resolution for this
core was 0.5 cm until 5 cm, 1 cm between 5 and 14 cm, and 2 cm between 14 and
38.5 cm core depth.



Core 46 has a total length at 142 cm. Generally; this core was sampled at 5 to 10 cm intervals.

2.3. Geochemical Analyses

2.3.1. Organic Carbon Analyses

Organic Carbon (Corg) content of the samples was determined by Walkey-Blake method.
This method involves the titration with ferrous aluminium sulphate of the dichromate left
after a wet combustion of the sample with potassium dichromate (Gaudette et al. 1974;
Loring and Rantala, 1992).

0.01, 0.02, 0.03, 0.04, 0.05,0.06 g glucose are used as standards for the calibration. Corg
content is calculated using the calibration curve and a dilution factor. 0.5 g of dried and
powdered samples are placed in 500 ml flasks, 10 ml IN dichromate solution is added by
pipet and mixed. Then, 20 ml H,SO, is added and mixed for one minute, and left for thirty
minutes with frequent mixing. Samples are diluted with 200 ml distilled water and added 10
ml H3PO,4, 0.2 g NaF and 1ml diphenyl-amin. Finally, the sample solution is backtitrated with
0.4N Fe (NH4) 2 (SO4) 2 6H,0 solution.

2.3.2. Total Carbonate Analyses

Total Carbonate contents were determined by a gasometric-volumetric method after a 4 M
HCI treatment of the samples (Loring and Rantala, 1992). 0.02, 0.04, 0.08, 0.1, 0.15, 0.2,
0.25,0.3 g pure CaCO; are measured to prepare a standard curve. 0.5 g sample dried and
powdered samples is weighed into small vial and the vial is placed in a 250 ml flask. 10 ml
HCI is added to the flask so that it has no contact with the sample. The flask is shut with a
stopper and is mixed so that the sample and HC] are mixed to react. As result of this reaction,
CO, is released and the volume of the evolved CO, is measured by the change of the

coloured liquid in burette.



2.3.3. Metal Analysis by ICP-ES (Inductively Coupled Plasma Emission Mass
Spectrometry)

For the ICP-ES multi element analysis, the samples were dissolved by a total digestion
involving hot HF+ HCl + HNOs acid mixture. The final solution for the analysis was in
dilutes Aqua Regia (HCI-HNOs). The sample solutions were analysed for Al, Fe, Mn, S, As,
Cu, Zn, Co, Ni, Na, K, V, Cr, Ba, Mo, Ca, Mg, Sr, Rb, Nb, Zr, La, Y, U, Th, Ce, Ta, Sc, Pb,
Cd, Sb, Cd, Ti, Li and P using ICP-ES. The precision and accuracy of the analyses were
checked by analysing international standards (CT-3 and G-2) and replicate samples (Table
2.1). They were found to be better than 10 % at 95 % significance level. The metal
concentrations were normalized to Al (weight ratios) to minimize the mineralogical and grain
size effects, especially the effects due to dilution by CaCQOs (e.g. Loring and Rantala, 1992).
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Table 2.1. Precision of the ICP metal analysis as shown by triplicate and duplicate
analysis of some international standards (CT3, G-2) and Black Sea Core
samples.

Ele.

Cua

Pb

Zn

Ni

Co

Fe

Mg

Cr

Ba

ppm|

ppm

ppm|

%

%

%

%

%

%

65

44

184

41

15

1037

397

58

144

1.62

0.97

11

267

1124

717

<.02

43

182

38

14

1013

4.09

58

137

1.50

0.96

.103

263

1038

724

<.02

65

42

187

41

15

1043

4.03

56

140

1.53

0.97

111

266

1049

732

G-2

21

50

10

826

247

59

272

0.74

.100

59

954

172

G-2

51

829

232

<2

59

2.84

0.69

105

75

1051

7.90

< .02

G-2

21

54

788

248

59

27

0.72

.096

70

1002

8.11

<.02

B23
14-6

50

11

43

24

425

2.16

18

85

20.99

0.85

.053

32

161

2.30

1.61

B23
14-6

50

63

24

428

2.17

19

20.69

0.86

.052

31

162

232

1.60

12

169

19

154

34

421

3.04

18

317

3.19

151

.110

74

114

5.80

201

46~
12

169

19

83

155

32

435

3.07

19

316

3.18

1.54

112

74

109

5.50

2.02
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3. RESULTS

3.1. General Lithological Description of the Cores

Only two cores, BS 15 and BS 23(2) were described under microscope using
preparation of smear slides. Unground, original samples of other cores ( BS 9 and
46) were not available for this study ( Fig 3.1).

In Core BS 23 (2), first 2 cm consists of a fluffy layer. Between 2 and 5 cm depth the
sediment is semi-liquid, dark gray coccolithic ooze, followed downward by 23.5 cm-
thick greenish-gray coloured coccolith ooze. The lower 10 cm part of the core
consists of dark sapropel with an intervening coccolith ooze interval between 31.5
and 32.5 cm depth (Fig 3.1).

Core 46 consists of coccolithic ocoze from the core top until 46 cm depth. It is
followed downvard by the sapropel unit with intervening coccolith ooze intervals at
51-55 cm, 95-105 cm and 122-123 cm depths (Fig 3.1).

The length of Core BS 9 is 53 cm ( Fig 3.1). Howeuver, the last 3 cm sapropel part of
the core was not available for sampling for geochemical analyses. The top 50 cm part
of this core consists of coccolithic ooze which is greenish-grey, very soft at top; soft

and organic- and carbonate-rich at the base (Fig 3.1).

The top 4.5 cm of sediment in Core BS 15 consists of a fluffy layer, with green and
white spots (Fig 3.1). Suspension density increases downward in the fluffy layer. The
28 cm-thick coccolithic ooze below the fluffy layer is greenish-grey with
microlaminae ( brown, grey, white, dark-grey). It is semiliquid at the top and very

soft , elastic, sticky, organic carbon and carbonate rich at the base.

13
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Sapropel interval in this core from 32.5 to 53 cm depth an intervening greenish gray,

microlaminated coccolithic ooze between 35-37 cm depth.

3.2. Mineralogy and Paleontology

3.2.1. Core BS 15

The top 4 cm-thick fluffy layer in Core BS 15 consists mainly of detrital calcite,
quartz and minor opaque minerals. The size of quartz is between 0.05 mm and 0.08
mm, angular, and contains about 5-10 % of total samples. Calcite is mainly of
biogenic origin consisting predominantly of coccolith tests. Calcite plates of the
coccolith origin are 1-2 um in diameter and beyond the resolution of the optical
microscope. This type of calcite appears as highly briefringent very fine specs under
the microscope. However, there is also some detrital calcite is present. Such detrital
calcite in the fluffy layer is subrounded and constitutes about 10 % of total
sample. The size of detrital calcite grains varies 0.03 and 0.05 mm. The grain size of
opaque minerals is about 0.04 mm. They are subrounded and form 5 % of total
samples. There is lesser amount of angular plagioclase having about 0.04 mm grain
size and constituting 5 % of total sample. The grain size between 4 and 5 cm depth is
smaller than the underlying part of the core. The coccolithic coze below the fluffy
layer is composed mainly of detrital calcite, quartz, opaque minerals and lesser
amounts of plagioclase and chlorite. Between 5 and 32.5 cm depth, the size of quartz
is between 0.06-0.1 mm, but it decreases downcore below this layer. Quartz in this
interval makes up about 20 % of the sediment. Detrital calcite in this interval is
subrounded, with 0.03-0.06 mm grain size, and constitutes 20 % of the sediment. The
sapropelic interval of the core is 32.5 cm and 35 cm depth and contains quartz,
detrital calcite, plagioclase, opaque minerals and chlorite. Quartz grain size in
sapropel is smaller than that in the overlying coccolith coze unit, ranging between

0.05 and 0.08 mm. Quartz is subangular and compose about 5-10 % of the sapropel.

15



The percentage of quartz mineral in the sapropel is much less than that in the
coccolithic ooze. There is no significant change in the grain size of the detrital
calcite, but its percentage decrease in the sapropel relative to coccolith unit. The
sapropel contains 5% each of plagioclase and chlorite. The coccolithic ooze intervals
between 35-37 c¢m contain calcite, plagioclase, quartz, chlorite and opaque minerals.
The percentages of quartz and detrital calcite increase in this interval compared with
the overlying unit. The grain size of quartz is about 0.05-0.1 mm. Calcite varies
between 0.02 and 0.04 mm in grain size, and make up 10 % of the sediment.
Plagioclase is found between 36 and 41 cm depth. There is no change in the size of
opaque minerals. Biotite is present rarely at 25 cm, 31 cm and 35 cm depths.

As a result of paleontological studies, reworked and transported Mactra subtruncata
are observed in in this core. It is observed between 4-6 cm, 14-16 cm in coccolith
unit, and between 30-41 cm depth in sapropel unit. It is found in mid-salinity waters

and lives about 50 m water depth, which are proofs of its reworked nature.

3.2.2. Core BS 23(2)

The coccolithic layer, between the core top and 28.5 cm depth contains mainly
quartz, carbonate, opaque minerals, with lesser amounts of plagioclase, biotite and
chlorite. Quartz consists mainly of fine silt size (30 um) angular grains, constituting
about 5 % of the sediment. The size of detrital calcite in the coccolith ooze is
between 0.01 and 0.03mm. They are sub rounded and make up 10 % of the sediment.
There is a sharp increase in the amount of carbonate minerals, in 10-11 c¢cm, and 20-
22 cm intervals. This increase is reflected in the carbonate analysis of Core BS 23 (2)
(Fig 3.5). The 10 cm-thick sapropelic layer at the base of the core consists mainly of
quartz, detrital calcite and opaque minerals. Quartz grain size is between 0.02-0.03
mm. It is subangular and forms 5-10 % of the sapropel. The size of detrital calcite
grains is about 0.02-0.04 mm. They are subangular and constitute 5- 10 % of the
sapropel. The amounts of quartz, detrital calcite, chlorite and biotite are considerably

lower in the sapropel unit than they are in the coccolith unit.

The coccolith ooze contains mainly Emiliania huxleyi ,and Scyphosphaera sp., and
lesser amount of Braarudosphaera bigelowi (Fig 3.2). Coccolith unit is composed
predominantly of calcitic plates of Emiliania huxleyi (Lohmann).

16



Calcite plates of the coccolith origin are 1-2 um in diameter and beyond the
resolution of the optical microscope. This type of calcite appears as highly
birefringent very fine specs under the microscope. The white layers in coccolith unit
are composed almost exclusively of coccoliths of Emiliania huxleyi suggesting that
they resulted from cyclic plankton blooms of this species. The geometry of Emiliania
huxleyi coccoliths indicates that the Black Sea population in bottom sediment
laminae is a product of annual summer blooms when the light intensity and
temperature were optimal for maximum growth. The unique recording of these
events in the bottom sediment is attributed to the exclusion of bottom-burrowing
organisms owing to the non-oxygenated nature of the Black Sea bottom waters
(Degens et al., 1970, Bukry, 1974). Braarudosphaera bigelowi is observed between
14 and 38 cm depth. This coccolith species are found both in sapropel and coccolith

units. However, its abundance increases in sapropelic levels.

The presences of Holocene coccoliths representing Braarudosphaera bigelowi and
Emiliania Mlm and the absence of certain other Holocene coccoliths from Black
Sea sediment provide information on paleoecologic conditions of the Black Sea as
contrasted with other bodies of water. Freshening of the Black Sea by major rivers
and a restricted marine interchange at the Bosphorus help to account for present-day

low surface salinities of 17-18 %o. Open oceans average about 35 %e.

Braarudosphaera bigelowi were not observed in Red Sea because of high surface
salinities is 37-41 %o. Its presence in the Black Sea is widespread, although not
abundant. The assumption that B. bigelowi is deterred from developing in the Red
Sea by high salinities is supported by evidence from living populations of other
areas, the greatest concentration of these species are in coastal waters of low salinity
such as the Gulf of Maine (salinity: 31.8-32.7 %) (Grand and Braarud, 1935,
Braarud, 1963) and the Guif of Panama (salinity: 26.8-32.5 %) (Smayada, 1966).
The widespread occurrence of B. bigelowi in the Black Sea clearly indicates the
ability of this species to thrive in unusually low salinities. The available information
from other areas is in agreement suggesting that this species is excluded from
contemporary waters of high salinity. Scyphosphaera sp. is observed in all levels of
the core (Fig 3.2). The sediments also contain diatoms, pollens and dinoflagellates.

17
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Fig 3.2. Photomicrographs of Holocene Coccoliths in Core BS 23 (2) (BF: bright
field, XP: cross Polarized). Scale : The horizontal edge of the squares A and
B figures are 99 pm and that of C and D figures are 130 pum. The scale bar is
33um long.
A. Scyphosphaera ? sp., 36-38 cm depth, BF.
B. Scyphosphaera ? sp., 36-38 cm depth, XP.
C-D. Braarudosphaera bigelowi (Grand and Braarud, 1935), 36-38 cm depth, XP.



The diatoms in this core are Coscinodiscr;s marginatus, Thalassiosira sp.,
Thalassiosira oestrupi, Roperia sp.(Maynard,1974) (Fig 3.3). Coscinodiscus
marginatus is observed in smear slides of samples, between 0-2 ¢cm and 12-14 cm
depth in the coccolith unit (Fig 3.3. A-B). Thalassiosira oestrupi is found between 0-
9 cm depth in the coccolith unit (Fig 3.3. C-D). Roperia sp. is found between 3-5 cm
depth in the coccolith unit (Fig 3.3. E-F). The diatoms were not observed in the
sapropel units. The pollens belong to tree populations, such as coniferae (e.g.,Pinus),
Alnus, Quercus, and to step vegetation (e.g. Chenopodiaceae) (Fig 3.4). Pinus is
observed at top 2 cm core and between 3-22 cm and 26-32 cm depth (Fig3.4 B).
Alnus is observed between 12-13 cm depth (Fig 3.4.A). The Alnus pollen belongs to
the glutinosa and incana species, which are common in alder plots of mountain and
plain areas. Quercus is found rarely between 24- 26 cm depth (Fig 3.4 C). Carpinus
is observed between 2.5-3.0 cm depth and between 26-34cm depth (Fig 3.4. D). Plant
pollens such as Chenopodiaceae are observed 4.5-5.0 cm depth of core (Fig 3.4 E).
Ostrya is observed between 4.5-5 cm over smear slide (Fig 3.4 F).

A wide dispersal of the Pinus pollen in marine sediments as recorded by Koreneva
(1966) may be inferred that the pollen, which is transported mostly by rivers,
becomes scarcer with increasing distance off shore in comparison to pollen
transported by wind. The abundance of Alnus (alder) pollen in Cores is probably the
result of creation of more adequate environments for this tree in the Black Sea
drainage area as a result of the higher sea level and higher stream base level after the

late glacial maximum (Traverse, 1974; Roman,1974)).



E F

Fig 3.3. Photomicrographs of Holocene Diatoms in core BS 23 (2). Scale:The
horizontal edge of the squares of each figure is 99 um. The scale bar is
33um long.

A-B. Coscinodiscus marginatus, 1.5-2.0cm (A) and 6-7 cm (B) depths;
-D . Thalassiosira (T. oestrupi?), 1.5-2.0cm (C) and 6-7 cm depth;
E-F. Roperia sp. ,3-3,5cm, (E) and 4.5-Scm (F) depth.
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Fig 3.4. Photomicrographs of Pollen in Core BS 23 (2). Scale: The horizontal edge of
A, B, C, D, E, and F figures are 26pum, 59um, 39um, 26pum, 26pm and 39um,
respectively. The scale bar is 13um long. A. Alnus sp., 12-13 cm depth;
B. Pinus sp., 20-22 cm depth; C. Quercus sp., 24-26¢m depth; D. Carpinus
sp., 26-28 cm depth; E. Chenopodiacea sp., 4.5-5.0 cm depth; F.Ostrya sp.,
4.5-5.0 cm
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3.3. Geochemistry

3.3.1. Organic Carbon and Carbonate Contents

Organic Carbon (Cug) and Carbonate profiles in Core BS 9 show a fluctuated
distribution along the core depth with the maximum Corg and Carbonate values at
38cm depth and 20 cm depth, respectively. The Copg and Carbonate values in this
core in the coccolith unit average 2.7 wt % and 35 wt %, ranges between 2-5 wt %
and 22.5-50 wt %, respectively (Table 3.1). Organic Carbon content increases to the
base of the Core in BS 9 (Fig 3.5).

The Corg content in the coccolith unit and in the sapropel unit averages 4.11 wt %
and 7.96 wt % at Core BS 15, respectively (Fig 3.5, Table 3.1.). Corg content start to
increase at 28 cm depth in the sapropel unit. The carbonate content in the sapropel
unit at Core BS15 averages 33.15 wt %. However, the carbonate values show an
enrichment in coccolith unit, with carbonate concentration of the coccolith unit being
about two times as high as that of the sapropel unit. There is a carbonate peak at 10
cm depth and between 10 and 30 cm depth. Carbonate show a higher values in the
coccolith unit, followed by a decrease in the sapropel unit. While the highest CaCOs
value is at 9.5 cm depth in coccolith unit, the highest Cor value is at 42.5 cm depth in

sapropel unit.

The Corg content in the sapropel and coccolith units in Core 46 averages 13.05 wt %
and 2.39 wt %, ranges between 12.37-14.25 wt % and 0.86-5.38 wt %. Whereas the
carbonate content ranges between 3.1-28.1 wt % and 13.59-61.43 wt %, and averages
28.36 wt % and 8.0 wt %, respectively (Fig 3.5, Table 3.1). The carbonate content in
coccolith and in sapropel respectively. The highest Carbonate value is at 42.5 cm
depth in the coccolith unit and the highest Corg values are located in last 18 cm depth

of the Core 46 in the sapropel unit.

The Corg content in the sapropel and coccolith units averages at 10.65 wt % and 4.77
wt %, and ranges between 8.14-12.2 wt % and 3.22-7.7wt % at Core BS 23 (2),
respectively. (Fig 3.5, Table 3.1.) The total carbonate concentration of the coccolith

and sapropel units averages 38.64 and 15.18 %, respectively.

The high carbonate contents of the coccolith unit in all core levels results mainly

from the calcitic coccoliths of Emiliania huxleyi.
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The highest carbonate values are found in the coccolith unit where the coccoliths are
particularly concentrated. As in the other cores, the C, content of the sapropel unit
is much higher than that of the coccolith unit, whereas the total carbonate is more

enriched in the latter unit.

Considering the total carbonate contents of the coccolith unit in the cores, the sites of
Core BS 9 and Core 46 in the western and eastern basins respectively receives higher
amount of silisiclastic influx than the sites of Core BS 15 and BS 23 (2) in the

western and eastern basins, respectively.
3.3.2. Metal Distribution

3.3.2.1.Core BS 9

Aluminium normalized Mn and Fe profiles show similar downcore distribution
patterns along the core. Fe/Al and Mn/Al averages 0.4 and 83x10™ in the coccolith
unit (Fig 3.6, Table 3.1, Table 3.2). These elements show distinct increase starting at

3 cm depth towards the core top.

Table 3.1. The average and range values of Corg, CaCOj3 and metals in sapropel and
coccolith unit in Core BS 9 & BS 15 from the eastern Black Sea basin.

Core BS 9 Core BS 15
Coccolith Unit Coccolith Unit Sapropel Unit
Range Average Range Average Range Average
Coox (%) 2-5 2.7 3.46-5.58 4.11 5.61-10.4 7.96
CaCO3 (%) | 22.5-50 35 56.43-81.3 66.78 26.2-37.1 33715
Al (%) 1.0-1.99 1.4 1.6-3.8 29 2.96.41 52
Fe (%) 1.364.01 24 1.0-2.4 17 2.0-3.8 2.9
Mn (ppm) 328-493 437 338.546 444 354-520 416
Cu (ppm) 49-98 81 36-101 62 64-129 106
Zn (ppm) | 46-170 81 28-183 70 52-113 85
V (ppm) 54-127 83 47-86. 64 76-154 120
Cr(ppm) | 32-169 90 375 51 60-128 102
Sr (ppm) 179-1644 975 1159-2190 1624 525-1706 964
Mo (ppm) 4-88 33 7-34 13 32-89 61
Ba (ppm) 332-1362 623 285-1815 551 1016-2089 1689
Ni (ppm) 4-60 10 665 15 58-34 75
Co (ppm) 2-20. 3 2-20 4 2-32 23
Sc (ppm) 4.5-18 10 4-8 7 8-14 12
As (ppm) 20-24 21 20 20 20 20
Sb (ppm) 20-24 21 28-33 23 30 30
Pb (ppm) 20-24 21 30-274 43 30 30
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Chalcophile elements, such as Pb, Cu, Zn, As and Sb also display a similar, but much
sharper trend in top 3 cm depth (Fig 3.6, Fig 3.7, Table 3.1, Table 3.2, Table 3.5).

Ba/Al display an increase from 268x10™ to 441x10™ at top 3 cm depth (Fig 3.6.,
Table 3.5). Mo /Al average 6x10™ in the coccolith unit, reaching a maximum content
at 37.5 cm core depth (Fig 3.6, Table 3.1,Table 3.2, Table 3.5). Ni/Al and Co/Al
averages 1.5x10™ and 0.5x10™ in the coccolith unit. They show increase in the top 3
cm of the core, but their increase is smaller than that of Pb/Al, Cu/Al, Zn/Al, As/Al
and Ba/Al (Fig 3.6, Fig 3.7., Table 3.5). The behaviour of Sr in general is similar to
that of Ca. Sr/Al averages 210x10™, it shows elevated values in first 3 cm of the core
(Fig 3.7, Table 3.1, Table 3.2, Table 3.5).

V/Al and Cr/Al show different trends in top of the core (Fig 3.6, Table 3.5). V
increases, whereas Cr decreases at top 3 cm interval of the core. Sc/Al averages 1.6
x10* in the coccolith unit (Fig 3.7, Table 3.1, Table 3.2, Table 3.5). It has a uniform
profile along the core depth in the coccolith unit.

Table 3.2. The average and range values of Corg, CaCO; and /Al normalized metal
values in sapropel and coccolith units in Cores BS 9 & BS 15 from the
eastern Black Sea basin. Metal/Al ratios should be multiplied by 107,
except for Fe/Al which the factoris 1.

Core BS 9 Core BS 15
Coccolith Unit Coccolith Unit Sapropel Unit
Range Average Range Average Range Average |
Corg (%) 2-5 2.7 3.46-5.58 4.11 5.61-10.4 7.96
CaCO;(%) 22.5-50 35 56.43-81.3 66.78 26.2-37.1 33.15

Fe/Al 0.4-0.5 0.43 0.6-1 0.6 0.4-0.7 0.6
Mn/Al 116-37 83 131-213 154 55-150 89
CwAl 7-31 13 18-33 23 19-22 21
Zn/Al 11-37 15 1861 23 15-18 17
V/Al 13-19 16 19-31 23 22-27 24
Cr/Al 14-17 16 3-21 16 17-21 20
Sr/Al 18-544 210 334-1377 588 82-591 240
Mo/Al 1-7 6 2-14 4.5 7-13 12
Ba/Al 63-441 119 101-601 205 295-352 328
Ni/Al 1-6 1.5 2-27 6 13-20 15
Co/Al 1-2 0.5 0.5-10 2 0.3-9 5
Sc/Al 1.5-2 1.6 2-3 24 2-3 2
As/Al 2-8 4 5-13 7 3-7 4
Sb/Al 3.1-11.99 6 8-19 11 5-10 6
Pb/Al 3.1-11.99 6 91-8 16 5-10 6
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3.3.2.2. Core BS 15

Aluminium normalized values of Mn and Fe demonstrate broadly similar profiles to
each other and average 89x10™ and 0.6 in the sapropel unit, respectively (Fig 3.8,
Table 3.1, Table 3.2). Mn/Al show significant enrichment between 10-11 ¢cm depth
and gradual depletion in the sapropel unit. There is no Mn/Al peak just above the
sapropel unit. The gradual increase of Fe/Al occur between 27.5-32.5 cm depth,
followed by a gradual decrease to the base of the core. Fe/Al and Mn/Al shows a

depletion in the sapropel unit relative to coccolith unit.

Aluminium normalized Pb, Cu and Zn average 6x10™ 21x10™ and 17x10™* sapropel
unit, respectively (Table 3.1). The values sharply increase in the top 2 cm, followed
by a uniform profile along the rest of the core (Fig 3.8, Fig 3. 9,Table 3.3). However,
Cuw/Al shows a slightly depletion in the sapropel compared to the coccolith unit.
There is a small Pb/Al peak at 11cm core depth in the coccolith unit (Fig 3.9).

As/Al and Sb/Al profiles are similar (Fig 3.9). They show a depletion in the sapropel
unit and slight increase at top 4 cm of the core (Fig 3.9, Table 3.3). The profiles form
a peak at 11 cm depth.

Aluminium normalized Sr profiles is similar to those of As and Sb, except for a more

pronounced depletion in the sapropel unit (Fig 3.9).

Ba/Al and Mo/Al averages 328x10™ and 13x10™ in the sapropel unit. Ba/Al values
show very sharp increase from 4 cm depth to the top of the core. The Ba /Al values
increase gradually with depth from 4 cm depth (Fig 3.8, Table 3.1, Table 3.3). Ba

and Mo are more enriched in the sapropel unit than in the coccolith unit.

Ni/Al range between 13-20x10™* and Co/Al range between 0.3- 9x10™ in the sapropel
unit (Table 3.1). Ni/Al and Co/Al gradually increase in the sapropel unit, forming
peaks at depths of 17 cm and 27.5 cm in the coccolith unit (Fig 3.9). Unlike from
Pb/Al, As/Al, Zn/Al, Cu/Al and Ba/Al these elements show no enrichment at top 4

cm of the core.

Sc/Al average 2x10™in the sapropel unit. Sc/Al exhibit a depletion in the sapropel
prop

unit compared to the coccolith unit.
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V/Al and Cr/Al values are higher in sapropel unit than those in coccolit unit (Fig
3.8). They average about 24x10™ and 20x10™ in sapropel, respectively.(Table 3.3)

These elements show a slight increase in top 2 cm of the core.
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Fig 3.8. Concentration / depth profiles of Mn, Fe, Cu, Zn, V, Cr, Ba and Mo in Core
BS 15. All metal data are as weight ratios to Al (x10™), except for Fe (x1).
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3.3.2.3. Core BS 23 (2)

Fe/Al and Mn/Al indicate elevated values in the coccolith unit relative to the
sapropel unit (Fig 3.10,Table 3.3, Table 3.4, Table 3.7). Fe/Al and Mn/Al average
0.6 and 84x10™ in sapropel unit, respectively whereas the same averages are 0.9 and
178x10™ in the coccolith unit (Table 3.3). Compared to Fe/Al, Mn/Al show more
relative depletion in the sapropel unit. Maximum values of Mn/Al and Fe/Al are
observed between 10-12 cm depth interval, where there is also a total carbonate peak.
The second Fe/Al peak is at 34 cm depth where Corg values are the highest in
sapropel (Table 3.7).

As/Al and S/Al exhibit very similar profiles to each other and to that of Fe/Al (Fig
3.10). They average 6x10™ and 0.6 in sapropel unit and 9x10* and 0.7x10 in the
coccolith unit (Table 3.4). As and S peaks occur at the 11 cm and 33 cm depth in the
coccolith unit (Table 3.7).

Cw/Al and Z1/Al profiles match in the coccolith unit, but differ in the sapropel unit
(Fig 3.10). These elements sharply increase towards the core top starting at 4 cm
depth (Table 3.7). Cu/Al exhibit elevated values in the latter unit, whereas Zn/Al
values are uniform, being similar to those in the coccolith unit (Fig 3.10). Cu/Al has
a peak at 35 cm in sapropel where there is also a Corg peak (Fig 3.5, Fig 3.10, Table
3.7). Pb/Al, Zn/Al, Cd/Al, and Sb/Al sharply increase in the top 4 cm of the core (Fig
3.10, Table 3.7). Pb/Al also show a depletion in the sapropel compared to the
coccolith unit. Cd/Al profile show a slight enrichment in the sapropel unit. Sb/Al
averages 0.8x10 in the coccolith and 1x10™ in the sapropel unit (Table 3.4).

Ni/Al and Co/Al average 32x10™ and 10x10™ in the sapropel unit. They gradually
increase downcore in the coccolith unit, forming a peak between 22-26 cm interval
(Table 3.3, Table 3.4, Fig 3.11). Both profiles are similar to that of Fe/Al in the
sapropel unit, having relatively high values in the upper part of the unit and low
values near the base of the core. In contrast to Ni/ Al, the average of Co/Al in the

sapropel unit is lower than that in the coccolith unit.
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Table 3.3. The range and average values of Corg, CaCOj3 and metals in sapropel and

cocolith unit in Cores BS23 (2) & 46 from the eastern Black Sea basin.

CORE BS23 (2) CORE 46
Coccolith Unit Sapropel Unit Coccolith Unit Sapropel Unit
Range Average Range Average Range Average Range Average |
Corg (%) 3.22-7.71 4.7 10.41-10.8 10.65 0.86-3.38 2.39 12.37-14.25 13.05
CaCO, (%) 3-65 38.64 5.8-24.6 15.18 3-65 38.64 5.8-24.6 15.18
Al (%) 1.2-3.7 24 4.6-5.7 5.1 2472 54 4-74 5.3
Fe (%) 1.24.2 2.2 2449 3.6 1.84.5 3.6 2.54.3 3.0
S (%) 1.1-3.3 1.7 1.7-3.4 2.5 1.1-1.8 1.4 1.2-2.7 2.1
| Mg (%) 0.6-1.4 0.9 1.5-1.7 1.6 0.8-2.6 1.9 1.1-2 1.5
Na (%) 1.9-11.6 3.8 2.74.6 3.6 1.4-1.8 1.6 1.7-3.1 2.6
K (%) 0.4-1.2 0.8 1.5-1.7 1.6 0.7-1.8 1.4 1221 1.5
P (%) 0.05-0.08 0.06 0.08-0.1 0.09 0.06-0.07 0.06 0.07-0.1 0.098
Ti (%) 0.05-0.16 0.01 0.2-0.23 0.2 0.1-04 0.2 0.2-0.3 02
Mo (ppm) 18-85 33 74-108 92 6.7-46.2 2 46-197 117
Cu (ppm) 34-119 33 15-202 155 44-66 40 46-197 154
Pb (ppm) 841 18 16-23 19 9-25 16 14-21 18
Zn (ppm) 26-115 S5 80-103 90 36-81 66 66-108 80
Ni (ppm) 37-129 64 126-138 133 69-169 119 128-189 155
Co (ppm) 14-70 32 21-61 39 27-41 33 22-39 32
Mn (ppm) 264-544 373 284-630 431 403-334 623 255-787 405
As (ppm) _ 1545 20 17-34 24 14-20 17 14-28 19
U (ppm) 3-21 15 12-18 14 2-13 7 6-16 12
Th (ppm) 2-5 4 6-7 7 4-8 7 5-7 6
Sr (ppm) 504-1474 1023 317432 371 251-1127 476 159-546 260
Cd (ppm) 0.52 1 2-3 2 0.2-1 0.5 0.4-1.9 1
Sb (ppm) 1-5 2 34 4 1-2 1 14 3
V(ppm) _ 55-197 87 185-317 260 89-135 124 116-336 290
Ca (%) 9.9-27.8 19 5-8 6 5.79-21.3 12 2.07-11.2 4
La (ppm) 8-16 13 1721 19 1223 20 1321 16
Cr(ppm) _ 17-51 30 62-78 70 39-167 116 62-131 77
Ba (ppm) 126-333 199 304-418 360 144-337 251 78-189 131
Zr (ppm) _ 14-35.4 21 4749 48 25.568.5 49 31.4485 39
Ce (ppm) 13-27 22 29-36 33 2140 34 25-33 28
Y (ppm) 10-18 13 19-21 20 12.7-16.7 15 11.5-17.6 15
Nb (ppm) 14 2 4-5 5 24-77 6 3.56.2 4
Ta (ppm) 0.3-0.9 0.5 1.1-1.3 1 0.6-1.8 1 0.8-1.6 1
Sc (ppm) 39 5 12 12 5-16 12 9-13 11
Li (ppm) 9-28 17 3542 39 2849 37 28-50 37
Rb (ppm) 20-61 38 76-91 84 38-102 80 64-106 82
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Table 3.4. The range and average values of Corg, CaCO; and metal/Al ratios in

sapropel and cocolith unit in Cores BS23 (2) & 46 from the eastern Black

Sea basin.
CORE 46 CORE BS23 (2) .
Coccolith Unit Sapropel Unit Coccolith Unit Sapropel Unit
Range Average e Average Range Average Range Average |
Corg (%) 0.86-5.38 2.39 12.37-14.25 13.05 3.22-7.71 4.77 10.41-10.8 | 10.65
CaCOy (%) 4.6-61 40.65 3.2-28 8.04 3-65 38.64 5.8-24.6 15.18
Fe /Al 0.60-0.76 0.64 0.48-0.63 0.56 0.79-1.3 0.9 0.53-1.16 0.595
S/Al 0.16-0.53 0,30 0.22-0.57 0.39 0.55-1.05 0.72 0.37-0.88 0.56
Mg /Al 0.24-0.37 | 0.30 0.27-0.35 0.28 0.32-0.89 0.4 0.28-0.36 0.32
Na /Al 0.21-064 | 0.40 0.3-0.67 0.53 0.76-7.14 1.79 0.5-1.0 0.75
K/Al 0.25-0.31 0.28 0.27-0.31 0.29 0.320.5 0.34 0.30-0.34 0.32
P /Al 0.01-0.02 | 0.014 0.01-0.03 0.041 | 0.017-0.04 | 0.026 | 0.013-0.02 | 0.018
Ti /Al 0.04-0.06 | 0.05 0.04-0.06 0.045 | 0.04-0.044 | 0.041 | 0.038-0.04 | 0.039
Mo/Al 1-26 11 14-36 24 8-22 14 13-24 19
Cu /Al 6-33 17 841 32 17-38 24 2044 31
Pb/Al 24 3 34 4 3-20 8 34 4
Zn /Al 11-22 14 12-18. 17 16-71 25 17-19 18
Ni /Al 21-30 25 23-36 30 20-39 27 22-35 32
Co /Al 4-11 7 4-8 6 8-19 11 4-19 10
Mn /Al 76-132 102 55-131 72 151-278 178 59-110 34
As /Al 2-7 4 24 4 6-13 9 4-12 6
U /Al 1-5 2 1-3 2 2-13 7 2-5 3
Th /Al 1-2 2 0.9-1 1 12 2 1 1
Sr/Al 35-472 108 33-137 52 13-1169 463 65-81 85
Cd /Al 0.03-0.4 0.2 0.1-04 0.3 0.3-0.7 0.5 0.4-0.5 0.5
Sb /Al 0.1-0.5 0.3 0.4-1 0.5 0.4-3 0.8 1 1
V/AL 19-57 31 21-70 35 2546 38 32-69 52
Ca /Al 14 2 0.4-3 1 4-22 9 1-2.7 2
La /Al 3-5 4 34 3 5-7 6 443 4
Cr/Al 14-24 17 13-24 14 13-15 14 13-14 14
Ba /Al 25-102 42 17-35 24 45-227 98 63-78 71
Zr /Al 7-11 9 7-9 8 8-11 10 8-10 9
Ce /Al 5-9 6 5-8 6 8-11 9 6-7 7
Y /Al 2-5 3 2-3 3 4-9 6 3-5 4
Nb /Al 1 1 0.7-1.11 1 1-1.4 1 0.9-1 1
Ta /Al 0.18-0.26 0.2 0.2-0.3 0.1 0.1-0.3 0.2 0.290.3 0.2
Sc/Al 2-2.2 2 2 2 2 2. 2-3 2
Li/Al 6-8 7 6-7.63 7 6-8 7 7-8 8
Rb /Al 13-17 18 14-17 15 15-17 16 16-17 16
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Ba/Al, P/Al and Mo/Al profiles is similar to each other and to that of As, S and Fe
(Fig 3.10, Fig 3.11, Table 3.3, Table 3.4). Ba/Al and P/Al show a depletion, but
Mo/Al show an enrichment in the sapropel unit. Ba/Al, Mo/Al and P/Al increase in
the top 1 cm depth and show peaks between 10-12 cm and 20-22¢m interval (Table
3.7).

The distributions of U/Al and Th/Al are in general similar to each other along the
core depth (Fig 3.11). They display lower values in the sapropel than in the coccolith
units. The average of these two elements are 3x10 and 1x10™ in the sapropel unit
(Table 3.4). The U/Al peaks occur at 11cm depth and 22 ¢m depth, whereas Th/Al
peaks are found at 13.5 cm and 19 cm depth in the coccolith unit (Table 3.7).

V/Al exhibits elevated values in top 1 cm of the core, and in 10-13 cm and 20-22 cm
intervals in the coccolith unit (Fig 3.11, Table 3.7). This ratio display a relative
enrichment in the sapropel unit, reaching the maximum at 35 cm. Cr/Al demonstrates
more erratic profile with a significant enrichment in the top 4 cm and at 17 cm
depths. The average of Cr/Al in sapropel is lower than that in coccolith unit.

St/Al averages 463x10™ in the coccolith and 85x10™ in the sapropel unit (Fig 3.12,
Table 3.4).The Sr/Al profile show a similarity between Ca/Al and total carbonate
(Fig 3.12, Table 3.7). Maximum contents of S1/Al are observed at 11cm depth and
then followed by a depletion toward the base of the core (Table 3.7). In contast to
Sr/Al, Rb/Al show an elevated value in the sapropel unit (Fig 3.12). The Rb/Al
profile is in general similar to that of K/Al, but show greater increase in the sapropel
unit (Fig 3.12). Rb/Al peak is at 11 cm depth in the coccolith unit (Table 3.7).

Ca/ Al average 1.8 in the sapropel unit (Table 3.4). Ca/Al show an enrichment in the
coccolith unit and reaching maximum values at 11 cm depth (Fig 3.12, Table 3.7).

Mg/Al exhibits a different behaviour, showing a very strong enrichment in top 3 cm
of the core, a gradual downcore decrease to the sapropel unit boundary, and then an
increase in the sapropel unit near the base of the core (Fig 3.12, Table 3.4, Table 3.7)
However, the average of Mg/Al in the sapropel unit is less than that in the coccolith
unit (Fig 3.12).
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Nb/Al has a relatively uniform profile with an elevated value at 4cm depth in the
coccolith unit (Table 3.7, Fig 3.12). The average of Nb/Al is lesser in the sapropel

unit than in the coccolith unit.

The average of Zr/Al in the sapropel unit is lesser than in the coccolith unit (Fig 3.12,
Table 3.7). It exhibits variable values with a significant enrichment in the top 3 cm

and at 10 cm depth in the coccolith unit.

Na/Al and K/Al show a similar profile along the core. Elevated K/Aland Na/Al
values are found in the top of the core, which increase steeply from 4cm depth to the
core top, followed by a gradual decrease to the base of the core (Fig 3.12, Table 3.4,
Table 3.7). There is therefore depletion of these elments in the sapropel unit. Na/Al
and K/Al display a small peak at 10 cm core depth (Table 3.7).

Ce/Al show a relatively uniform values along the core, but the average of Ce/Al in
the sapropel is smaller than that in the coccolith unit (Fig 3.13). Ta/Al show a more
erratic profile in coccolith and has gradual increase with in the sapropel unit (Fig
3.13).

Li has a uniform profile through the core showing the similar behaviours of Al and
Ti (Table 3.7). The average of Li/ Al in the coccolith unit is slightly higher than that
in the sapropel unit. Unlike Li/Al profile, Ti/Al display more erratic profile along the

core.

La/Al and Y/Al profiles exhibit similar downcore distribution pattern which show a
general decrease to the base of the core (Fig 3.13). Maximum contents of these
elements are observed between 10-13 cm and at 21 cm depth in the coccolith unit.
(Table 3.7).The values show a gradual decrease in the sapropel unit

Sc/Al has uniform profile, with a small peak between 10-13 c¢cm depth in the coccolith
unit (Fig 3.13, Table 3.7). However, the average of Sc in the coccolith unit is smaller
than that in sapropel unit.

Mg/Ca, Cd/Ca, and Sr/Ca profiles show an increase in the sapropel unit compared to
the coccolith unit (Fig 3.14). All three profiles show relatively uniform values from
the core top to the sapropel unit boundary, followed by elevated values in the

sapropel unit.
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U/Th exhibit a different behaviour, showing a relative increase between 10-13 cm

depth in the coccolith unit and a decrease in the sapropel unit (Fig 3.14, Table 3.7).
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3.3.2.4. Core 46

Mn/Al and Fe/Al exhibit similar downcore distribution patterns from the core top to
core base (Fig 3.15). Both Mn/Al and Fe/Al show a strong depletion in the sapropel
unit relative to the coccolith unit. Maximum contents of this elements are observed
at 37 cm, 95 cm, 123 cm depth in the coccolith unit (Table 3.3, Table 3.4). There is
no Mr/Al peak observed just above the sapropel unit (Fig 3.15, Table 3.8).

As/Al and S/Al show similar profiles with significant enrichment at 20 cm, 37cm,
and 43 cm depth in the coccolith unit followed by a relative enrichment in the
sapropel unit (Fig 3.15, Table 3.8).

Aluminium normalized Cu and Zn values have similar profiles along the core depth
(Fig 3.15). Cu/Al display a depletion in the coccolith unit, followed by a strong
enrichment in the sapropel unit, reaching a peak at 49.5 cm depth and a maximum
content in the sapropel unit near the base of the core (Table 3.8). Zn/Al show a
decrease in the coccolith unit and then followed by enrichment in the sapropel unit,
reaching the maximum values at 106.5 cm depth. The average Cu/Al and Zn/Al in
the sapropel are higher than in the coccolith unit. There are no steep peaks in the

coccolith unit at core top because of low sampling resolution in this case..

Pb/Al shows a relatively uniform values along the core, whereas Cd/Al exhibits a
depletion in the coccolith unit and the enrichments between 46-95 cm depth and 107
cm in the sapropel unit (Fig 3.15, Table 3.8). Sb/Al is similar to Cd/Al in the
coccolith unit. It shows a gradual increase in the sapropel unit, with a maximum
value at 92 cm depth (Table 3.8).

Nv/Al and Co/Al show somewhat contrasting trends along the core (Fig 3.16). Ni/Al
exhibits depletion in the coccolith unit and enrichment in the sapropel unit, Co/Al
show a more erratic profile in the coccolith unit and relatively low values in the

sapropel unit (Table 3.8).

Ba, Mo and P range 78-189 ppm, 46-197 ppm, 0.07-0.12 % in the sapropel unit,
respectively (Table 3.3). Ba/Al average 42x10™ in the coccolith unit (Table 3.4).
Maximum content of Ba is observed at 37cm depth in coccolith unit, followed by a
gradual decrease in the sapropel unit (Table 3.8).
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Mo/Al and P/Al profiles are similar, showing an increase in the upper part of the
sapropel unit with maximum contents in the sapropel unit near the base of the core
(Fig 3.16). In addition, Elevated P/Al values are found at 37cm depth (Fig 3.16,
Table 3.8).

U/Al and Th/Al display different behaviour to each other along the core (Fig 3.16).
The elevated U/Al value occur in the sapropel unit in contrast to Th/Al. U/Al exhibits
an erratic profile in the coccolith unit, with a maximum value at 37 cm depth,
followed by a gradual decrease in the sapropel unit. The average of U/Al in the
sapropel unit is higher than that in the coccolith unit.Th/Al shows a significant
enrichment at 37 cm depth and a gradual decrease towards the sapropel unit (Fig
3.16, Table 3.8).

V and Cr show a contrasting trends along the core (Fig 3.16). Low values of V/Al are
observed in the coccolith unit relative to the sapropel unit. The V/Al increase
between 50 and 95 cm depth in the sapropel unit, with the maximum content
occuring at the base of the core in sapropel unit (Table 3.8). On the other hand, Cr/Al
exhibit a more erratic profile in coccolith unit, followed by a decrease in the sapropel
unit (Fig 3.16).

The highest values of Sr/Al is found in coccolith unit, with a maximum content at
37cm depth (Fig 3.17, Table 3.8).The values show a sharp decrease between 46-95
cm depth in the sapropel unit (Fig 3.17). Rb/Al shows more fluctuated values along
the core and decrease gradually toward the sapropel unit (Fig 3.17). Sr/Al and Rb/Al
values in the sapropel unit are lower than those in the coccolith unit. Sr and Rb in
sapropel average 52x10™ and 15x10 (Fig 3.17, Table 3.4).They show similar profile
along the core.Their concentrations decrease in the sapropel unit compare to the

coccolith unit.

Ca/Al display a similar profile to that of Sti/Al It also has a significant enrichment at
37cm depth in the coccolith unit, followed by a gradual depletion in the sapropel unit
(Fig 3.17, Table 3.8). The Mg/Al profile is in general different from those of Ca/Al
and Sr/Al (Fig 3.17). The fluctuating values of Mg/Al is observed in the coccolith
unit, with maximum contents at 15 cm and between 32.5-37 cm depth, and with a

gradual depletion in sapropel unit (Table 3.8).
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The profiles of Nb/Al and Zi/Al are in general similar to each other, and exhibit a

depletion in the sapropel unit compared to the coccolith unit (Fig 3.17).

Na/Al and K/Al display more erratic profile along the core (Fig 3.17). The elevated
Na/Al and K/Al values are found at 37 cm depth in the coccolith unit (Table 3.8).
The average of Na/Al and K/Al in the coccolith unit is lower than in the sapropel
unit.

Ce/Al and Ta/Al show a variable values in the coccolith unit, and a gradual decrease
in the sapropel unit. Maximum content of Ce/Al is found at 37 cm depth and that of
Ta/Al is found between 32.5-37 cm depth in the coccolith unit (Fig 3.18, Table 3.8).
These elements exhibit higher values in the coccolith unit relative to those in the

sapropel unit.

Li/Al and Ti/Al exhibit different profiles along the core (Fig 3.18). Li/Al profiles
gives uniform values along the core. The average values of Li/Al in the sapropel and
coccolith units are 7x10™(Table 3.4). Ti/Al profile show variable values in the
coccolith unit and uniformly low values in the sapropel unit, except for a peak at a
depth of 90 cm (Fig 3.18, Table 3.8).

La/Al and Y/Al profiles are similar to each other (Fig 3.18). They have a higher
values at core top, and maximum values at 37 cm depth in the coccolith unit (Table
3.8). They exhibit a gradual decrease in the sapropel unit compared to the coccolith
unit (Fig 3.18). Sc/Al show a very uniform profile along the core (Fig 3.18).

The elevated values of Mg/Ca, St/Ca, Cd/Ca and U/Th are observed in the sapropel
unit (Fig 3.19). The highest Cd/Ca and Mg/Ca are found at 75 cm depth (Table 3.8).
The elevated values of Sr/Ca are observed at the base of the core. U/Th has a highest
value at 37 cm depth (Table 3.8).
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4. DISCUSSIONS AND CONCLUSIONS

4.1.Discussions

4.1.1. Detrital Input

The main components of the Black Sea sediments in the studied cores are the
biogenic carbonate and detrital mineral matter. The former component is the most
abundant in the coccolith unit, in which total carbonate contents reach maximum
values because of high concentrations of calcite coccoliths of Emiliania huxleyi
forming white laminae in this unit.

Core BS 9 includes only the coccolith unit. Cores BS 15 and BS 23 (2) have the
coccolith and the upper part of the sapropel units. Core 46 contains both coccolith
unit and a thick underlying sapropel unit. The Emiliania huxleyi coccoliths form < 1
mm thick laminae in the basinal and lower slope sediments. These laminae are the
product of annual summer plankton blooms when the light intensity and temperature
are optimal for a maximum growth (Degens et al., 1970).

The total carbonate, Ca/Al, and S1/Al profiles are very similar to each other in Cores
BS 15, BS 23 (2) and 46 (Fig 3.5, Fig 3.12, Fig 3.17). In these cores carbonate, Ca/Al
and Sr/Al profiles show a decrease in the sapropel unit compared to the overlying
coccolith unit. Carbonate, Ca/Al and St/Al values are higher in the western Black
Sea basin than in the eastern Black Sea basin. This indicates greater biogenic
carbonate flux and relatively low detrital input in the former basin compared to the
latter basin. The elevated values in Si/Al profile are observed in the coccolith unit

relative to that in the sapropel unit in Core BS15, BS23 (2) and 46.
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The high values of Sr/Al are especially observed in the coccolith unit in Core BS 15
in the western basin. St/Al shows enrichment in both the sapropel and coccolith units
to a higher degree in the western basin than in the eastern basin. Sr/Al in the sapropel
unit from the western basin is three times higher than that in the eastern basin. High
Sr/Al values in the western basin are due to high biogenic carbonate content in
general, and to the greater contribution of aragonitic shells to the total carbonate
content in this basin in particular. The ease of the substitution of Sr in aragonite
structure is well known (e.g., Krauskopf, 1979). Strontium can replace Ca in other
mineral lattices such as calcite and plagioclase feldspar. Ca and Sr relationship in the
Black Sea sediments is supported by a strong correlation coefficient between these
two metals in both the coccolith and sapropel units in all cores (Table 3.10, Table
3.12).

In addition to E. Auxleyi, coccolithophore species Braarudosphaera bigelowi and
Scyphosphaera sp. are observed in general at all levels along the Core BS 23(2).
However, B. bigelowi is found mainly in the lower part of the coccolith unit and in
the sapropel unit. This coccolith species were not observed in high surface salinities
such as Red Sea (salinity:37-41 %o). The greatest amount of this species is found in
coastal waters of low salinity, such as Gulf of Maine (salinity:31.8-32.7%), (Grand
and Braarud,1935) and Gulf of Panama (salinity:26.8-32.5%0) (Smayada,1966). The
widespread occurence of B. bigelowi in the Black Sea clearly indicates the ability of
this species to thrive in unusually low salinities (Bukry,1974). The Black Sea
sediments in Core BS 23 (2) also contain diatoms and pollens. The diatoms in this
core are Coscinodiscus marginatus, Thalassiosira sp., Thalassiosira oestrupi(?) and
Roperia sp. Coscinodiscus marginatus is characteristic of brackish-marine water

environments (Maynard,1974).

Pollens found in different levels of the Black Sea sediments belong to tree
populations such as coniferae (e.g. pinus,Alnus, Ouercus) and to step vegetation (e.g.
chenopodiacea). Traverse (1974) suggests that the higher spore and pollen in
sediments is the result of reduced sedimentation rates, which has predominantly
resulted from the rise of water level in the Black sea and of the base levels of stream

in the drainage area during the deposition of the sapropel and coccolith units.

Another important component of the Black Sea sediments is the detrital mineral and

organic matter which have been fransported to the basin via the rivers.
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The mineralogical composition and grain size of detrital input in sediments in Cores
BS 23 (2) and BS 15 were investigated. This is also shown by enrichment in the
coccolith unit of lithophile elements, such as K, Na, Mg, Rb, Cr, Ti and Zr.
Enrichment of these metals, together with sharp increases in heavy metals of
anthropogenic origin (Cu, Zn, Pb, Sb and As), in the top few cm of the cores are due
to anthropogenic effects, such as industrial and agricultural activities in the last few
hundred years. The differences in the depth of the onset of the enrichment in

different cores are because of different sedimentation rates at different core sites.

The depth of the onset of metal enrichment increases in the order: Core BS 23(2),
Core BS 15 and Core BS 9. Core 46 from the eastern basin was not sampled at
sufficiently high resolution to determine the corresponding metal enrichment depth
near the core top. The sequence of this depth distribution indicates that the
sedimentation rate is in the order: Core BS 9 > Core BS 15 > Core BS 23(2). This
conclusion is supported by 219 Pb mass accumulation rate (MAR) data of Cagatay et
al. (2001) at sites Cores BS 9 and BS 15. These authors determined the
sedimentation rates of 72 cm kyr’ (MAR: 171.5 gm?y?) and 24 cm kyr! (MAR:
71.25 gm?y™) in Core BS 9 and BS 15, respectively. The sedimentation rate at the
site of Core BS 9 is therefore about 3 times higher than at the site of Core BS 15. It is
also concluded that the average MAR for the last 125 yr are considerably higher than
those for the last 2000 years, computed from published ** C ages (Arthur and Dean,
1999) suggesting that the sedimentation rate has considerably increased in recent
times probably over the last few hundred years. The high sedimentation rate at the
former site is in line with the fact that its location is closer to the sediment source
than the site of BS15 on the Danube submarine fan.

The 2000 yr old coccolith/sapropel boundary occurs at 32.5 cm and 28.5 ¢cm in Cores
BS 15 and BS 23(2), respectively. This suggests that the that sedimentation rates for
the last about 2000 yrs are also higher at the site of Core BS15 than those at the site
of Core BS 23(2). This conclusion is in agreement with the grain size data and

lithophile element distributions discussed above.

Some lithophile elements, such as Cr, Mg, K, Rb, La, Ce, Th and Ta, provide useful

information on the composition of the detrital fraction.
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The elevated Cr values are observed in the sapropel unit in Core BS15 whereas in
Core BS 23 (2) and 46 there is depletion of Cr and Mg in the sapropel unit (Fig 3.9,
Fig 3.11,Fig 3.16).

Cr substitute readily for Mg minerals such as chlorite (Petruk 1964; Muller and
Stoffers, 1974). This suggests higher input of chlorite to the western basin compared
to the eastern basin during the sapropel deposition. Cr is higher in the coccolith unit
than in the sapropel unit suggesting higher chlorite enrichment in the coccolith unit
compared to the sapropel unit. Mg/Al values in the eastern basin cores decrease in
the sapropel unit relative to the coccolith unit. Mg/Al enrichment in the coccolith
unit relative to the sapropel unit is controlled by the amount of chlorite. Rb/Al
decrease in sapropel unit at Core BS 23 (2), BS15 and Core 46 (Fig 3.12, Fig 3.17).

Mg/Ca ratio is higher in the sapropel unit than in the coccolith unit. This is mainly

due to the high carbonate, and therefore high Ca contents and/or high chlorite

contents in the latter unit. Mg/Ca ratio in biogenic carbonate is considered to be a-
measure of water temperature (Fischer and Wefer, 1999; Watanabe ez al., 2001).

However, in the Black Sea cores because the total sediment Mg/Ca ratio is

determined, it can not used to deduce the relative changes in the water temperature.

Rb, Zr and Nb are present entirely in aluminosilicate fraction, but they may not show
the same distribution in the various components of this fraction. Rubidium is always
camouflaged in K-bearing minerals and its abundance will therefore be largely
controlled by the distribution of K-feldspar and micas. Zirconium occurs in
sediments almost entirely in zircon, which because of its density, is transported with
the coarse silt and the fine sand fractions; hence, the concentration of Zr should vary
with the quartz content. Both Zr and Nb occur in higher concentration in felsic rocks
(Francois, 1988). Zr/Al values increase in Core BS 23 and in the upper 40 cm of
Core 46 (Fig 12, Fig 3.17). The rest of the Core 46 shows in general a depletion of
Zr/Al. Nb values decrease in sapropel unit in Core 46 and shows uniform values in
Core BS 23 (2) (Fig 3.12, Fig 3.17).

Na/Al and K/Al increase in the sapropel unit in Core 46. These metals show profiles
with uniform values in this unit at Core BS 23 (2). Ce/Al, La/Al and Y /Al values
show a depletion in the sapropel unit in the eastern basin and Li/Al and Sc/Al display

profile with uniform values along the eastern basin cores.
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Ta/Al decrease in sapropel unit at Core 46and this metals show profile with
fluctuating values in core BS 23 (2). Scandium is expected to be captured by
ferromagnesian minerals. The high degree of correlation coefficients between Al, K,
Sc, Rb, Li between Core 46 and BS 23(2) in the sapropel unit is probably accounted
for by the presence of potassium feldspar, mica, and mafic minerals. The presence of
detrital silicates in the sapropel unit is shown by strong positive correlation between
Mg, Al, Ti, Nb, Ta, Th and Cr (Table 3.10 and 3.12).

4.1.2. Organic Productivity

Barium is an important proxy for organic productivity in marine sediments
(Brumsack, 1986; Calvert, 1990; Bishop, 1988; Dymond, 1985; Schmitz, 1987
Thomson et al. , 1995). Calvert and Fontugne (1987), Revelle et al. (1955), Goldberg
(1958), Goldberg and Arrhenius (1958); and Gurvich et al. (1978) showed that the
Ba contents of pelagic sediments are highest in areas of high productivity, and
especially so in siliceous sediments. Therefore, Barium is used as a proxy for
paleoproductivity, with high Ba contents being often found in organic rich sediments,
including sapropel (Brumsack, 1986; Calvert, 1990; Bishop, 1988; Dymond, 1985,
Schmitz, 1987; Thomson et al., 1995).

In such sediments, Ba occurs as biologically secreted 1-3 um barite crystals
(Brumsack, 1986; Calvert, 1990; Dymond et al., 1992; Chow and Goldberg, 1960;
Goldberg, 1958). Although no barite crystals have yet been reported from the Black
Sea sapropel, it is reasonable to assume that Ba occurs as micro barite crystals in the
organic rich water (Calvert, 1990; Hirst, 1974).

The trends of Ba/Al profiles are generally conformable with those of Corg profiles in
the studied cores, indicating the proxy character of this ratio for organic productivity
in the Black Sea sediments (Fig 3.5., Fig 3.8). High Ba, Mo, P, Ni and V show strong
correlation between each other in organic-rich sediments. Ba/Al and Mo/Al values
increase at Core BS 15, BS 23 (2), and between 27.5-38.5 cm of Core 46 (Fig 3.8,
Fig 3.11, Fig 3.16). The highest Ba values are found in the western basin. Its
concentration in the sapropel unit is 5 and 13 times that in the coccolith unit in Cores
BS 23 and 46, respectively (Table 3.3, Table 3.4). Ba shows a general depletion in

the sapropel unit in Core 46.
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Ba/Al ratio is the highest in the sapropel unit in Core BS 15, followed by Core BS
23(2) and Core 46. These trends suggest that the organic productivity was higher in
the western basin than in the eastern basin during the sapropel deposition. In the
coccolith unit, Ba/Al ratio increases in the order: Core 46 < BS 23(2) < BS 9 < BS15,
again suggesting higher organic productivity in the western Black Sea basin

compared to the eastern Black Sea basin during the last 3000 years.

The enrichment of Ba in the organic rich horizons of coccolith and sapropel units and
in the top 2-4 cm of the cores can be interpreted as a reflection of increased fertility
of Black Sea during the deposition of these layers. The sharp enrichment of Ba in the
few cm-thick core tops is an important indicator of the recent eutrophication of the
Black Sea.

Higher Ba contents and lower detrital input in the upper part of the sapropel unit in
Core BS 15, BS 23 (2) and in the upper part of the Core 46 show that the organic
carbon is composed mainly of marine origin. This result is supported by elemental
C/N analysis of sapropel in Core 46 in the eastern Black Sea by Cagatay (1999). The
elemental data suggest that the organic carbon is probably mainly of marine origin,
with a significant contributions of terrestrial material. Detailed C/N analysis, Rock
Eval Pyrolysis and C isotope analysis by Tolun ez a/.(1999) in the same core show
that the organic matter in the lower part of the sapropel starts with predominantly
terrestrial organic matter input, followed by a marine contribution towards the upper

part of the coccolith unit.

The elevated values of Mo, Ni and V are observed in the sapropel unit in Core BS
15, BS 23 (2) and 46 (Fig 3.8, Fig 3.9, Fig 3.11,Fig.3.16). In this unit Cu, Ni, Mo and
V values show a strong correlation with Corg values suggesting a genetic
relationship between these metals and organic matter (Table 3.10, Table 3.12). The
highest enrichment of these elements in the sapropel unit is found in the western
Black Sea basin, where the detritel input is less than that in the eastern Black Sea
basin. Volkov and Fomina (1974) and Philipchuk and Volkov (1974) suggest that
Mo, Ni and V are mostly concentrated in both the organic and sulphide fractions,
with V being present mainly in the organic and Mo and Ni mainly coprecipitated
with iron sulphides as their sulphide phases. In the anoxic basin ‘sulphide
precipitation start in the anoxic water layer (Brewer and Spencer, 1974; Jacos et al.,
1985; Landing and Lewis, 1991; Spencer et al.,1972).
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V enrichment probably occurs by surface surface adsorption of vanadyl ions (VO;")
on organic matter or precipitation of V203 or V(OH); (Calvert and Pedersen,1993),
although V (and Ni) could also be present as metal porphyrins (Mason,1982). P/Al
distribution is similar to that of Mo in the sapropel unit in the eastern basin cores

supporting the association of P and Mo with the organic matter.

4.1.3. Redox Conditions During the Sapropel Deposition

Metal conrents of marine sediments, in particular those of redox sensitive elements
such as Mn and Fe, provide significant information for discussion of the depositional
conditions of the sapropel unit. Mn/Al in the sapropel unit averages 89x10™, 84x10™
and 72x10™ in Core BS 15, BS 23 and 46, respectively. The same ratio in the
coccolith unit in the same cores averages 154x10°, 178x10™ and 101x10™
respectively. The values in the sapropel unit are therefore lower than those in the
coccolith unit. Fe shows a similar behaviour to Mn in the sapropel unit; Fe values
decrease in the sapropel unit compared to the coccolith unit in Core BS 15, BS 23
(2) and 46. There is no enrichment just above the sapropel unit in any of these cores.
Cagatay (1999) found that there is no significant difference between Mn contents of

the sapropel and coccolith units.

Manganese and Fe exist as Mn (IV) oxhyhydroxide and Fe(IIT) colloids in the oxic,
and as a dissolved Mn (II) and Fe (II) in the anoxic water layers of the Black Sea
Basin (Spencer et al., 1971). In the anoxic sediment column, it precipitates as Mn (II)
carbonate, provided sufficient alkalinity is reached (Calvert, 1990). In most surface
oxic sediments of deep basins and shelves, Mn is highly enriched as Mn-
oxyhydroxide crust and nodules (Cronan,1980; Shaw ez al., 1990 ).

This enrichment occurs by the upward diffusion of dissolved Mn (II) from the sulfate
reduction zone and its precipitation as oxyhydroxides in the surface oxic layer
(Froelich et al., 1979). The recycling of Mn between oxic and anoxic zones of a
sediment column and its enrichment in the oxic layer can obviously occur under oxic
water column conditions (Calvert, 1990). Using this criteria, Calvert (1990),
Pedersen and Calvert (1990) and Calvert and Pedersen (1993) interpreted the
relatively high levels of Mn in sapropel in the core from the central Black Sea to

infer that the basin waters were oxygenated during the formation of the sapropel unit.
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These types of enrichments o% Mn, Fe and other redox sensitive elements above S-1
sapropel in the Mediterranean are well documented (Pruysers et a/.,1993; Higgs er
al., 1994; Thomson et al., 1995). These enrichments are attributed to diagenetic
deposition of Fe and Mn-oxyhydroxides above the sapropel under oxic bottom water
conditions. Because of well known sorptive and coprecipitation capacities of
hydroxides, many elements show similar profiles that of Fe and Mn above the S-1
sapropel. However, such an enrichment above the Black Sea sapropel is not observed
both eastern and western part of the Black Sea basin. These data are consistent with
earlier studies by Cagatay (1999). The absence of such clear enrichments of redox
sensitive elements, such as Mn and Fe, above the Black Sea sapropel suggest that
oxic bottom water conditions never prevailed during or after the deposition of
sapropel unit. Although it can be argued that later anoxic conditions might have
eliminated such oxyhydroxide-enriched profiles, depletion of Mn within the Black
Sea sapropel in cores BS15, BS23(2) and 46 strongly testifies against oxic bottom
water conditions during the sapropel deposition(Calvert and Pedersen, 1993;
Pruysers et al., 1993; Higgs et al., 1994; Thomson et al., 1995).

In anoxic basins, the dissolved concentrations of chalcophile elements, such as Cd,
Cu and Zn, decrease from the upper oxic water mass into underlying anoxic waters
(Jacobs and Emerson, 1982; Jacobs er al, 1985; Landing and Lewis, 1991,
Haraldsson and Westerlund, 1988, 1991). This decrease is most likely due to the
precipitation of the respective solid sulphides in the presence of dissolved sulphide
ions in the anoxic waters. Pb, Cu, Zn, Cd, Ni and Zn are chalcophile elements and
occur in sulphide phases and are concentrated in the sediments of the anoxic basins
(Calvert and Pedersen, 1993). The enrichment of these elements in the Black Sea
sapropel also strongly suggests that this layer was deposited under anoxic bottom
water conditions. Cu/Al, Pb/Al and Zn/Al show uniform profile in the sapropel unit
in Core BS15. Sb/Al shows a relative depletion in sapropel unit in Core BS 15. The
western basin cores (Core BS 9 and BS 15) display general enrichment of Cu/Al in

the sapropel unit.

As/Al and S/Al values in Core BS 23 (2) and Core 46 increase in the sapropel unit
relative to the coccolith unit. These enrichments are consistent with elevated Fe and

Co values in the sapropel unit in these cores.
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In addition, the higher correlation coefficient between Co, As and S supports the
close association of these metals in sulphide phases in the sapropel unit. However,
As/Al show a relative depletion in this unit in Core BS 15. S and As exhibit similar
behaviour in the Black Sea cores. Co/Al values increase in Core BS 15, in Core BS
23(2) and in the top 40 cm of Core 46 (Fig 3.9, Fig 3.11, and Fig 3.16). There is a
strong correlation coefficient between Co and As and S in the sapropel unit (Table
3.12). The distribution of Co/Al is somewhat similar to that of Cu/Al, Mo/Al and
V/Al (Fig 3.9, Fig 3.11, Fig3.16). Co/Al is high at the Corg peak in the sapropel in
Core BS 23 (Fig 3.5, Fig3.11).

The elevated values of Mo, Ni and V are observed in sapropel unit in Core BS 15,
BS 23 (2) and 46 (Fig 3.8, Fig 3.9, Fig 3.11,Fig.3.16). Mo, Ni and V are mostly
concentrated in both the organic and sulphide fractions, Mo are coprecipitated with
iron sulphides in their sulphide phases. In the anoxic basin sulphide precipitation
start in the anoxic water layer (Brewer and Spencer,1974;Spencer and Brewer, 1971,
Jacos et al,1985; Landing and Lewis, 1991, Spencer et al,1972). The Mo/Al
maximum concentration occurs at the Corg peak and whereas S and As reach
maximum values at a depth of 33 cm in Core BS 23(2) and at the base of the Core 46
(Fig 3.5, Fig 3.11, Fig 3.16,Table3.7, Table 3.8). Korolev (1958) and Bertine (1972)
have shown experimentally that Mo is removed very effectively by its
coprecipitation with FeS from thio-molybdate solutions and from anoxic sea water,
respectively. Hence Mo may be present to a greater extent in sulphide fraction
compared with Cu and V in the sapropel.

4.2. Conclusions

As a result of the studies carried out during this thesis, the following conclusions are

reached:

1. Carbonate, Ca/Al and Sr/Al values are higher in the western Black Sea basin than
in the eastern Black Sea basin. This indicates greater biogenic carbonate flux and
relatively low detrital input in the former basin compared to the latter basin.
Significantly high Sr/Al values in both the sapropel and coccolith units in the
western basin may be due to greater total biogenic carbonate input and/or to
greater contribution of aragonitic shells to the total carbonate content in this

basin.
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2.

3.

The presence of B. bigelowi in the sapropel unit (and in the lower part of the
coccolith unit) clearly indicates unusually low salinities (Bukry,1974) during the
deposition of the sapropel unit

Smear slide studies in Cores BS 23 (2) and BS 15 demonstrate that the amount
and the size of the quartz, detrital calcite, opaque mineral, chlorite and biotite
show an increase in the coccolith unit compared to the sapropel unit. This is also
shown by enrichment in the coccolith unit of lithophile elements such as K, Na,
Mg, Rb, Cr, Ti and Zr, all indicating that detrital mineral input during the
deposition of the sapropel unit was lower than that during the deposition of the

coccolith unit.

Enrichment of the lithophile elements, together with sharp increases in heavy
metals of anthropogenic origin (Cu, Zn, Pb, Sb and As) in the top few cm of the
cores, are due to anthropogenic activity in the last few hundred years. The
differences in the depth of the onset of the enrichment of metals in different cores
indicate that the sedimentation rate decreases in the order: Core BS 9 > Core BS
15 > Core BS 23(2). This conclusion is supported by 1% pb mass accumulation
rate (MAR) data of Cagatay et al. (2001) at sites Cores BS9 and BS15. Core 46
from the eastern basin was not sampled at sufficiently high resolution to
determine the corresponding metal enrichment depth near the core top

The 2000 yr old coccolith/sapropel boundary occurs at 32.5 cm and 28.5 ¢cm in
Cores BS 15 and BS 23(2), respectively. This suggests that the that sedimentation
rates for the last about 2000 yrs are also higher at the site of Core BS15 than
those at the site of Core BS 23(2). This conclusion is in agreement with the grain
size data and lithophile element distributions discussed above.

The elevated Cr values are observed in the sapropel unit in Core BS15, whereas
in Core BS 23 (2) and 46 there is depletion of Cr and Mg in the sapropel unit (Fig
3.9, Fig 3.11, Fig 3.16). Cr and Mg occur in mafic minerals such as chlorite
(Petruk 1964; Muller and Stoffers, 1974). This suggests that there was a higher
input of chlorite to the western basin compared to the eastern basin during the
sapropel deposition. Cr is generally higher in the coccolith unit than in the

sapropel unit.



7. The high degree of correlation coefficients between Al, K, Sc, Rb, and Li in the
sapropel unit in Cores 46 and BS 23(2) is probably accounted for by the presence
of potassium feldspar, mica, and mafic minerals. The presence of detrital silicates
in the sapropel unit is shown by close degree of correlation between Mg, Al, Ti,
Nb, Ta, Th and Cr.

8. The trends of Ba/Al profiles are generally conformable with those of Corg
profiles in the studied cores, indicating the proxy character of this ratio for
organic productivity in the Black Sea sediments. The highest Ba values are found
in the western basin. Its concentration in the sapropel unit is 5 and 13 times that
in the coccolith unit in Cores BS 23 and 46, respectively (Table 3.3, Table 3.4).
Ba shows a general depletion in the sapropel unit in Core 46. Ba/Al ratio is the
highest in the sapropel unit in Core BS 15, followed by Core BS 23(2) and Core
46. These trends suggest that the organic productivity was higher in the western
basin than in the eastern basin during the sapropel deposition. In the coccolith

| unit, Ba/Al ratio increases in the order: Core 46 < BS 23(2) <BS 9 < BS15, again
suggesting higher organic productivity in the western Black Sea basin compared
to the eastern Black Sea basin during the last 3000 years.

9. The enrichment of Ba in the organic rich horizons of coccolith and sapropel units
and in the top 24 cm of the cores can be interpreted as a reflection of the recent
eutrophication of the Black Sea.

10. Higher Ba contents and lower detrital input in the upper part of the sapropel unit
in Core BS 15, BS 23 (2) and in the upper part of the Core 46 show that the
organic carbon is composed mainly marine origin. This result is supported by the
earlier organic geochemical analysis by Tolun et al. (1999) and Tolun (2001),
which indicate that in the Black Sea sapropel the marine component of organic

carbon increases towards the top of the unit.

11. High Mo, P, Nji, V and Ba concentrations show strong correlation between each
other in sapropel unit. The highest enrichment of these element in this unit is
found the western part of the basin compared to the eastern basin. Mo, Ni and V
are mostly concentrated in both the organic and sulphide fractions. P/Al
distribution is similar to that of Mo in the sapropel unit in the eastern basin cores

showing the association of P and Mo with the organic matter.
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13. The contents of Mn as a redox-sensitive element in the sapropel unit are lower
than those of the coccolith unit. Fe shows a similar behaviour to Mn in the
sapropel unit. There is no enrichment of Mn and Fe just above the sapropel unit
in any of these cores in the eastern and western Black Sea basins. The absence of
such clear enrichments of redox sensitive elements, such as Mn and Fe, above
and within the Black Sea sapropel strongly suggest that oxic bottom water

conditions never prevailed during or after the deposition of sapropel unit.

14, Enrichment of chalcophile elements such as Zn, Cu, Ni, As, and S in the sapropel
unit also strongly suggests that this layer was deposited under anoxic bottom

water conditions.
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