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Summary Concentrations of a large set of major and trace elements, and Sr, Nd and Pb iso- 
tope ratios were measured in Holocene sediments cored in the western deep Black Sea in order 
to unravel: (1) the controls of element enrichment, and (2) sources of the detrital component. 
The transition of the basin from oxic to euxinic resulted in enrichment or depletion in a num- 
ber of elements in the deep-sea sediments. Authigenic Fe enrichment appears to depend on the 
amount of Fe mobilized from the sediment through the benthic redox shuttle mechanism and 
free H 2 S in the water column (degree of “euxinization”). Manganese enrichment is controlled 
by diagenetic reactions within the sediment: the dissolution of Mn minerals, Mn 2 + diffusion up- 
ward and reprecipitation. Barium enrichment is also controlled by diagenetic reactions, sulfate 
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reduction and methanogenesis, that take place above and below the sulfate-methane transi- 
tion, respectively. The major part of V, Co, Ni, Cu, Zn, Cr, Mo, Cd and Sb is inferred to have 
co-precipitated with Fe in the euxinic deep waters and to have been incorporated into au- 
thigenic Fe-sulfides. Basin reservoir effect additionally influences the Mo enrichment. The U 

enrichment is interpreted to have a different origin in the two organic-rich stratigraphic units 
(II and I). It is inferred to be: (i) at the expense of the U inventory of the deepwater pool 
and a result of inorganic reduction of U at euxinic conditions in the lower Unit II; and (ii) at 
the expense of the U inventory of the surface water pool and a result of biogenic uptake and 
transfer to the sediment by the plankton in the upper Unit I. The high field strength elements 
are closely linked to the detrital component and their depletion in the organic-rich sediments 
reflects a dilution of the detrital component by the biogenic one. The enrichments of REE, Sn 
and Th are likely controlled by adsorption on clay minerals. Sr-Nd-Pb isotope compositions of 
the alumino-silicate component of the studied sediments are relatively uniform. They are most 
likely controlled by riverine suspended matter supplied mainly in the NW Black Sea (Danube 
Delta) and transported southward by marine currents, and to a lesser degree by suspended 
matter from the small rivers draining SE Bulgaria and NW Turkey. Wind-blown dust from the 
Sahara Desert appears to have a minor contribution to the alumino-silicate component of the 
sediments. The slight shift in the Pb isotopes in Unit I upper layers is possibly caused by the 
addition of anthropogenic Pb. 
© 2020 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

The upper section of the sediment blanketing the Black Sea
floor has been increasingly investigated since the first half
of 20 th century with the major goal to untangle the oceano-
graphic/limnological as well as the geological history of this
semi-isolated anoxic basin. The early works ( Arkhangel’skii
and Strakhov, 1938 ) subdivided it into three stratigraphic
units (from top to bottom): (1) Recent sediments, (2) Old
Black Sea layers, and (3) New Euxinian sediments. Later
studies ( Degens and Ross, 1972 ; Ross et al., 1970 ; Ross and
Degens, 1974 ) essentially confirmed the presence of the
same units (named as Units I, II and III), dated precisely
their boundaries and showed that the stratigraphic units
recognized at the shelf ( Neveskii, 1967 ) are difficult to
be correlated to those described in the deep Black Sea
( Degens and Ross, 1972 ). Deep probing of the sediment
and wide set of applied analytical approaches ( Degens
and Ross, 1974 ; Hsü, 1978 ; Ross, 1978 ; Ross et al., 1978 ;
Stoffers and Müller, 1978 ; Stoffers et al., 1978 ) provided
evidence that the distinct sediment alternation (Units I, II
and III) records varying oxic lacustrine and anoxic marine
conditions produced in the basin by the climatic changes
over the Quaternary. Unraveling the Black Sea geological
history and the potential implications for the processes in
ancient anoxic basins involved the use of geochemical prox-
ies ( Calvert and Batchelor, 1978 ; Hirst, 1974 ). Geochemical
studies of the Quaternary Black Sea sediments revealed
that a number of trace elements are enriched (relative to
the background detrital sediment or to the average shale)
in the sediment layers deposited under anoxic conditions.
They suggested that these enrichments may be used for
determining the redox conditions in the sediment or in
the bottom waters at the time of deposition ( Calvert and
Pedersen, 1993 ; Little et al., 2015 ). Although these studies
comprehensively investigated the element enrichments
and reasonably interpreted them as results of a range of
reactions across redox interfaces ( Calvert and Pedersen,
1993 ; Little et al., 2015 ) they considered only a limited
number of elements (Cd, Cr, Cu, Fe, Mn, Mo, Ni, Re, U, V,
Zn) measured in the uppermost (or uppermost + underlying;
unclear in Little et al. (2015) ) stratigraphic unit. 

Challenged by the possibility to explore the environmen-
tal potential of a larger element set analyzed across the
three Upper Quaternary stratigraphic units we investigated
the distribution and enrichment of a large element set (54
elements) in a series of Holocene sediments from the west-
ern Black Sea. Since the upper organic-rich stratigraphic
units (I and II) were shown to have received almost constant
organic flux diluted by fluctuating terrigenous input through
time ( Calvert and Karlin, 1998 ) we, additionally, ana-
lyzed the Sr-Nd-Pb-isotope composition of the terrigenous
component of these sediments in order to determine its
provenance. The results of our study are discussed in this
contribution. 

2. Geologic setting 

The Black Sea is the largest permanently anoxic basin in
the modern Ocean. Permanent anoxia in the major part of
its water body is a result of the combination of restricted
water mass exchange with the Mediterranean Sea, positive
water balance and moderate bio-production in the euphotic
layer. The Black Sea water body is vertically stratified in
two layers with contrasting chemistry that are separated by
a transition layer (chemocline): oxic surface layer ( ∼0 to
50 m), suboxic intermediate/transition layer (chemocline)
( ∼50 to 100 m) and anoxic (euxinic) deep waters ( ∼100 to
2000 m) ( Murray et al., 1989 ). 

The upper part of the Black Sea sedimentary cover, de-
posited during the Late Pleistocene and Holocene, is com-
posed of three distinct stratigraphic layers (units) spread
throughout the deep Black Sea ( Degens and Ross, 1972 ;

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Figure 1 (a) Map of the Black Sea and its catchment area. Highlighted rectangle encircles the area of studies. (b) Western part 
of the Black Sea with locations of the studied sediment cores (red closed circles). Red lines marked with C and D indicate positions 
of the cross sections shown at (c) and (d) demonstrating the locations of the studied sediment cores CF-01, CF-03, KL-01 and KL-02 
relative to the oxic, suboxic and euxinic water layers. 
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Holocene. 
oss et al., 1970 ). The uppermost layer (Unit I) is a modern
aminated coccolith ooze that overlies the finely laminated 
apropel (Unit II). The boundary between them is sharp and 
ated at ∼3 ka BP ( Kwiecien et al., 2008 ). The transition
etween Unit II and Unit III, terrigenous mud (lutite; Ross 
t al., 1970 ), is distinct and estimated to be at ∼9 ka
P ( Soulet et al., 2011 ). The deposition of these three
ifferent lithologic units is explained by changes in the 
nvironmental conditions, i.e. evolution of the basin from 

imnic to marine ( Degens and Ross, 1972 ), whereas their
mpressive correlation along the entire basin is supposed to 
ttest for uniform depositional environment over most of 
he Black Sea ( Ross et al., 1970 ). 
The organic-rich sapropel layer (Unit II) has been the 

ocus of a number of studies ( Calvert, 1990 ; Calvert et al.,
987 ; Glenn and Arthur, 1985 ). The high content of organic
atter in this layer has been found to be caused by low
ilution of the organic fraction by other sediment compo- 
ents (e.g., terrigenous and biogenic) rather than by high 
reservation of organic matter ( Calvert and Karlin, 1998 ).
herefore, its formation is supposed not to be necessarily 
haracteristic of anoxic basins. However, the anoxic con- 
itions in the Black Sea water body and the deposition of
rganic-rich sediments (Units I and II) on the Black Sea 
oor were inferred to be the major controls of enrichment
f a number of elements in the sediments ( Calvert and
edersen, 1993 ; Little et al., 2015 ). 

. Samples and methods of investigation 

.1. Samples 

ive sediment cores recovered from the western deep Black
ea ( Fig. 1 a,b; Table 1 ) during two expeditions of the r/v
kademik (Institute of Oceanology, Bulgarian Academy of 
ciences) in April 2006 and February 2007 were selected for
ur study. Twenty-nine sediment samples from the three 
tratigraphic units crossed by these cores (Unit III was not
ompletely penetrated by any core) were washed from pore
ater salts with distilled water (18.2 M �/cm resistivity),
reeze-dried and ground to fine powder in agate mortar
efore the elemental concentrations and isotope ratios 
easurements. The “red layers” in Unit III ( Bahr et al.,
005 ; Kwiecien et al., 2008 ; Major et al., 2002 ) that mark
he transition from the last glacial (Late Pleistocene) to
olocene were not reached by any core. Therefore, we can
onsider that the cored sediments are entirely within the
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Table 1 Investigated sediment cores sampling and lithology details. 

Core ID Latitude (N) Longitude (E) Depth (m) Sampling device Lithology description 

CF-01 42 °55.613´ 28 °36.405´ 614 gravity corer 0—87 cm: finely laminated greenish-gray coccolith 
ooze (Unit I) 

87—204 cm: finely laminated sapropel (Unit II) 
204—223 cm: greenish-yellow fine terrigenous mud 

(Unit III) 
CF-03 42 °55.125´ 28 °36.413´ 647 gravity corer 0—33 cm: finely laminated green-gray coccolith ooze 

(Unit I) 
33—173 cm: finely laminated brown-green sapropel 

with sharp upper boundary (Unit II) 
173—175 cm: sharp boundary 
175—250 cm: grayish-white fine terrigenous mud (Unit 

III) 
KL-01 42 °52.505´ 28 °33.885´ 457 gravity corer 0—94 cm: finely laminated greenish-gray coccolith 

ooze (Unit I) 
95—210 cm: finely laminated (alternation of 

dark-brown organic-rich laminae and light-gray 
terrigenous laminae) sapropel (Unit II) 

210 cm: sharp boundary 
210—360 cm: greenish-gray fine terrigenous mud, 

with black stains (275-360 cm), which becomes 
compact down core (350—360 cm) (Unit III) 

KL-02 42 °53.045´ 28 °33.899´ 475 gravity corer 0—115 cm: finely laminated greenish-gray coccolith 
ooze (Unit I) 

115—250 cm: finely laminated brown to gray sapropel 
(Unit II) 

250—320 cm: gray terrigenous mud (Unit III) 
PLC-203 42 °24.157´ 28 °27.796´ 314 gravity corer 0—115 cm: finely laminated greenish-gray coccolith 

ooze (Unit I) 
115—310 cm: sapropel (fine alternation of dark-brown 

to olive organic-rich laminae becoming denser 
towards the catch-corer, greenish-gray terrigenous 
laminae and rarely aragonite-rich laminae) (Unit II) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2. Methods of investigation 

3.2.1. Bulk geochemical analyses and enrichment 
factors (EF) calculations 
Major element (Al 2 O 3 , Fe 2 O 3 , MnO, MgO, CaO, Na 2 O, K 2 O,
TiO 2 , P 2 O 5 ) concentrations of the samples were determined
by Inductively Coupled Plasma Optical Emission Spectrom-
etry (ICP-OES) (Spectro Ciros SOP instrument; Institute of
Geosciences, University of Kiel) after total sample dissolu-
tion performed by pressurised HF-HClO 4 -aqua regia attack
( Garbe-Schönberg, 1993 ). Total SiO 2 (SiO 2tot ) was estimated
as the difference between the sum of all major elements
including loss on ignition (LOI) and 100%. Amorphous SiO 2 

(SiO 2am 

) concentrations were measured after sample dis-
solution following the method of DeMaster (1981) and
Koning et al. (2002) . About 20 mg of powdered sample was
dissolved in 50 mL 0.5 M NaOH in centrifuge tubes at 85 °C
for 3 hours (in a water-bath with stirring). After 1, 2 and
3 hours we centrifuged the tubes with dissolved samples
(for 3 minutes at 3500 rpm), pipetted 0.5 mL from the
solution, diluted this aliquot by 20 with distilled water
(18.2 M �/cm resistivity) and analyzed it for dissolved silica
using a Bran + Luebbe AA3 HR auto-analyzer as described
by Aminot and Kérouel (2007) . Detrital SiO 2 (SiO 2det ) con-
centrations were calculated by subtracting of SiO 2am 

from
SiO 2tot . 

Trace (Li, Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr,
Nb, Mo, Ag, Cd, Sn, Sb, Cs, Ba, Hf, Ta, W, Tl, Pb, Th, U)
and rare earth (REE) elements concentrations were analysed
by Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
(Agilent 7500cs instrument; Institute of Geosciences, Uni-
versity of Kiel) after total sample dissolution following the
same protocol as for the major elements ( Garbe-Schönberg,
1993 ). Unfortunately, this dissolution protocol bears the risk
of incomplete dissolution of some well-crystallized zircon
grains and leaves a possibility that not all Zr and Hf are
represented in the analysis. However, Zr, Hf and Nb, Ta, Th
in the reference material Marine Sediment GSMS-2 ( Jochum
et al., 2005 ) that had been repeatedly analyzed together
with our samples were recovered with 90% and 100%, re-
spectively, and the observed perfect correlation between
these elements and Al confirmed that a significant frac-
tion of these high-field-strength elements (HFSE) had been
dissolved and analyzed, which allowed for correct inter-
pretations. The accuracy of the analytical results was con-
trolled by analyzing international standard reference mate-
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ials (AC-E, BE-N, BHVO-1, BHVO-2, BIR-1, MESS-2, GSMS-2) 
ollowing the same analytical protocols as for the sediment 
amples. Measured elemental concentrations of the stan- 
ards were generally within < 5% of the recommended val- 
es for most elements. The precision of sample duplicates, 
s well as repeated analyses, was better than 5% for most
lements. 
Approximately 3—4 mg of each sample were loaded 

nto tin capsules and placed in a 50-position automated 
ero Blank sample carousel on a Carlo Erba NA1500 CNHS
lemental analyzer for measuring the total carbon (C tot ) 
nd nitrogen concentrations. After flash combustion in a 
uartz column containing chromium oxide and silvered 
obaltous/cobaltic oxide at 1020 °C in an oxygen-rich at- 
osphere, the sample gas was transported in a He carrier
tream and passed through a hot (650 °C) reduction column 
onsisting of reduced elemental copper to remove oxy- 
en. The effluent stream then passed through a chemical 
Mg(ClO 4 ) 2 ] trap to remove water. The stream then passed
hrough a 0.7 meter GC column at 125 °C that separates
he N 2 and CO 2 gases. Finally, the gases passed through a
hermal conductivity detector that measured the size of 
he pulses of N 2 and CO 2 . 
Total inorganic carbon (C inorg ) was measured coulomet- 

ically using a UIC (Coulometrics) 5014 CO 2 coulometer 
oupled with an AutoMate automated carbonate prepa- 
ation device (AutoMateFX.com). Approximately 20 mg of 
ach sample was weighed into septum top tubes and placed 
nto the AutoMate carousel. A double needle assembly was 
sed to purge the sample vial of atmospheric gas using 
O 2 -free nitrogen carrier gas. 10% phosphoric acid was then
njected into the sample vial and evolved CO 2 was carried
hrough a silver nitrate scrubber to the coulometer where 
 content was measured. 
Organic carbon (C org ) concentrations were calculated as 

 difference between the measured total carbon and total 
norganic carbon concentrations. 

LOI (in wt.%) was measured on air-dry powdered samples 
laced after weighing in a muffle furnace at 950 °C for 1
our. 
In order to evaluate the relative enrichment or deple- 

ion of the elements in the sediment we calculated the
uthigenic enrichment factors ( Calvert and Pedersen, 1993 ; 
ittle et al., 2015 ): 

 F element = ( element / Al ) sample / ( element / Al ) reference . 

Traditionally, the reference material for normalization 
as the average shale ( Calvert and Pedersen, 1993 ). Little
t al. (2015) argued that the average shale could not be
epresentative of the local background sedimentation and 
uggested the usage of the proximal oxic sediment as a 
orrect normalizing lithogenic background. Since we have 
ot studied the composition of the proximal shelf sediments 
oxic and detrital) contemporaneous with the studied deep- 
ea stratigraphic units (Unit I, II and III) we normalized our
oncentration data to those for the upper continental crust 
UCC) ( Rudnick and Gao, 2003 ). 

.2.2. Sr-Nd-Pb isotope analysis 
wenty-three sub-samples (out of the entire set of 29) from
our of the sediment cores were selected for a combined 
r-Nd-Pb isotope study (Department of Geological Sciences, 
wedish Museum of Natural History, Stockholm). According 
o previous works ( Ross et al., 1970 ; Ross and Degens,
974 ) the Upper Pleistocene-Holocene Black Sea sediments 
Units III—I) contain a considerable proportion of biogenic 
arbonate and organic matter. These sediment components 
re marine-born and their Sr-Nd-Pb-isotope composition 
s supposed to reflect that of the seawater ( Haley et al.,
008 ; Hedge and Walthall, 1963 ; Vance and Burton, 1999 ).
hus, in order to trace the provenance of the non-marine
omponent (e.g., terrigeneous) in the studied sediments 
e subjected the selected sub-samples to a three-step 
eaching procedure ( Bayon et al., 2002 ) to eliminate the
arine-born components. First, 10% acetic acid was added 
o ∼150 mg of the powdered sample which, after 3 hours in
n ultrasonic bath, was left overnight. This treatment step
emoves the carbonates. After rinsing with distilled water 
18.2 M �/cm resistivity), centrifugation, and decantation 
he residue was collected. Second, Fe-Mn-oxyhydroxides 
ere removed from the residue by adding 25% acetic acid,
ith sample vials left on a hot plate kept at different
emperatures (at 90 ° and 60 °C) for a total period of two
ours. After rinsing with distilled water, centrifugation 
nd decantation, the residue was recovered. Third, the 
rganic carbon was removed from the residues by adding
% H 2 O 2 to them and keeping the vials for seven hours in an
ltrasonic bath. In order to ensure that the organic fraction
as fully dissolved, we added aqua regia to the vials. The
nal residue (after rinsing, centrifugation and decantation) 
s supposed to represent the alumino-silicate fraction of 
he sediment. In order to estimate the quantity of differ-
nt fractions during the treatment, the resulting sample 
esidues were weighed. We found that the alumino-silicates 
ompose ∼40—60% of the studied sediment samples. 
The alumino-silicate residues were dissolved in a HF- 

ClO 4 acid mixture before the Sr-Nd-Pb-isotope ratio 
easurements. The sample solutions were left for three 
ays in order to ensure the total dissolution of the alumino-
ilicate component. Conventional ion-exchange techniques, 
erformed in columns filled with AG50W × 8, H 

+ form
esin ( De Ignacio et al., 2006 ), were applied to the sample
olutions in order to separate and purify the elements
hose isotopic composition were to be determined. Sr was 
urther purified in a second pass through the same columns,
hereas Nd was isolated in Ln-spec columns ( Pin and Zal-
uegui, 1997 ). The Pb fractions were re-dissolved in HBr,
nd treated further in columns with AG1 × 8, Cl − form resin.
A Thermo-Finnigan Triton thermal ionization mass 

pectrometry (TIMS) instrument was used for the Sr 
nd Nd isotope analyses and data were normalized to
8 Sr/ 86 Sr = 0.1194 and 146 Nd/ 144 Nd = 0.7219, respectively.
dditionally, replicate analyses of the NBS-987 Sr standard 
nalyzed during the course of the study yielded an average
7 Sr/ 86 Sr = 0.710221 ±0.000011 (2 σ external precision). 
orresponding analyses of the La Jolla Nd standard yielded
n average 143 Nd/ 144 Nd = 0.511848 ±0.000009 (2 σ external
recision). These standard values are very close to the
ccepted values and therefore, no additional corrections 
ere applied to the obtained sample Sr or Nd data. Es-
imated analytical uncertainties amount to ca. ±0.4 and 
0.00002 for the given εNd and Sr isotope values, respec-
ively. Pb isotope analyses were performed with Tl added
o allow for an internal correction of the mass bias, and the
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measured intensities were corrected for background and
Hg interference on mass 204. Two ICP-MS instruments were
used: a Micromass Isoprobe multi-collector (core KL-02)
and a Nu Plasma II (cores CF-03, KL-01 and PLC-203). For
the data produced by the latter instrument (hosted by
the Vegacenter facility), the NBS-981 Pb standard was run
at regular intervals and all unknowns were analyzed in
duplicate. The obtained values for the standard are within
the error of those given by Todt et al. (1996) , and the
external reproducibility is between 0.04% ( 206 Pb/ 204 Pb) and
0.08% ( 208 Pb/ 204 Pb). The external reproducibility of the
unknowns is of a similar order, but in order to account for
errors arising during the chemical treatment in the clean
laboratory, an overall uncertainty of ±0.10% is adopted. 

4. Results 

4.1. Geochemistry of the sediments 

4.1.1. Elemental concentrations and REE distribution 

patterns 
Vertical distributions of the concentrations of Al, Fe and K
co-vary along the studied sediment cores ( Table 2 ; Fig. 2 ).
Titanium and detrital SiO 2 co-vary with them in the upper
part of Unit II and in Unit I ( Fig. 2 ). Concentrations of Si
(total, detrital and amorphous), Al, Fe and K have maximum
values in the sapropel layer (Unit II) and minimum values
in the terrigenous mud (Unit III) and coccolith ooze (Unit
I) ( Table 2 ). Calcium (as CaCO 3 ) demonstrates opposite
behavior with maximum concentrations in both the terrige-
nous mud and coccolith ooze, and minimum content in the
sapropel layer ( Table 2 ; Fig. 2 ). Although the content of Mn
is broadly similar in all the three stratigraphic units ( Table
2 ) it shows a particular vertical distribution with a gradual
increase from Unit III towards the boundary between Units
II and I, followed by a slight decrease through Unit I ( Fig. 2 ).
Unit I has the lowest Mg and the highest P concentrations
( Table 2 ). Organic carbon shows the highest content in the
sapropel layer (particularly in its lower part) and lowest
concentration in the terrigenous mud ( Table 2 ; Fig. 2 ). It
correlates well with SiO 2am 

( Table 2 ; Fig. 2 ). 
Silicon, Al and Ca appeared to be the most abundant

major elements in these sediments ( Table 2 ). Theoreti-
cally, Al is mostly terrigenous (detrital), whereas Si has a
dual origin, terrigenous and biogenic, in these sediments
( Hay et al., 1990 ). Biogenic Si concentrations (within the
amorphous SiO 2 of diatoms and silicoflagellates ( Pilskaln
and Pike, 2001 )) cluster between 1 and 2% (as SiO 2am 

) and
have a maximum in the sapropel layer ( Table 2 ). In order
to investigate the terrigenous material deposited in the
western Black Sea during the Holocene, we calculated the
SiO 2det /Al 2 O 3 ratio in the studied sediments ( Table 2 ). This
ratio spans between 4.5 and 7.8, but clusters around 5
( Table 2 ). Assuming that the terrigenous material entering
the western Black Sea has an average composition close to
that of the UCC, we compared the SiO 2det /Al 2 O 3 ratio of our
sediments to that of the UCC: 4.3 ( Rudnick and Gao, 2003 ).
This comparison demonstrated that the western Black Sea
sediments are enriched in SiO 2det relative to the UCC. 

Vertical distributions of the concentrations of most trace
elements co-vary with those of one or another of the major
elements. A large group of trace elements including Li, Co,
Ni, Cu, Zn, V, Cr, Ag, Sc, Ga, Sn, Rb, Cs, W, Th, Nb, Ta, Hf and
REE correlate positively with Al (Fe and K) ( Fig. 2 ). Similarly,
Sr co-varies with CaCO 3 , Ba with Mn, and Pb, Y with P ( Fig.
2 ). Two pairs of trace elements do not show any correla-
tion with the major elements, but co-vary with each other:
Cd with Sb, and U with Mo ( Fig. 2 ). Like most of the major
elements a range of trace elements have maximum concen-
trations in the sapropel layer and minimum contents in the
terrigenous mud: V, Cr, Ni, Cu, Zn, Cd, Ga, Mo, Sb, Li, Rb,
Cs, Ba, Sn, Sc, Zr, Hf, Ta, W, Tl, Th, U and REE ( Tables 2 , 3 ).
Co, Pb and Y have maximum concentrations in the coccolith
ooze and minimum concentrations in the terrigenous mud
( Tables 2 , 3 ). Sr concentrations are also the highest in the
coccolith ooze, but lowest in the sapropel layer ( Table 2 ). 

Concentrations of the REE ( �REE) are the highest in
the sapropel layer (Unit II) and the lowest in the terrige-
nous mud (Unit III) ( Table 3 ; Fig. 3 a). �REE correlates
inversely with the SiO 2det /Al 2 O 3 ratio ( Tables 2 , 3 ). The
UCC-normalized REE distribution patterns of all the three
stratigraphic units are similar ( Fig. 3 a). They show very
weak negative to no Ce anomaly (Ce/Ce ∗∼1), have a weak
negative Eu anomaly (Eu/Eu ∗< 1) and exhibit depletion of
light REE relative to heavy REE (La UCCN /Lu UCCN < 1) ( Fig.
3 a; Table 3 ). The negative Eu anomaly is highest in the
terrigenous mud ( Fig. 2 ). 

4.1.2. Enrichment factors 
Iron is enriched relative to Al in all the three stratigraphic
units over the UCC abundance ( Table 4 ). Although the Fe
enrichment is, on average, similar in all stratigraphic units
( Table 4 ) it varies along the sediment cores showing a
general trend of upward decrease with two maxima at the
lower and upper parts of Unit II, which is similar to the
vertical profile of the C org concentrations ( Figs 2 , 4 ). 

Organic-rich sediments are typically enriched in trace
elements ( Goldschmidt, 1954 ) and our data largely confirm
this observation: most of the analyzed trace elements (Ag,
V, Cr, Co, Ni, Cu, Zn, Cd, Ga, Mo, Sb, Li, Rb, Cs, Sr, Ba, Sn,
Sc, Nb, Ta, W, Tl, Pb, Th, U, Y and REE) show elevated con-
centrations in the organic-rich Units I and II (some even in
the terrigenous mud, Unit III) ( Table 4 ). Others, such as Mn,
Zr and Hf, are depleted in these sediments ( Table 4 ). The
sapropel layer (Unit II) is the most enriched in V, Cr, Ni, Cu,
Zn, Cd, Mo, Sb, Li, Rb, Cs, Sc, Tl and U, whereas the coccol-
ith ooze (Unit I) is the most enriched in Ag, Co, Ba, Pb, Y and
Tm ( Table 4 ). The terrigenous mud (Unit III) is the richest
in Mn, Sr, Sn, Zr, Hf, Nb, Ta, W, Th and most of the REE (La,
Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Lu) ( Table 4 ). Particularly
enriched (EF > 3) are Mo, Cd, Ag, Sb, Li and U ( Table 4 ). 

The vertical profile of the EF Mn ( Fig. 4 ) shows depletion
in the sapropel layer (Unit II) and gradual increase upwards
to the coccolith ooze (Unit I). The EF Ba shows a similar
profile ( Fig. 4 ), but its absolute minimum and maximum
appear earlier than those of the EF Mn : at the base and at the
upper part of Unit II, respectively. Sr is strongly depleted
in the sapropel layer (Unit II). The vertical profiles of the
enrichment factors of Co and Cu co-vary with that of Fe
( Fig. 4 ). The enrichments of Ni, Zn, W, Cr, Ga, Sc, Li and Cs
(and Rb, not shown at Fig. 4 ) demonstrate maxima like that
of EF Fe at the base of Unit II, but their upper (and smaller)
maxima are displaced upward in Unit I ( Fig. 4 ). EF V , EF Mo ,
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Table 2 Major and trace elements concentrations (measured using Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) and Inductively Coupled Plasma 
Mass Spectrometry (ICP-MS)) of the studied sediments. 

Core ID Horizon 
(cm) 

Lithology 
Unit 

SiO 2tot 

(wt.%) 
SiO 2am 

SiO 2det Al 2 O 3 SiO 2det / 
Al 2 O 3 

Fe 2 O 3tot MnO MgO CaO Na 2 O K 2 O TiO 2 P 2 O 5 LOI C inorg C org C tot N Si am /C org 
(mol/mol) 

Ag 
(ppm) 

V 

CF-01 57—59 I 48.7 0.77 47.9 8.88 5.4 3.58 0.05 1.85 11.3 1.39 1.64 0.37 0.12 22.1 2.80 2.64 5.44 0.26 0.06 0.18 100 
93—95 II 53.0 1.37 51.6 11.0 4.7 4.46 0.06 2.20 4.82 1.58 2.01 0.44 0.14 20.4 1.02 4.36 5.38 0.42 0.06 0.19 120 
124—126 II 52.3 1.27 51.0 10.3 4.9 4.12 0.05 2.28 5.88 1.48 1.89 0.44 0.10 21.2 1.24 3.97 5.21 0.37 0.06 0.17 120 
155—157 II 50.1 5.24 44.9 7.83 5.7 3.14 0.04 1.83 4.16 2.27 1.39 0.30 0.14 28.9 0.99 7.25 8.24 0.60 0.14 0.15 107 
195—197 II 47.8 0.89 46.9 7.77 6.0 3.02 0.03 1.83 7.07 1.24 1.43 0.31 0.13 29.3 2.25 7.05 9.30 0.51 0.03 0.16 159 
218—220 III 50.8 0.84 49.9 8.50 5.9 3.36 0.04 2.45 11.5 1.36 1.60 0.41 0.10 19.8 2.61 1.89 4.50 0.15 0.09 0.12 87.3 

CF-03 55—57 II 52.3 1.67 50.6 10.2 5.0 4.09 0.05 2.30 5.52 1.99 1.89 0.42 0.13 21.1 1.24 4.29 5.53 0.39 0.08 0.17 117 
104—106 II 52.0 1.32 50.7 10.6 4.8 4.08 0.04 2.13 5.08 1.47 1.91 0.42 0.13 22.1 1.12 4.87 5.99 0.43 0.05 0.18 128 
133—135 II 49.5 1.91 47.6 8.91 5.3 3.57 0.04 1.96 4.80 1.49 1.61 0.35 0.12 27.6 1.03 7.79 8.82 0.67 0.05 0.17 120 
170—172 II 55.6 0.67 55.0 7.78 7.1 2.93 0.03 2.03 6.28 1.45 1.42 0.35 0.12 22.0 1.34 4.27 5.61 0.28 0.03 0.14 119 
216—218 III 39.1 0.64 38.5 4.91 7.8 1.99 0.04 1.63 21.2 0.62 0.90 0.21 0.07 29.3 6.40 1.10 7.50 0.08 0.12 0.08 55.7 

KL-01 165—167 II 51.3 1.42 49.9 9.49 5.3 3.80 0.05 2.10 4.74 1.57 1.73 0.38 0.11 24.7 1.12 6.87 7.99 0.62 0.04 0.17 116 
178—180 II 50.1 1.28 48.9 9.51 5.1 3.88 0.04 2.06 4.85 1.58 1.75 0.37 0.10 25.7 1.03 6.80 7.83 0.54 0.04 0.16 120 
200—202 II 48.4 0.88 47.5 8.66 5.5 3.41 0.03 2.00 7.41 1.39 1.60 0.34 0.10 26.6 1.71 6.13 7.84 0.48 0.03 0.15 131 
250—252 III 40.3 0.59 39.7 5.25 7.5 2.12 0.05 1.69 22.6 0.75 0.98 0.22 0.07 26.0 6.47 1.10 7.57 0.08 0.11 0.08 57.6 
294—296 III 40.9 1.41 39.5 5.82 6.8 2.28 0.04 1.77 16.5 0.72 1.06 0.26 0.09 30.5 4.94 1.31 6.25 0.10 0.21 0.10 65.9 

KL-02 58—60 I 47.0 0.80 46.2 8.70 5.3 3.39 0.05 1.72 12.2 1.28 1.58 0.35 0.11 23.6 3.21 2.57 5.78 0.26 0.06 0.16 107 
86—88 I 47.7 1.00 46.7 8.64 5.4 3.44 0.05 1.78 12.1 1.26 1.59 0.35 0.13 22.9 3.23 2.82 6.05 0.28 0.07 0.18 104 
116—118 II 53.2 1.39 51.8 11.5 4.5 4.65 0.06 2.34 4.75 1.43 2.09 0.47 0.11 19.4 0.94 4.03 4.97 0.38 0.07 0.21 136 
153—155 II 52.1 1.55 50.5 10.4 4.8 4.12 0.05 2.28 5.69 1.37 1.91 0.43 0.11 21.5 1.24 4.23 5.47 0.39 0.07 0.18 122 
204—206 II 51.9 7.40 44.5 8.91 5.0 3.51 0.04 2.00 4.73 1.66 1.62 0.36 0.10 25.1 0.92 6.26 7.18 0.53 0.24 0.15 109 
232—234 II 50.5 1.17 49.3 9.43 5.2 3.91 0.04 2.13 4.92 1.66 1.74 0.38 0.11 25.2 1.18 6.66 7.84 0.53 0.04 0.15 130 
270—272 III 50.9 0.88 50.0 8.36 6.0 3.41 0.05 2.44 12.1 1.08 1.55 0.41 0.10 19.6 2.99 1.74 4.73 0.13 0.10 0.12 84.6 

PLC-203 65—67 I 49.3 1.73 47.6 9.46 5.0 3.82 0.07 1.94 10.8 1.21 1.73 0.40 0.13 21.2 2.72 2.53 5.25 0.25 0.14 0.16 113 
109—111 I 50.2 1.27 48.9 10.1 4.9 4.00 0.06 2.14 9.12 1.39 1.86 0.42 0.11 20.7 2.35 2.26 4.61 0.22 0.11 0.17 120 
170—172 II 53.4 2.27 51.2 11.3 4.5 4.59 0.06 2.41 4.80 1.26 2.06 0.47 0.12 19.5 0.91 3.34 4.25 0.32 0.14 0.17 126 
218—220 II 52.3 2.62 49.7 10.6 4.7 4.44 0.06 2.33 4.87 1.39 1.96 0.45 0.11 21.4 0.91 3.69 4.60 0.34 0.14 0.16 117 
260—262 II 54.0 1.92 52.1 10.9 4.8 4.40 0.04 2.36 5.46 1.26 1.98 0.45 0.11 19.0 1.06 3.69 4.75 0.35 0.10 0.17 120 
278—280 II 51.0 2.79 48.2 9.66 5.0 4.08 0.06 2.18 5.00 1.25 1.77 0.40 0.11 24.6 0.85 5.11 5.96 0.46 0.11 0.16 112 

Average I 48.6 1.11 47.5 9.15 5.2 3.65 0.06 1.89 11.1 1.30 1.68 0.38 0.12 22.1 2.86 2.56 5.43 0.25 0.09 0.17 109 
II 51.6 2.05 49.6 9.72 5.1 3.91 0.05 2.14 5.31 1.52 1.78 0.40 0.12 23.4 1.16 5.30 6.46 0.45 0.08 0.17 123 
III 44.4 0.87 43.5 6.57 6.6 2.63 0.04 2.00 16.8 0.90 1.22 0.30 0.09 25.0 4.68 1.43 6.11 0.11 0.12 0.10 70.2 

( continued on next page ) 
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Table 2 ( continued ) 

Core ID Horizon 
(cm) 

Lithology 
Unit 

Cr 
(ppm) 

Co Ni Cu Zn Cd Ga Mo Sb Li Rb Cs Sr Ba Sn Sc Zr Hf Nb Ta W Tl Pb Th U 

CF-01 57—59 I 80.6 17.0 64.7 38.7 73.9 0.44 13.8 47.1 1.60 51.9 104 7.08 520 573 2.21 11.6 64.8 1.86 8.75 0.61 1.17 0.64 26.6 8.42 9.73 
93—95 II 101 19.1 79.3 54.8 91.2 0.54 17.4 56.7 1.30 65.6 127 8.73 239 720 2.64 15.1 78.1 2.25 10.3 0.72 1.33 0.71 22.5 10.0 6.97 
124—126 II 100 14.0 78.6 41.5 87.0 0.60 16.7 61.9 1.67 60.6 122 8.31 254 560 2.65 13.9 74.9 2.15 10.5 0.73 1.39 0.82 20.9 9.93 12.8 
155—157 II 84.2 14.3 84.3 45.4 77.0 0.64 14.0 41.7 1.17 50.5 101 7.10 218 429 2.20 12.0 55.1 1.64 8.07 0.57 1.20 0.62 17.7 8.09 12.4 
195—197 II 76.9 11.2 77.0 47.6 71.7 0.66 13.8 71.1 1.36 47.6 101 6.76 534 412 2.17 11.2 62.5 1.80 8.22 0.59 1.21 0.89 18.0 8.26 15.1 
218—220 III 76.1 10.4 43.8 26.8 66.2 0.29 13.4 5.15 1.23 43.0 92.2 5.69 303 421 2.31 10.0 62.1 1.83 9.34 0.67 1.21 0.54 15.9 8.33 3.29 

CF-03 55—57 II 97.1 15.0 75.3 43.5 87.1 0.63 16.4 55.3 1.64 60.8 125 8.40 241 592 2.63 13.4 66.5 1.91 10.2 0.71 1.33 0.85 20.8 9.64 9.36 
104—106 II 99.7 14.9 84.2 49.7 91.1 0.76 17.1 67.1 1.66 63.9 126 8.84 245 766 2.57 14.1 78.5 2.26 10.1 0.70 1.33 0.80 21.6 9.89 13.9 
133—135 II 93.2 15.2 84.4 49.0 85.2 0.80 15.9 71.5 1.44 57.0 115 8.15 241 754 2.45 13.3 64.5 1.84 9.22 0.65 1.35 0.74 19.7 9.01 13.1 
170—172 II 72.6 9.59 62.4 38.1 61.8 0.62 12.2 34.4 1.31 40.9 85.7 5.42 270 378 2.01 9.61 62.7 1.81 8.38 0.60 1.11 0.86 15.1 7.33 9.31 
216—218 III 46.6 6.69 30.3 18.1 42.1 0.23 8.61 1.04 0.71 29.2 58.8 3.86 451 284 1.45 6.68 35.9 1.13 5.46 0.40 0.75 0.38 10.2 5.38 2.07 

KL-01 165—167 II 96.34 14.6 78.9 46.3 84.4 0.60 16.0 62.6 1.23 57.8 121 8.39 203 476 2.56 13.1 62.3 1.81 9.65 0.68 1.32 0.69 20.3 9.37 12.3 
178—180 II 96.75 16.9 83.4 43.7 84.9 0.82 16.3 159 1.81 59.6 124 8.58 220 400 2.58 13.2 59.4 1.74 9.42 0.66 1.32 0.74 20.0 9.30 19.7 
200—202 II 86.34 12.9 83.1 42.6 78.5 0.64 14.9 109 1.78 53.1 110 7.68 682 367 2.36 12.1 60.6 1.76 8.72 0.61 1.24 0.74 18.9 8.80 21.3 
250—252 III 50.29 7.32 32.2 16.7 43.0 0.22 8.89 0.78 0.65 29.5 59.7 4.01 436 231 1.49 6.99 38.2 1.18 5.61 0.40 0.77 0.38 10.4 5.41 1.86 
294—296 III 56.63 7.80 36.1 18.3 49.7 0.24 10.3 0.77 0.62 33.8 69.2 4.44 383 263 1.76 7.92 47.2 1.42 66.86 0.49 0.90 0.42 12.1 6.46 2.42 

KL-02 58—60 I 79.0 15.7 64.1 42.2 73.2 0.62 14.0 45.7 1.61 52.2 104 7.04 574 471 2.21 11.6 60.3 1.79 8.39 0.59 1.11 0.70 19.8 8.20 9.40 
86—88 I 80.9 16.3 69.0 41.8 75.2 0.50 14.1 35.7 1.13 52.4 106 7.19 580 551 2.29 11.8 59.8 1.75 8.76 0.61 1.15 0.72 26.4 8.51 7.18 
116—118 II 107 25.0 87.3 60.7 96.5 0.65 18.1 45.3 1.54 67.1 130 9.17 229 856 2.75 15.1 76.1 2.21 10.7 0.75 1.37 0.78 22.6 10.4 6.17 
153—155 II 97.9 15.1 75.1 43.5 86.1 0.59 16.8 46.0 1.27 61.5 126 8.57 249 719 2.63 13.7 72.2 2.11 10.4 0.73 1.34 0.90 21.5 9.87 7.33 
204—206 II 91.9 14.5 72.3 43.3 77.8 0.54 15.2 81.5 1.19 55.1 112 7.91 217 416 2.38 12.6 58.2 1.73 9.05 0.64 1.23 0.68 18.8 8.86 10.3 
232—234 II 96.5 18.7 94.2 42.9 83.2 0.64 16.1 112 1.86 56.5 119 8.23 223 366 2.57 13.1 66.0 1.92 9.61 0.68 1.38 0.70 20.3 9.42 10.6 
270—272 III 73.8 10.8 49.0 23.1 63.4 0.30 13.0 2.62 1.12 42.6 89.3 5.46 310 348 2.25 9.78 60.5 1.79 9.32 0.68 1.18 0.52 15.8 8.14 3.13 

PLC-203 65—67 I 91.6 17.7 65.3 38.9 77.8 0.37 15.2 21.3 1.22 55.0 115 7.70 509 501 2.46 12.1 64.9 1.91 9.55 0.67 1.30 0.72 24.8 9.02 4.77 
109—111 I 91.1 17.3 64.9 37.6 81.2 0.35 15.5 20.0 1.40 57.4 116 7.93 396 569 2.52 12.5 60.8 1.81 9.72 0.68 1.27 0.77 23.1 9.07 3.88 
170—172 II 107 21.4 79.3 42.1 92.1 0.53 17.8 33.4 1.74 65.8 133 9.26 215 913 2.83 14.5 74.8 2.17 10.9 0.77 1.40 0.86 21.9 10.4 5.98 
218—220 II 108 20.6 78.1 36.6 92.1 0.43 17.2 33.9 1.16 62.2 131 9.22 200 433 2.73 13.8 69.7 2.03 10.7 0.75 1.39 0.80 21.9 10.0 5.18 
260—262 II 103 17.2 72.0 38.4 91.2 0.40 17.3 37.0 1.25 63.1 128 8.81 219 444 2.75 14.0 70.3 2.08 10.7 0.76 1.41 0.80 21.3 10.2 5.73 
278—280 II 101 18.1 75.4 40.1 88.4 0.45 16.4 55.2 1.59 59.2 120 8.41 205 433 2.64 13.5 70.1 2.05 10.2 0.72 1.42 0.72 20.4 9.73 6.49 

Average I 84.6 16.8 65.6 39.8 76.3 0.46 14.5 34.0 1.39 53.8 109 7.39 516 533 2.34 11.9 62.1 1.82 9.03 0.63 1.20 0.71 24.1 8.64 6.99 
II 95.6 16.2 79.2 44.7 84.6 0.61 16.1 65.0 1.47 58.3 119 8.21 269 549 2.53 13.2 67.5 1.96 9.74 0.69 1.32 0.77 20.2 9.39 10.7 
III 60.7 8.60 38.3 20.6 52.9 0.26 10.8 2.07 0.87 35.6 73.8 4.69 377 309 1.85 8.27 48.8 1.47 19.3 0.53 0.96 0.45 12.9 6.74 2.55 
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Figure 2 Vertical profiles of selected elements concentrations and selected elements ratios along the sediment core KL-02. 
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Table 3 Rare earth elements (REE) and Yttrium (Y) concentrations (measured using Inductively Coupled Plasma Mass Spectrometry, ICP-MS) of the studied sediments. 

Core ID Horizon 
(cm) 

Lithology 
Unit 

La 
(ppm) 

Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y �REE (Ce/Ce ∗) a (Eu/Eu ∗) b La UCCN /Lu UCCN 

CF-01 57—59 I 25.0 50.6 5.97 23.0 4.59 0.98 4.19 0.64 3.72 0.73 2.00 0.30 1.93 0.28 19.9 124 0.98 0.96 0.88 
93—95 II 28.9 58.6 6.83 25.9 5.13 1.07 4.50 0.69 3.98 0.78 2.15 0.32 2.15 0.32 20.5 141 0.98 0.96 0.90 
124—126 II 27.9 56.9 6.70 25.4 5.07 1.04 4.45 0.68 3.88 0.75 2.06 0.31 2.05 0.30 19.8 138 0.98 0.95 0.92 
155—157 II 22.9 46.1 5.45 21.1 4.25 0.90 3.96 0.61 3.56 0.71 1.98 0.30 1.96 0.30 20.1 114 0.97 0.95 0.77 
195—197 II 23.4 46.8 5.59 21.4 4.34 0.92 3.96 0.61 3.59 0.71 1.93 0.29 1.92 0.29 19.9 116 0.96 0.96 0.81 
218—220 III 25.3 51.7 6.10 23.3 4.60 0.93 3.96 0.60 3.38 0.66 1.79 0.26 1.75 0.26 17.4 125 0.98 0.94 0.97 

CF-03 55—57 II 27.6 56.2 6.60 25.1 4.97 1.02 4.31 0.65 3.71 0.72 1.97 0.29 1.96 0.29 18.9 135 0.98 0.96 0.96 
104—106 II 27.8 56.1 6.58 24.9 4.90 1.01 4.29 0.66 3.83 0.75 2.09 0.31 2.10 0.31 19.9 136 0.98 0.96 0.89 
133—135 II 25.4 51.3 6.08 23.2 4.63 0.96 4.15 0.64 3.69 0.73 2.00 0.30 1.99 0.30 19.6 125 0.97 0.95 0.86 
170—172 II 22.2 44.4 5.34 20.5 4.08 0.86 3.67 0.56 3.22 0.63 1.74 0.26 1.71 0.25 17.3 109 0.96 0.96 0.88 
216—218 III 15.6 31.7 3.77 14.5 2.86 0.57 2.49 0.37 2.09 0.41 1.11 0.16 1.10 0.16 10.8 77 0.97 0.93 0.96 

KL-01 165—167 II 26.4 53.8 6.34 24.1 4.79 1.00 4.19 0.64 3.65 0.71 1.94 0.29 1.91 0.28 18.6 130 0.98 0.96 0.93 
178—180 II 25.9 52.2 6.16 23.4 4.67 0.97 4.08 0.62 3.56 0.69 1.88 0.28 1.86 0.28 18.1 127 0.97 0.96 0.94 
200—202 II 24.7 49.8 5.93 22.7 4.54 0.95 4.11 0.62 3.57 0.69 1.89 0.28 1.85 0.28 18.8 122 0.97 0.95 0.90 
250—252 III 16.0 32.4 3.84 14.7 2.90 0.59 2.49 0.37 2.13 0.41 1.13 0.17 1.11 0.17 10.9 78 0.97 0.95 0.97 
294—296 III 20.1 40.9 4.80 18.3 3.57 0.70 3.05 0.45 2.51 0.48 1.30 0.20 1.29 0.19 12.7 98 0.98 0.92 1.06 

KL-02 58—60 I 24.1 48.8 5.75 22.0 4.40 0.95 4.01 0.62 3.62 0.71 1.97 0.29 1.93 0.29 19.6 119 0.98 0.98 0.84 
86—88 I 25.6 51.7 6.10 23.5 4.74 1.01 4.36 0.66 3.86 0.76 2.06 0.30 1.99 0.29 21.0 127 0.97 0.97 0.88 
116—118 II 29.3 59.7 6.95 26.2 5.15 1.04 4.41 0.67 3.77 0.73 2.04 0.31 2.03 0.31 19.1 143 0.98 0.95 0.96 
153—155 II 27.7 56.2 6.61 25.1 4.94 1.01 4.30 0.65 3.72 0.73 1.99 0.30 1.99 0.29 19.0 135 0.98 0.95 0.94 
204—206 II 24.8 50.4 5.95 22.7 4.52 0.94 3.93 0.60 3.42 0.66 1.81 0.27 1.78 0.27 17.2 122 0.98 0.96 0.93 
232—234 II 26.3 52.9 6.28 23.9 4.79 1.00 4.27 0.66 3.75 0.74 2.00 0.30 1.97 0.29 19.4 129 0.97 0.96 0.90 
270—272 III 24.8 50.6 6.00 22.8 4.51 0.91 3.89 0.58 3.24 0.62 1.71 0.25 1.66 0.25 16.5 122 0.98 0.94 1.00 

PLC-203 65—67 I 25.9 52.9 6.20 23.7 4.72 0.98 4.21 0.64 3.70 0.73 1.97 0.30 1.95 0.29 19.4 128 0.98 0.95 0.91 
109—111 I 26.0 52.6 6.17 23.6 4.68 0.97 4.08 0.62 3.51 0.68 1.87 0.28 1.82 0.27 18.1 127 0.98 0.96 0.97 
170—172 II 29.0 58.9 6.89 26.2 5.16 1.04 4.49 0.69 3.96 0.78 2.12 0.32 2.12 0.31 20.2 142 0.98 0.94 0.93 
218—220 II 27.9 57.1 6.66 25.4 5.01 1.03 4.32 0.65 3.70 0.72 1.97 0.30 1.98 0.29 18.7 137 0.99 0.96 0.96 
260—262 II 28.7 58.6 6.86 26.0 5.13 1.06 4.47 0.67 3.84 0.74 2.05 0.31 2.05 0.30 19.4 141 0.98 0.96 0.94 
278—280 II 27.1 55.3 6.48 24.6 4.89 1.01 4.33 0.66 3.84 0.75 2.05 0.30 2.03 0.30 19.5 134 0.98 0.96 0.90 

Average I 25.3 51.3 6.04 23.2 4.63 0.98 4.17 0.64 3.68 0.72 1.97 0.29 1.92 0.28 19.6 125 0.98 0.96 0.90 
II 26.5 53.8 6.33 24.1 4.79 0.99 4.22 0.64 3.70 0.72 1.98 0.30 1.97 0.29 19.2 130 0.98 0.96 0.91 
III 20.4 41.5 4.90 18.7 3.69 0.74 3.18 0.47 2.67 0.52 1.41 0.21 1.38 0.21 13.7 100 0.98 0.94 0.99 

a Ce/Ce ∗= 2Ce UCCN /(La UCCN + Pr UCCN ) 
b Eu/Eu ∗= 2Eu UCCN /(Sm UCCN + Gd UCCN ) 
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Table 4 Calculated enrichment factors (EFs) for some of the analyzed elements in the studied sediments. 

Core ID Horizon 
(cm) 

Lithology 
Unit 

EF Fe EF Mn EF Ag EF V EF Cr EF Co EF Ni EF Cu EF Zn EF Cd EF Ga EF Mo EF Sb EF Li EF Rb EF Cs EF Sr EF Ba EF Sn EF Sc EF Zr EF Hf 

CF-01 57—59 I 1.23 0.95 5.89 1.79 1.52 1.70 2.39 2.40 1.91 8.48 1.37 74.2 6.94 4.29 2.15 2.51 2.82 1.59 1.82 1.44 0.58 0.61 
93—95 II 1.24 0.89 5.02 1.73 1.54 1.55 2.36 2.74 1.91 8.41 1.39 72.2 4.55 4.38 2.12 2.50 1.05 1.62 1.76 1.51 0.57 0.59 
124—126 II 1.22 0.71 4.78 1.84 1.62 1.21 2.49 2.21 1.94 9.94 1.42 83.9 6.23 4.30 2.17 2.53 1.18 1.34 1.88 1.48 0.58 0.60 
155—157 II 1.23 0.84 5.57 2.17 1.80 1.63 3.53 3.19 2.26 14.0 1.57 74.6 5.76 4.73 2.37 2.85 1.34 1.35 2.06 1.69 0.56 0.61 
195—197 II 1.19 0.56 5.98 3.25 1.66 1.28 3.25 3.37 2.12 14.5 1.56 128 6.73 4.49 2.38 2.73 3.31 1.31 2.05 1.58 0.64 0.67 
218—220 III 1.21 0.73 4.10 1.63 1.50 1.09 1.69 1.73 1.79 5.84 1.39 8.5 5.57 3.71 1.99 2.10 1.72 1.22 1.99 1.29 0.58 0.63 

CF-03 55—57 II 1.23 0.72 4.85 1.83 1.60 1.31 2.42 2.35 1.97 10.6 1.42 76.1 6.20 4.38 2.25 2.59 1.14 1.44 1.89 1.45 0.52 0.55 
104—106 II 1.18 0.57 4.94 1.92 1.58 1.25 2.60 2.58 1.98 12.3 1.42 88.7 6.03 4.42 2.18 2.62 1.11 1.78 1.78 1.46 0.59 0.62 
133—135 II 1.22 0.75 5.55 2.14 1.75 1.52 3.10 3.03 2.20 15.4 1.57 112 6.22 4.69 2.37 2.88 1.30 2.09 2.02 1.64 0.58 0.60 
170—172 II 1.15 0.62 5.23 2.43 1.56 1.10 2.63 2.69 1.83 13.6 1.38 61.9 6.48 3.85 2.02 2.19 1.67 1.20 1.89 1.36 0.64 0.68 
216—218 III 1.24 1.33 4.73 1.80 1.59 1.21 2.02 2.03 1.97 8.01 1.54 3.0 5.56 4.36 2.19 2.47 4.42 1.43 2.16 1.50 0.58 0.67 

KL-01 165—167 II 1.22 0.86 5.20 1.94 1.70 1.37 2.72 2.68 2.04 10.8 1.48 92.3 4.99 4.46 2.34 2.78 1.03 1.24 1.98 1.52 0.52 0.55 
178—180 II 1.25 0.72 4.89 2.00 1.70 1.58 2.87 2.53 2.05 14.8 1.51 234 7.33 4.60 2.39 2.84 1.11 1.04 1.99 1.53 0.50 0.53 
200—202 II 1.20 0.52 5.03 2.40 1.67 1.33 3.15 2.71 2.08 12.7 1.51 176 7.92 4.50 2.33 2.79 3.79 1.05 2.00 1.54 0.56 0.59 
250—252 III 1.24 1.52 4.42 1.74 1.60 1.24 2.01 1.75 1.88 7.16 1.49 2.1 4.76 4.12 2.08 2.40 3.99 1.09 2.08 1.46 0.58 0.65 
294—296 III 1.20 1.10 4.99 1.80 1.63 1.19 2.03 1.73 1.96 7.06 1.56 1.9 4.10 4.26 2.18 2.40 3.17 1.12 2.22 1.50 0.65 0.71 

KL-02 58—60 I 1.19 0.95 5.34 1.95 1.52 1.61 2.41 2.67 1.93 12.2 1.42 73.5 7.12 4.40 2.19 2.54 3.17 1.34 1.86 1.47 0.55 0.60 
86—88 I 1.22 0.96 6.06 1.91 1.57 1.68 2.62 2.66 2.00 9.91 1.44 57.9 5.04 4.45 2.25 2.62 3.23 1.57 1.94 1.50 0.55 0.59 
116—118 II 1.23 0.86 5.29 1.87 1.55 1.93 2.48 2.89 1.92 9.64 1.38 55.0 5.14 4.27 2.07 2.50 0.96 1.83 1.75 1.44 0.53 0.56 
153—155 II 1.21 0.69 5.01 1.85 1.57 1.29 2.36 2.29 1.89 9.66 1.42 61.6 4.68 4.32 2.21 2.58 1.15 1.70 1.85 1.44 0.55 0.59 
204—206 II 1.20 0.65 4.89 1.94 1.73 1.45 2.66 2.67 2.01 10.4 1.50 128 5.14 4.53 2.30 2.79 1.17 1.15 1.96 1.56 0.52 0.56 
232—234 II 1.27 0.73 4.62 2.19 1.71 1.77 3.27 2.50 2.03 11.6 1.50 166 7.59 4.39 2.31 2.74 1.14 0.96 2.00 1.53 0.56 0.59 
270—272 III 1.25 0.89 4.17 1.61 1.48 1.15 1.92 1.52 1.74 6.14 1.37 4.4 5.16 3.74 1.96 2.05 1.78 1.03 1.97 1.29 0.58 0.62 

PLC-203 65—67 I 1.23 1.16 4.92 1.90 1.62 1.67 2.26 2.26 1.89 6.70 1.41 31.5 4.97 4.27 2.23 2.56 2.59 1.31 1.91 1.41 0.55 0.59 
109—111 I 1.21 0.85 4.90 1.89 1.51 1.53 2.11 2.05 1.85 5.94 1.35 27.8 5.35 4.18 2.11 2.47 1.89 1.39 1.83 1.36 0.48 0.52 
170—172 II 1.24 0.77 4.39 1.78 1.59 1.69 2.31 2.06 1.88 8.05 1.39 41.5 5.95 4.28 2.16 2.58 0.92 2.00 1.84 1.42 0.53 0.56 
218—220 II 1.28 0.80 4.38 1.75 1.70 1.73 2.41 1.90 2.00 6.93 1.43 44.7 4.21 4.30 2.26 2.73 0.91 1.01 1.89 1.43 0.52 0.56 
260—262 II 1.24 0.57 4.55 1.76 1.59 1.41 2.17 1.95 1.93 6.31 1.40 47.7 4.43 4.26 2.16 2.55 0.97 1.01 1.86 1.42 0.52 0.56 
278—280 II 1.29 0.96 4.81 1.84 1.75 1.67 2.56 2.28 2.10 7.97 1.49 80.0 6.34 4.50 2.28 2.74 1.02 1.11 2.01 1.54 0.58 0.62 

Average I 1.22 0.97 5.42 1.89 1.55 1.64 2.36 2.41 1.92 8.64 1.40 53.0 5.88 4.32 2.19 2.54 2.74 1.44 1.87 1.44 0.54 0.58 
II 1.23 0.73 5.00 2.03 1.65 1.48 2.70 2.56 2.01 10.9 1.46 96.1 5.89 4.40 2.25 2.66 1.38 1.38 1.92 1.50 0.56 0.59 
III 1.22 1.11 4.48 1.72 1.56 1.18 1.93 1.75 1.87 6.84 1.47 3.95 5.03 4.04 2.08 2.28 3.02 1.18 2.09 1.41 0.59 0.66 

( continued on next page ) 
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Table 4 ( continued ) 

Core ID Horizon 
(cm) 

Lithology 
Unit 

EF Nb EF Ta EF W 

EF Tl EF Pb EF Th EF U EF La EF Ce EF Pr EF Nd EF Sm EF Eu EF Gd EF Tb EF Dy EF Ho EF Er EF Tm EF Yb EF Lu EF Y 

CF-01 57—59 I 1.26 1.18 1.07 1.23 2.71 1.39 6.25 1.40 1.39 1.46 1.48 1.69 1.70 1.82 1.59 1.65 1.52 1.51 1.73 1.67 1.57 1.64 
93—95 II 1.20 1.12 0.98 1.11 1.85 1.33 3.62 1.31 1.30 1.35 1.34 1.53 1.50 1.58 1.38 1.43 1.32 1.31 1.49 1.51 1.45 1.37 
124—126 II 1.30 1.21 1.09 1.36 1.83 1.41 7.07 1.34 1.35 1.41 1.40 1.61 1.55 1.66 1.45 1.48 1.35 1.34 1.54 1.53 1.44 1.41 
155—157 II 1.32 1.25 1.24 1.36 2.05 1.52 9.04 1.45 1.44 1.51 1.54 1.78 1.77 1.95 1.71 1.80 1.68 1.69 1.97 1.93 1.90 1.88 
195—197 II 1.36 1.30 1.26 1.96 2.10 1.56 11.1 1.50 1.47 1.56 1.57 1.83 1.82 1.96 1.73 1.82 1.69 1.66 1.91 1.90 1.85 1.88 
218—220 III 1.41 1.35 1.15 1.09 1.69 1.44 2.21 1.48 1.49 1.56 1.56 1.77 1.68 1.79 1.55 1.57 1.44 1.41 1.57 1.59 1.52 1.50 

CF-03 55—57 II 1.29 1.19 1.06 1.43 1.85 1.39 5.25 1.35 1.35 1.41 1.41 1.60 1.54 1.63 1.40 1.44 1.31 1.30 1.46 1.48 1.42 1.36 
104—106 II 1.22 1.13 1.02 1.29 1.85 1.37 7.49 1.30 1.29 1.35 1.34 1.52 1.47 1.56 1.37 1.43 1.31 1.32 1.50 1.53 1.45 1.38 
133—135 II 1.33 1.25 1.23 1.42 2.00 1.48 8.39 1.42 1.41 1.48 1.49 1.70 1.66 1.79 1.58 1.64 1.52 1.50 1.73 1.72 1.67 1.61 
170—172 II 1.38 1.32 1.16 1.89 1.76 1.38 6.82 1.42 1.39 1.49 1.50 1.72 1.70 1.82 1.58 1.63 1.50 1.50 1.72 1.69 1.60 1.63 
216—218 III 1.43 1.39 1.24 1.32 1.88 1.61 2.40 1.58 1.58 1.66 1.68 1.91 1.79 1.95 1.66 1.68 1.55 1.51 1.67 1.72 1.62 1.61 

KL-01 165—167 II 1.30 1.23 1.13 1.24 1.94 1.45 7.39 1.38 1.39 1.45 1.45 1.65 1.62 1.70 1.48 1.52 1.39 1.37 1.57 1.55 1.47 1.44 
178—180 II 1.27 1.19 1.13 1.33 1.91 1.43 11.8 1.35 1.34 1.41 1.40 1.61 1.57 1.65 1.43 1.48 1.35 1.32 1.51 1.51 1.46 1.40 
200—202 II 1.29 1.21 1.16 1.46 1.98 1.49 14.0 1.42 1.41 1.49 1.50 1.72 1.69 1.83 1.58 1.63 1.48 1.46 1.66 1.65 1.61 1.59 
250—252 III 1.37 1.30 1.19 1.24 1.79 1.51 2.02 1.51 1.51 1.59 1.60 1.81 1.73 1.82 1.55 1.60 1.45 1.44 1.66 1.63 1.61 1.52 
294—296 III 14.8 1.44 1.25 1.24 1.88 1.63 2.37 1.72 1.72 1.79 1.79 2.01 1.85 2.02 1.70 1.70 1.53 1.50 1.76 1.71 1.62 1.60 

KL-02 58—60 I 1.24 1.16 1.03 1.38 2.06 1.38 6.16 1.38 1.37 1.43 1.44 1.66 1.68 1.77 1.57 1.64 1.51 1.52 1.71 1.71 1.65 1.65 
86—88 I 1.30 1.21 1.08 1.43 2.77 1.45 4.74 1.47 1.46 1.53 1.55 1.80 1.80 1.94 1.68 1.77 1.63 1.60 1.78 1.77 1.67 1.78 
116—118 II 1.19 1.11 0.96 1.16 1.78 1.32 3.05 1.26 1.27 1.31 1.30 1.46 1.39 1.47 1.28 1.29 1.17 1.18 1.38 1.36 1.34 1.21 
153—155 II 1.28 1.20 1.04 1.47 1.86 1.39 4.00 1.32 1.32 1.37 1.37 1.55 1.49 1.58 1.37 1.41 1.30 1.28 1.47 1.47 1.38 1.33 
204—206 II 1.30 1.23 1.12 1.31 1.91 1.46 6.59 1.38 1.38 1.45 1.45 1.66 1.62 1.70 1.48 1.52 1.37 1.36 1.56 1.54 1.50 1.42 
232—234 II 1.31 1.23 1.19 1.27 1.95 1.47 6.41 1.39 1.37 1.44 1.45 1.66 1.63 1.74 1.54 1.57 1.46 1.42 1.63 1.61 1.53 1.51 
270—272 III 1.43 1.39 1.14 1.06 1.71 1.43 2.13 1.47 1.48 1.56 1.55 1.77 1.68 1.79 1.53 1.53 1.38 1.37 1.53 1.53 1.48 1.45 

PLC-203 65—67 I 1.30 1.21 1.11 1.30 2.38 1.40 2.88 1.36 1.37 1.42 1.43 1.64 1.60 1.71 1.49 1.55 1.43 1.39 1.63 1.59 1.52 1.50 
109—111 I 1.24 1.15 1.02 1.31 2.08 1.32 2.20 1.28 1.28 1.33 1.34 1.52 1.48 1.56 1.35 1.38 1.25 1.24 1.43 1.39 1.33 1.32 
170—172 II 1.24 1.17 1.01 1.31 1.76 1.35 3.03 1.28 1.28 1.33 1.33 1.50 1.42 1.53 1.35 1.39 1.28 1.26 1.46 1.45 1.37 1.32 
218—220 II 1.29 1.21 1.06 1.29 1.87 1.38 2.78 1.31 1.32 1.36 1.37 1.55 1.49 1.57 1.35 1.38 1.26 1.24 1.45 1.44 1.36 1.29 
260—262 II 1.27 1.20 1.05 1.26 1.78 1.38 3.01 1.31 1.32 1.37 1.37 1.55 1.50 1.59 1.36 1.40 1.27 1.26 1.47 1.45 1.37 1.31 
278—280 II 1.36 1.28 1.19 1.28 1.91 1.48 3.83 1.39 1.40 1.46 1.45 1.66 1.61 1.73 1.50 1.57 1.44 1.42 1.59 1.62 1.54 1.48 

Average I 1.27 1.18 1.06 1.33 2.40 1.39 4.44 1.38 1.37 1.43 1.45 1.66 1.65 1.76 1.54 1.60 1.47 1.45 1.66 1.63 1.55 1.58 
II 1.29 1.21 1.11 1.38 1.89 1.42 6.56 1.36 1.36 1.42 1.42 1.62 1.58 1.69 1.47 1.52 1.39 1.38 1.58 1.57 1.51 1.46 
III 4.08 1.38 1.20 1.19 1.79 1.52 2.23 1.55 1.55 1.63 1.64 1.85 1.75 1.88 1.60 1.62 1.47 1.45 1.64 1.63 1.57 1.54 
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F U , EF Cd and EF Sb exhibit similar vertical profiles ( Fig. 4 )
ith strong enrichments at the base of Unit II, decrease
n the enrichment towards Unit I and a following increase
owards the upper part of Unit I. The general upward trend
from Unit III to Unit I) in the enrichment factors of Sn, Th,
a (representative for the light REE), Lu (representative for
he heavy REE), Nb and Ta is a decrease through Units III and
I, and a sharp increase in Unit I ( Fig. 4 ). These elements are
nriched (relative to the UCC) in all the three stratigraphic
nits ( Fig. 4 ). Vertical profiles of the enrichment factors of
b and Ag are similar to upward increases and maxima in
nit I ( Fig. 4 ). The EF Zr and EF Hf co-vary, but both elements
re depleted (relative to the UCC) in all the three strati-
raphic units, particularly in the sapropel layer ( Fig. 4 ). 

.2. Sr-Nd-Pb-isotope composition of the 

errigenous component of the sediments 

he Sr-Nd-Pb-isotope composition of the terrigenous 
omponent of the studied sediments ( Table 5 ) is rel-
tively uniform and there are only minor differences 
etween samples from different sites and between those 
rom different stratigraphic units. Strontium isotope 
omposition ( 87 Sr/ 86 Sr) of this component is gener-
lly quite radiogenic compared to the Black Sea water
ignature ( 87 Sr/ 86 Sr Last Glacial Maximum 

= 0.70865—0.70875, 
7 Sr/ 86 Sr modern = 0.709133; Major et al., 2006 ) and has a
otal range from ∼0.7196 to 0.7224. Both the lowest and
ighest values were measured in the sapropel samples: 
rom cores CF-03 and PLC-203, respectively ( Table 5 ). Fur-
hermore, there is a general tendency of 87 Sr/ 86 Sr variation
cross the boundaries between the stratigraphic units, but 
here is no simple relationship between the Sr isotope ratios
nd Sr concentration as exemplified by data from core Kl-02
 Fig. 5 ). The overall Nd isotope pattern is similar to that ob-
erved for the Sr isotope system: εNd values are relatively
omogeneous and range from —8.0 to —10.2, with one
ower value (—12.5) in core PLC-203 ( Table 5 ). Although the
ariations are overall small, 206 Pb/ 204 Pb decreases upward 
from Unit III to Unit I) along each sediment core ( Table
 ; Fig. 5 ), and this vertical distribution is also observed
or the Nd isotopes for the same profile ( Fig. 5 ). However,
he other two Pb isotope ratios show similar values for
ll samples irrespective of their lithology although data 
rom core PLC-203 generally are somewhat more radiogenic 
 Table 5 ). The binary relations of Sr-Pb, Sr-Nd and Nd-Pb
sotopes (not shown) do not indicate any obvious linear
rends related to stratigraphic position within a core. 

. Discussion 

.1. Element enrichment in organic-rich 

ediments 

.1.1. Iron 

he Fe enrichment observed in the Black Sea organic-rich
ediments (Units II and I) is inferred to be of neither dia-
enetic origin ( Eckert et al., 2013 ; Lyons and Severmann,
006 ) nor is it a result of preferential physical transport
f reactive Fe-rich detrital component to the deep basin 
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Figure 4 Vertical profiles of enrichment factors (EFs) of some elements along the sediment core KL-02. 
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Table 5 Isotope composition of the terrigenous component of the studied sediments. 

Core ID Horizon (cm) Lithology Unit 87 Sr/ 86 Sr ±2 σm 
143 Nd/ 144 Nd ±2 σm εNd(0) 

206 Pb/ 204 Pb 207 Pb/ 204 Pb 208 Pb/ 204 Pb 

CF-03 55—57 II 0.720946 9 0.512113 14 -10.24 18.893 15.669 38.918 
104—106 II 0.719618 10 0.512157 3 -9.38 18.877 15.659 38.895 
133—135 II 0.720269 8 0.512163 3 -9.27 18.875 15.667 38.895 
170—172 II 0.719619 8 0.512175 5 -9.03 18.906 15.671 38.871 
216—218 III 0.721602 9 0.512168 5 -9.17 19.008 15.682 38.927 

KL-01 165—167 II 0.721683 10 0.512194 3 -8.66 18.886 15.669 38.908 
178—180 II 0.722007 9 0.512213 6 -8.29 18.874 15.670 38.907 
200—202 II 0.720938 6 0.512147 5 -9.58 18.914 15.669 38.923 
250—252 III 0.722410 7 0.512230 19 -7.96 19.010 15.683 38.947 
294—296 III 0.721951 8 0.512129 10 -9.93 19.120 15.697 39.177 

KL-02 a 58—60 I 0.721513 9 0.512171 4 -9.11 18.814 15.666 38.901 
86—88 I 0.721241 9 0.512169 3 -9.15 18.801 15.661 38.887 
116—118 II 0.720371 8 0.512175 4 -9.03 18.834 15.663 38.914 
153—155 II 0.721124 12 0.512162 4 -9.29 18.838 15.664 38.893 
204-206 II 0.722097 9 0.512162 3 -9.29 18.838 15.666 38.909 
232—234 II 0.721857 6 0.512168 3 -9.17 18.844 15.666 38.895 
270—272 III 0.721258 9 0.512137 5 -9.77 18.892 15.675 38.985 

PLC-203 65—67 I 0.722630 13 0.512168 27 -9.17 18.907 15.680 39.053 
109—111 I 0.722593 8 0.512137 6 -9.77 18.977 15.692 39.062 
170—172 II 0.722119 8 0.512164 18 -9.25 18.978 15.691 39.054 
218—220 II 0.722543 9 0.511995 8 -12.54 18.981 15.691 39.062 
260—262 II 0.722696 8 0.512126 41 -9.99 19.018 15.696 39.082 
278—280 II 0.722809 8 0.512135 6 -9.81 18.981 15.694 39.045 

BCR-2 b - 0.512620 7 18.751 15.624 38.719 
BCR-2 b 0.705017 6 0.512663 10 18.777 15.616 38.755 
a Pb isotope data were partly obtained by a Micromass Isoprobe, the others by a Nu Plasma II instrument. The 87 Sr/ 86 Sr values of the 

samples were corrected to 87 Sr/ 86 Sr = 0.710245 for the NIST SRM-987 Sr standard. No external corrections were required for the Nd 
runs. 
b Unleached data. 

Figure 5 Vertical profiles of Sr, Nd, Pb isotope ratios and elemental concentrations along the sediment core KL-02. 
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( Lyons and Severmann, 2006 ). The reactive Fe enrichment
of these sediments has been recognized ( Anderson and
Raiswell, 2004 ; Canfield et al., 1996 ; Lyons and Severmann,
2006 ; Raiswell and Anderson, 2005 ) as a uniquely euxinic
phenomenon. Dissolved Fe supply to the euxinic pool has
been attributed to the operation of a benthic Fe redox
shuttle. According to this model ( Lyons and Severmann,
2006 ), in oxic to suboxic sediments (now at the Black Sea
shelf) with organic matter content high enough to produce
anoxia, but not enough to create H 2 S production by SO 4 

2 −

reduction, the deposited Fe-oxyhydroxides are dissolved in
the sediment. Produced Fe 2 + is mobile in the anoxic pore
fluids and diffuses into the bottom seawater. Then it can
be transported into the euxinic deep waters of the basin
where it reacts with dissolved H 2 S and forms sulfides that
settle down on the seafloor ( Lyons and Severmann, 2006 ).
This process strips almost completely the dissolved Fe out
of the euxinic deep seawater. 

This general model was further developed by Eckert
et al. (2013) in their attempt to explain the variations of
Fe enrichment in the Holocene Black Sea sediments. A key
point of this model, based on the evolution of euxinia in the
Black Sea, is the temporal fluctuation of the chemocline
which is the primary contributor of dissolved Fe to the enx-
inic pool. In our endeavor to explain the observed vertical
distribution of the Fe enrichment in the studied sediments
( Fig. 4 ) we employ this model ( Eckert et al., 2013 ) with two
new assumptions: (1) the establishment of euxinia in the
deep Black Sea started with onset of suboxia that gradually
evolved to euxinia; (2) the chemocline, developed during
the evolution of the deep water from oxic to euxinic, has
not undergone substantial fluctuations during its rise up to
the shelf. 

The last ingression of Mediterranean seawater into the
Black Sea through the narrow and shallow Bosporus Strait
started at ∼9 ka BP ( Bahr et al., 2005 , 2008 ; Soulet et al.,
2011 ). The inflow of saline marine waters marks the last
transition of the Black Sea from oxic lacustrine to the eu-
xinic marine basin ( Fig. 6 a). The Black Sea deep waters
evolved from oxic to suboxic as a result of oxygen depletion
due to saline stratification of the water column, incurred
reduced vertical ventilation and oxygen consumption due to
respiration of organic matter ( Murray et al., 1991 ). The sed-
iment at vast areas of the abyssal plain and the lower conti-
nental slope produced high Fe 2 + flux to the bottom water as
a result of the benthic Fe redox shuttle mechanism ( Lyons
and Severmann, 2006 ) ( Fig. 6 a). Progressively increasing
concentration of the dissolved H 2 S due to microbial SO 4 

2 −

reduction increased the amount of precipitated dissolved
Fe 2 + as Fe-sulfides recorded as a peak in the Fe enrichment
at the base of Unit II ( Fig. 6 b). Further development of the
euxinia resulted in an increase of the volume of the deep
euxinic waters and a rise of the chemocline (suboxic zone)
formed between euxinic (deep) and oxic (surface) waters
upward the continental slope. Seafloor overlaid by euxinic
waters did not produce dissolved Fe anymore because the
released Fe 2 + within the sediment was sulfidized in situ by
dissolved H 2 S. Thus, the narrow band where the chemocline
impinged the continental slope became the major source of
Fe 2 + to the euxinic pool. Since the magnitude of released
Fe 2 + flux is a function of the source area ( Lyons and Sev-
ermann, 2006 ) the Fe 2 + supply and consequently Fe-sulfide
deposition during this stage was reduced. This is recorded as
a decrease of the EF Fe in the middle part of Unit II ( Fig. 6 c).
We interpret the next maximum of the Fe enrichment at the
upper part of Unit II ( Fig. 4 ) as a result of a further rise of the
chemocline and its impingement on the continental shelf:
i.e., a further increase in the source area and related in-
crease in the dissolved Fe 2 + flux, and consequent Fe-sulfide
burial in the deep basin ( Fig. 6 d). According to previous es-
timates ( Eckert et al., 2013 ) the rising chemocline reached
the shelf at ∼5.3 ka BP. The second maximum of the EF Fe
in our cores is before the transition between Units II and I
( Fig. 4 ) dated at ∼3 ka BP ( Kwiecien et al., 2008 ). However,
the increase of the EF Fe begins earlier ( Fig. 4 ) which may
be interpreted as the beginning of the chemocline incur-
sion into the shelf ( Fig. 6 d). It may roughly be estimated at
∼5 ka BP, which is in line with the previous studies ( Eckert
et al., 2013 ). The following decrease in the Fe enrichment
towards the middle of Unit I ( Fig. 4 ) may be explained by an
exhaustion of the source shelf sediments in Fe and a related
decrease in the dissolved Fe flux to the euxinic pool. We may
speculate that this situation has not evolved dramatically up
to now when the chemocline (span from ∼ 50 to 100 m water
depth; Murray et al., 1989 ) impinges at the shelf (shelf edge
at ∼150 m water depth; Degens and Ross, 1974 ) ( Fig. 1 c,d).

5.1.2. Manganese 

A benthic redox shuttle similar to that for Fe is supposed
to operate for Mn as well ( Lyons and Severmann, 2006 ).
However, the enrichment profile of Mn differs from that of
Fe ( Fig. 4 ), which means that the mechanisms of enrich-
ment/depletion of reactive Mn and Fe in the studied euxinic
sediments differ from each other. The key details are that
the Mn is, in general, depleted in these euxinic sediments
(Units II and I; Table 4 , Fig. 4 ) and it is most depleted in the
sapropel layer (Unit II). This general Mn depletion (against
UCC) is in accord with a previous suggestion ( Konovalov
et al., 2007 ) that Mn is not accumulated in sediments of the
Black Sea anoxic zone where all our cores are located ( Fig.
1 c,d; Table 1 ). 

The euxinic sediments (Units I and II) of the Black Sea
sedimentary cover have a high content of organic matter
( Calvert, 1990 ; Calvert et al., 1987 ; Degens and Ross, 1972 ;
Glenn and Arthur, 1985 ; Ross et al., 1970 ) ( Fig. 2 ). The
organic matter degradation is the principal process that
drives the dissolution and reprecipitation of a number of
mineral phases within the sediment and provides both
sources and sinks (respectively) of global importance to
the geochemical mass balance of trace metals in the ocean
( Emerson and Hedges, 2003 ). Therefore, a diagenetic
(caused by organic matter degradation) redistribution of
the redox-sensitive elements across the organic-rich Units I
and II may be anticipated. 

Manganese is a redox-sensitive element and therefore
when interpreting the vertical profile of EF Mn ( Fig. 4 ) we
considered the vertical distribution of Mn 2 + concentrations
in the Black Sea sediment pore fluids ( Konovalov et al.,
2007 ). The [Mn 2 + ] pore fluid profile shows an upward Mn 2 + flux
( Konovalov et al., 2007 ) indicating a diagenetic Mn solid dis-
solution and Mn 2 + diffusion towards the bottom seawater.
The similarity of this profile to that of the EF Mn we observed
in the studied sediments ( Fig. 4 ) implies that the vertical
distribution of the reactive Mn in these sediments is primar-
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Figure 6 Schematic representation of Fe enrichment (as EF Fe ) in the Holocene sediments of the western Black Sea as a result of 
euxinia development and migration of suboxic layer (chemocline) upward the continental slope. (a) As a result of the incursion of 
Mediterranean saline waters in the Black Sea at ∼9 ka BP the Black Sea deep waters evolved from oxic to suboxic. The sediment 
overlain by the suboxic waters produced high Fe 2 + aq flux to the bottom water as a result of the benthic Fe redox shuttle mechanism. 
The small fraction of the dissolved Fe 2 + aq was reprecipitated as sulfides due to reaction with H 2 S, which started appearing as a 
result of microbial SO 4 

2 − reduction. (b) Deep suboxic waters evolved to euxinic with the progressive increase of H 2 S concentration. 
This led to a quantitative removal of the accumulated Fe 2 + aq as Fe-sulfides that settled at the seafloor. Fe(-sulfide) deposition was 
recorded as a peak in the Fe enrichment at the base of Unit II. A thin suboxic layer developed as a transition zone (chemocline) 
between the deep euxinic waters and oxic water above them. (c) Development of the euxinia resulted in an increase of the volume 
of the deep euxinic waters and a rise of the suboxic layer upward the continental slope. Sediment overlain by euxinic waters did not 
produce Fe 2 + aq . The narrow band where the suboxic layer impinged the continental slope became the major source of Fe 2 + aq to the 
euxinic pool. Reduced Fe 2 + aq supply led to a reduced Fe-sulfide deposition recorded as a decrease of the EF Fe in the middle part of 
Unit II. (d) Further increase of the volume of euxinic deep pool led to a rise of the chemocline (suboxic layer) and its impingement 
on the continental shelf. This resulted in an increase in the source area, related increase in the Fe 2 + aq flux to the deep euxinic 
basin, and consequent high Fe-sulfide precipitation. This is recorded as a second maximum of the Fe enrichment at the upper part 
of Unit II. (For more explanations see the text.) 
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ily controlled by diagenetic processes: dissolution in Unit II,
diffusion to and reprecipitation in Unit I ( Fig. 4 ). While we
agree with the previous observations that Mn is not accumu-
lated in sediments of the Black Sea anoxic zone ( Konovalov
et al., 2007 ) (EF Mn < 1; Table 4 ) the maximum of EF Mn in Unit
I ( Fig. 4 ) suggests for some Mn solid accumulation there. If we
suppose the diagenetic dissolution of Mn solid in Unit II and
upward Mn diffusion, the Mn reprecipitation in Unit I has to
be controlled by the solubility of Mn solid phases. Pore fluids
in the Black Sea anoxic sediments are anoxic ( Konovalov
et al., 2007 ) and we cannot expect Mn-oxide precipitation
in the Unit I. Konovalov et al. (2007) measured high flux of
dissolved sulfide from Unit I to the bottom seawater and
concluded that the sulfide source is in Unit II from where it
diffuses upward. We may speculate that Mn dissolved from
Unit II diffuses upward along with sulfide and its precipita-
tion in Unit I is controlled by the solubility of Mn-sulfides. 

5.1.3. Barium 

A major part of Ba in marine sediments was found to be
in the biogenic barite, BaSO 4 ( Goldberg and Arrhenius,
1958 ). Barite is highly refractory under oxic conditions,
but under anoxic conditions, it dissolves and may further
re-precipitate ( Henkel et al., 2012 ). Previous studies sug-
gest that a significant fraction of non-detrital Ba deposited
at the seafloor is recycled during diagenesis within the
sediment and may even be released back to the seawater
( McManus et al., 1994 , 1998 ). Diagenetic reactions related
to the organic matter decomposition play a certain role in
the dissolution and diffusive flux of Ba back into the ocean
( Monnin et al., 2001 ). Thus, the Ba cycling in the sediment
is primarily controlled by the content of organic matter. In
the presence of organic matter microbially-mediated re-
duction of seawater-derived SO 4 

2 − consumes it (SO 4 
2 −) from

the pore fluids progressively downward. When the SO 4 
2 − is

totally consumed, methanogenesis takes over as the domi-
nant process of organic matter decomposition and the CH 4 

content increases further downward the sediment ( Henkel
et al., 2012 ). The zone in the sediment where the SO 4 

2 −

disappears and CH 4 appears in the pore fluids is termed
sulfate-methane transition (SMT). The SMT is an important
redox boundary with respect to the Ba cycle. Above it, the
BaSO 4 is stable because of the presence of SO 4 

2 −. Below
it, the absence of SO 4 

2 − results in BaSO 4 dissolution and
diffusion of Ba 2 + towards the above sulfate-containing zone
where it may re-precipitate as BaSO 4 . The high-resolution
studies of pore fluids and sediments from the NW Black Sea
( Henkel et al., 2012 ) revealed that the SMT in this area
is located within the lower part of Unit II. Solid Ba xs (Ba
enrichment) was documented to gradually decrease upward
Unit III and reaches minimum values below or slightly above
the Unit III/Unit II boundary ( Henkel et al., 2012 ). Diage-
netic Ba enrichment was found at and slightly above the
SMT ( Henkel et al., 2012 ). Ba xs is high in the upper part of
Unit II and decreases upward in Unit I ( Henkel et al., 2012 ).

Ba enrichment profile (expressed as EF Ba ) recorded in
our sediments ( Fig. 4 ) is similar to that (expressed as Ba xs )
described in the sediments cored in the NW Black Sea ( Figs
2 and 3 in Henkel et al., 2012 ). Ba depletion in the upper
part of Unit III and lower part of Unit II, and Ba enrichment
in the upper part of Unit II ( Fig. 4 ) suggests that the SMT
in the studied area of the western deep Black Sea ( Fig.
1 a,b) is localized within the middle part of Unit II. This
interpretation is supported by the location of the maximum
of C org. concentration in the lower part of Unit II ( Fig. 2 ).
The EF Ba peak just at the Unit II/Unit I boundary ( Fig. 4 )
likely represents the current authigenic BaSO 4 front. 

5.1.4. Copper, Co, Ni, Zn, Cr, W, Mo, V, Cd and Sb 

In the presence of free H 2 S in the seawater column and in
the sediment pore fluids the excess reactive Fe precipitates
as Fe-sulfide. Fe-sulfides found in the Black Sea sediments
include pyrite (FeS 2 ) and Fe-monosulfides (disordered FeS,
mackinawite (FeS 1-x ), and greigite (Fe 3 S 4 )) ( Franke et al.,
2009 ). It has been shown that at high H 2 S concentrations
the Fe-monosulfides transform into pyrite in euxinic marine
sediments ( Hurtgen et al., 1999 ). Thus, pyrite appears
to be one of the major authigenic minerals found to
form in anoxic-euxinic sediments ( Berner, 1981 ). Pyrite
can be an important sink for a range of trace elements
( Boulègue et al., 1982 ). Investigations of trace element
incorporation in authigenic pyrite in a variety of redox
environments ( Huerta-Diaz and Morse, 1992 ) revealed that
co-precipitation is the mechanism of incorporation of these
elements into pyrite. The magnitude of this incorporation
is a function of both the amount of precipitated pyrite
and the concentrations of trace elements in the reactive
fluid ( Huerta-Diaz and Morse, 1992 ). Thus, the authigenic
pyrite appears to be an important sink for Mo, moderately
important for Co, Cu and Ni, and of less importance for Cr,
Zn and Cd. The highest values of the degree of trace metal
pyritization were found in anoxic-euxinic environments
( Huerta-Diaz and Morse, 1992 ). 

The co-variation of Cu and Co enrichments with that of
Fe along the entire cored sediments, and the co-variation
of Ni, Zn, Cr, W, Mo, V, Cd and Sb enrichments with that
of Fe in the upper Unit III and lower Unit II ( Fig. 4 ) suggest
that these trace elements might have been incorporated
into authigenic Fe-sulfides (e.g., pyrite) in the respective
sediments. Co-precipitation may have been a possible
mechanism of their incorporation in the Fe-sulfides. Nickel,
Zn, Cr, W, Mo, V, Cd and Sb decouple from Fe in the Unit
I ( Fig. 4 ) and this implies that the major part of these
elements in this sediment layer may not be co-precipitated
with Fe within Fe-sulfides. This series of elements can
be divided in two groups according to their vertical dis-
tribution in Unit I: Ni, Zn, Cr, W, and Mo, V, Cd, Sb. The
enrichments of Ni, Zn, Cr and W co-vary with that of Mn and
it is possible that like Mn these elements were subjected to
diagenetic redistribution in Unit I: dissolution in the upper
part of Unit II, diffusion to and reprecipitation in Unit I
( Fig. 4 ). 

The enrichments of Mo, V, Cd and Sb co-vary in the
upper part of Unit II and Unit I ( Fig. 4 ) and this implies that
they might have had a similar mechanism of precipitation.
Although the precise mechanisms of Mo sequestration from
euxinic waters and its transfer to sediment are debatable
( Little et al., 2015 ), the strong correlation of Mo enrich-
ment with that of Fe in the upper Unit III and lower Unit
II ( Fig. 4 ) suggests that Fe-sulfides played a major role as
host for Mo (as well as for V, Cd and Sb) at the onset of
Holocene marine stage of the Black Sea evolution. The
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trong decrease in EF Mo towards upper Unit II and Unit I
 Fig. 4 ) can be explained by the “basin reservoir effect”
 Algeo and Lyons, 2006 ): Mo enrichment has decreased in
he increasingly stagnant Black Sea water body due to Mo 
emoval to the sediment without adequate resupply by 
eep water renewal. In a similar way the “basin reservoir
ffect” seems to be responsible for the vertical distribution 
f the V, Cd and Sb enrichments in Unit I ( Fig. 4 ). Weak
nrichments in the topmost studied sample ( Fig. 4 ) may be
ue to a recent increase in the element supply. 

.1.5. Uranium 

ranium is enriched under anoxic conditions ( Morford and 
merson, 1999 ) and it is not surprising that the Holocene
rganic-rich sediments in the Black Sea are about one order
f magnitude richer in U than the average marine sediment
 Degens et al., 1977 ). Spatial (basin-wide) and temporal
along the sediment cores) variations of the U enrichment in 
he Black Sea sediments ( Barnes and Cochran, 1991 ) imply
hat there may be several controls on this enrichment. 
egens et al. (1977) provided evidence that the planktonic 
rganic matter is the principal carrier of enhanced con- 
ent of U and concluded that this was the reason for U
nrichment in the coccolith ooze (Unit I). However, the C org 

oncentrations across the studied coccolith ooze layer (Unit 
) decrease upwards ( Fig. 2 ) whereas the EF U increases
 Fig. 4 ). This rules out the possibility that the planktonic
rganic matter is responsible for the U enrichment in 
nit I. Studies of Barnes and Cochran (1991) showed that
uthigenic U (excess over the lithogenic background) is 
upplied to the uppermost sediment ( < 38 cm) via diffusion
rom the bottom seawater. Although we are not aware of
ny high-resolution studies of the pore fluid U distribution 
cross the coccolith ooze layer (Unit I) down to the Unit
/Unit II boundary we may speculate that the U enrichment
n the upper Unit I ( Fig. 4 ) is a result of the influence of
he bottom seawater U flux. Low EF U in the terrigenous
ud (Unit III; Fig. 4 ) is likely due to both low organic
atter content in it ( Fig. 2 ; see also Degens et al., 1977 )
nd oxic conditions in the basin (lacustrine stage) during 
he deposition of this layer in which U is highly mobile.
xplanation of the U enrichment distribution across Unit II is 
hallenging. High U enrichment in the lower Unit II ( Fig. 4 )
oincides with a peak of organic matter content ( Fig. 2 ; see
lso Degens et al., 1977 ). However, this organic matter was
ound to be mostly land-derived and not rich in U ( Degens
t al., 1977 ). EF U maximum right after the transition from
xic to euxinic conditions in the deep Black Sea (above the
oundary Unit III/Unit II) ( Fig. 4 ) can be explained by con-
inuous reduction of U dissolved in oxic lake water and its
uantitative (complete) removal to the sediment in euxinic 
rackish-marine water. The upward decrease of the EF U 
owards the Unit II/Unit I boundary ( Fig. 4 ) is interpreted as
 “basin reservoir effect”: U removal without resupply by 
eep water renewal. Thus, the two U enrichments, at the
ase of Unit II and in Unit I ( Fig. 4 ), likely have different
enesis and neither of them is directly related to the C org 

ontent. We hypothesize that the enrichment at the base of
nit II is at the expense of the U inventory of the deepwater
ool and is a result of inorganic reduction of U in euxinic
nvironment. The enrichment in Unit I is supposed to be a

esult of the bottom seawater U influx. a
.1.6. Zirconium, Hf, Nb, Ta and Li, Rb, Cs, Ga, Sc 
he high field strength elements Zr, Hf, Nb and Ta are
losely linked to the detrital component in marine sedi-
ents and their concentrations are primarily controlled by 
he proportion of detrital and biogenic phases ( Plank and
angmuir, 1998 ). Therefore, the depletion of Zr and Hf in
he organic-rich Units II and I ( Fig. 4 ) obviously reflects a
ignificant dilution of the detrital component with biogenic 
omponent (C org and CaCO 3 ; Fig. 2 ). Similarly, the weak
nrichment of Nb and Ta over the UCC abundance in Unit
II ( Fig. 4 ) suggests low biogenic dilution of the detrital
ackground. According to previous estimates ( Calvert and 
arlin, 1998 ) the accumulation rate of lithogenic matter
n Unit II is lower than that in Unit I, which accounts for
he higher depletion of Zr and Hf in Unit II ( Fig. 4 ). In
ddition to the dilution effect of the biogenic component
n the detrital component, the values of the enrichment
actors of these elements are affected by (probably) 
he slight difference between the chemistry of the local
etrital component and that of the UCC (grand average
alues). 
Enrichments of Li, Rb, Cs, Ga and Sc co-vary with those

f Ni, Zn, Cr and W ( Fig. 4 ), but it is challenging to suppose
hat these elements may have been subjected to diagenetic
edistribution in Units II and I like Ni, Zn, Cr and W (e.g.,
.1.4 ). Lithium, Rb, Cs, Ga and Sc are considered to be
ostly detrital in the marine sediments ( Goldberg, 1954 ;
961 ), but their EFs do not show clear correlation with
hose of the other detrital elements (e.g., Zr, Hf, Nb and
a) ( Fig. 4 ). The only assumption we can make is that the
alues of the EF of these elements are affected by the
ifference between the chemistry of their carrier (local 
etrital component) and that of the UCC. 

.1.7. Rare earth elements, Sn and Th 

EE distribution patterns of the studied sediments ( Fig. 3 )
ndicate that their REE composition is principally con- 
rolled by the lithogenic matter. No detectable influence 
f seawater-derived components (e.g., organic matter, 
iogenic CaCO 3 ) ( Fig. 3 b) is observed. Thus, the weak REE
nrichments estimated in all the three stratigraphic units 
 Table 4 ; Fig. 4 ) must be controlled by the lithogenic mat-
er. A possible mechanism of enrichment of the lithogenic
atter in REE over the UCC values is the adsorption on clay
inerals. A large body of evidence demonstrates that the
EE adsorption on clay minerals is of great importance in
he sedimentary geochemistry of the REE ( Aagaard, 1974 ;
ruque et al., 1980 ; Takahashi et al., 2004 ; Tertre et al.,
005 ; Wan and Liu, 2005 ). The lowest REE enrichment in
nit II ( Fig. 4 ) likely reflects the lowest accumulation rate
f the lithogenic matter in this sediment layer ( Calvert and
arlin, 1998 ). 
The inverse correlation between �REE and SiO 2det /Al 2 O 3 

atio ( Tables 2 , 3 ) is in accord with the suggestion that
iO 2det /Al 2 O 3 ratio of the studied sediments is higher than
hat of the UCC due to high quartz content in the former
see 5.1.9 ). Quartz is known to contain very low amounts of
EE ( McLennan, 1989 ). Hence, the high SiO 2det /Al 2 O 3 ratio
eans high quartz content, which in turn implies low �REE
dilution effect of low-REE quartz). Therefore, SiO 2det /Al 2 O 3 

nd �REE correlate inversely. 
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The enrichments of Sn and Th co-vary with those of the
REE ( Fig. 4 ) and, similarly, are interpreted to be related to
adsorption on clay minerals. 

5.1.8. Calcium and Sr 
In marine sediments Sr is mostly held in the CaCO 3 crystal
lattice and therefore, its variations are controlled by the
relative proportions of CaCO 3 , clays and biogenic opal
( Goldberg and Arrhenius, 1958 ; Plank and Langmuir, 1998 ).
Perfect co-variation of CaCO 3 and Sr in the studied sedi-
ments ( Figs 2 , 4 ) suggests that the biogenic CaCO 3 is the
main carrier of Sr. Strontium depletion in Unit II and en-
richment in Units III and I confirm the well-known decrease
and increase, respectively, of the CaCO 3 content across the
succession of these sediment units ( Ross and Degens, 1974 ).

5.1.9. Silicon 

The observed excess of detrital SiO 2 in the studied sed-
iments over the UCC [(SiO 2det /Al 2 O 3 ) samples = 4.5—7.8,
(SiO 2 /Al 2 O 3 ) UCC = 4.3] (see 4.1.1 ) can be explained with
local enrichment in SiO 2 of the detrital material supplied to
the western Black Sea. We may speculate that this detrital
material might have been enriched in quartz (SiO 2 ). The
SiO 2 /Al 2 O 3 ratio is considered as an indicator of mineralogi-
cal and textural maturity of the sediments ( Pettijohn et al.,
1972 ). The higher the ratio the greater the maturity, which
in turn implies the sediments have undergone a larger sed-
imentary cycle. We infer that the major part of the detrital
component in the western Black Sea sediments might have
been delivered from a distal source that has resulted in
detrital material refinement and its slight enrichment in
quartz. 

SiO 2am 

maximum in the sapropel layer (Unit II) and its
covariation with C org ( Fig. 2 ; Table 2 ) confirms the biogenic
origin of both components ( Pilskaln and Pike, 2001 ). As
the studied sediments are located at the continental slope
( Table 1 ; Fig. 1 b—d) there is a probability that the biogenic
silica (SiO 2am 

) and C org in them may have not originated
from the pelagic sedimentation, but may have come from
the continental shelf through downward transport along the
slope (e.g., Ragueneau et al., 2009 ). In order to investigate
this potential source of SiO 2am 

and C org in the sediments, we
calculated the Si am 

/C org molar ratio in our samples ( Table
2 ). This ratio (0.09 in Unit I, 0.08 in Unit II and 0.12 in
Unit III, in average) is lower than that of the continental
shelf sediments ( ∼0.6) and open ocean siliceous oozes
(20—60) ( DeMaster et al., 1991 ), and comparable to that of
most living marine diatoms grown under replete nutrient
conditions: 0.13 ( Brzezinski, 1985 ). It suggests that the
SiO 2am 

and C org in the studied sediments have not originated
at the shelf and transported afterward to the continental
slope, but are likely a result of pelagic sedimentation. It
also implies that there has been no preferential preserva-
tion of Si am 

relative to C org after burial (usually observed,
with Si am 

/C org ratios increasing typically up to 0.5—1 in the
Atlantic deep-sea sediments and up to 10 in equatorial Pa-
cific sediments; Ragueneau et al., 2002 ) and both biogenic
components have remarkably been preserved likely due to
the anoxic conditions in the basin. Thus, Si am 

/C org molar
ratio appears to be a good indicator for C org preservation. 
5.2. Sr-Nd-Pb isotope constraints on the source 

and type of terrigenous component 

Sr-Nd-Pb isotope data, inferred to represent the isotope
composition of the terrigenous component of the studied
sediments in the western Black Sea, show quite homoge-
nous values ( Table 5 ). Although some intra-core isotope
variations exist, particularly noted for the Nd component in
sample PLC-203 (260—262), neither of the sediment cores
have isotopic values that are clearly distinct from any of the
others. These minor isotopic differences are not unexpected
given that the studied sites occupy a small geographic area,
and they are in agreement with the recognized uniform
depositional environment within the entire deep Black Sea
during the Late Quaternary ( Ross et al., 1970 ). Yet, this iso-
tope homogeneity is quite remarkable considering that the
studied sediments were deposited during variable climatic
conditions, implying variations in both erosion rates and
wind regimes over the sediment supplying provenances.
Fluctuations in the riverine and aeolian sediment supplies
are known to cause variations in the isotope composition of
sapropel-containing sedimentary successions (e.g., Eastern
Mediterranean Sea; Weldeab et al., 2002 ). 

Basically, the terrigenous component of marine sedi-
ments can be supplied in two major ways: riverine (river
flux) and aeolian (wind-blown flux). Five potential sources
of this component might be considered given the location
of the studied sediment cores ( Fig. 1 a,b): (A) material
supplied to the NW Black Sea by the Danube (and possibly
by the Dniester, Bug and Dnieper) River that may further
be dispersed southward by marine currents; (B) continental
run-off from the closest landmasses (SE Bulgaria and NW
Turkey); (C) wind-blown loess particles from the Danube
Plain, Carpathian Mountains and Ukraine; (D) wind-blown
dust from the Sahara Desert; (E) volcanic ash from Quater-
nary eruptions around the Black Sea. Two main scenarios
may be considered for explaining the isotopic composition
of the studied sediments: either there was a supply from a
single source that has a somewhat heterogeneous isotopic
character that fits the minor isotopic variations among the
sediments deposited at different times and sites; or mixing
occurred between two, or more, isotopically different
components supplied from different provenances. This
implies a thorough mixing of the components that must be
delivered at quite constant proportions over time. Uniform
isotope compositions can also be reached if one of the
components is either much more abundant, or it has much
higher element (Sr, Nd and Pb) concentrations compared
to the other components, or both. From an isotopic point
of view, it appears that the observed combination of ra-
diogenic Sr ( 87 Sr/ 86 Sr ∼ 0.719—0.722), intermediate Nd
( εNd(0) ∼ —8 to —10), and fairly evolved Pb ( 206 Pb/ 204 Pb
∼18.8—19.1) is difficult to reconcile with a known, single
source, and the presence of both felsic and more mafic
crustal components seems logical. Nardone and Faure
(1978) analyzed the detrital fraction of sediments from
the central Black Sea and suggested that their variable Sr
isotope composition being clearly different from our Black
Sea data could be explained by a binary mixing of a felsic
(originating from areas north of the Black Sea) and a mafic
(from areas south of the Black Sea) rock component. It
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Figure 7 Correlation between 87 Sr/ 86 Sr versus εNd(0) of the alumino-silicate component of the western Black Sea sediments. Sr- 
Nd-isotope composition of the rocks, clays, loess and dust from the possible provenances of this component are shown with letters. 
The solid hyperbolic curve, based on data from the Eastern Mediterranean Sea; the shaded area represents sapropels ( Weldeab 
et al., 2002 ), refers to a binary mixing involving two end-components (W + SW Turkey lavas and Saharan dust) marked by stars. The 
uncertainties of the total isotopic range for potential source components with bearing on Black Sea data arise due to the limited 
amount of published data. Stippled boxes are likely to cover most of the isotopic variation for rocks (and clays) in the potential 
source areas. Encircled fields represent larger geographical regions and are designed to encompass average values of loess and dust 
sources. Data for the clays from the Danube Delta from Major et al. (2006) ; for the rocks from the SE Bulgaria and NW Turkey from 

Alici et al. (2002) , Georgiev et al. (2009) , Ruskov et al. (2006) ; for the rocks from the Danube plain and Carpathian mountains from 

Bojar et al. (2013) , Dupont et al. (2002) , Seghedi et al. (2007) ; for the ash from recent eruptions of the Santorini Volcano from Juul 
Petersen (2004) ; for the loess from the Danube plain and Carpathian basin from Schatz et al. (2015) , Újvari et al. (2012) ; for the 
loess from Ukraine from Schatz et al. (2015) ; for the Saharan dust from North Africa from Grousset et al. (1998) . 
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ust be noted that their studied samples covered a much 
onger time span, including deposition during both glacial 
nd inter-glacial periods, than what is the case in the
resent study. Weldeab et al. (2002) studied Late Pleis- 
ocene sapropels (S5 and S6 stages) and non-sapropels from 

he Eastern Mediterranean Sea. They argued that a binary 
ixing (cf. the hyperbolic mixing curve in Fig. 7 ) involving
 Saharan dust component and a component representing 
egean basalts and/or Nile Delta sediments were consistent 
ith the obtained Sr-Nd data. However, their sapropel data 
re distinctly different from our results from the Black 
ea. 
It remains speculative to assign realistic Sr (and Nd) iso- 

ope ratios to potential source components available during 
he appropriate time interval in the Black Sea. One feature
llustrating this is that reported Sr-Nd isotope data from a 
eographical area may vary as a function of the material
nalyzed as shown by e.g., data from rocks, suspended mat-
er and loess from the Danube plain ( Fig. 7 ). Although quite
imited, the variability in Sr-Nd isotope sapropel data indi- 
ates a mixing of different types of source components, and 
nitially two riverine components (one from SE Bulgaria/NW 

urkey and another one from the NW Black Sea) need to be
onsidered. This is suggested for reasons of proximity (SE 
ulgaria/NW Turkey) and because the rivers emptying in the 
W Black Sea, in particular, the Danube River, are known 
o have supplied huge amounts of suspended material into 
he Black Sea that could further be carried southwards by 
urface currents ( Murray et al., 2007 ). Four clay fractions
eparated from the sediments of the Danube Delta ( Major
t al., 2006 ), covering the time span 19—11 ka BP, have
ariable radiogenic compositions with 87 Sr/ 86 Sr ranging 
etween 0.723 and 0.751, whereas the other samples are
uch less radiogenic. These shifts to higher isotopic values 
ay be related to short-lived inputs from a high 87 Sr/ 86 Sr
ource associated with anomalous run-off into the Black 
ea ( Major et al., 2006 ). Although there are no 87 Sr/ 86 Sr
ata available for the suspended matter in the NW Black
ea during the ∼9 to 3 ka BP interval, it appears possible
hat a radiogenic component (schematically constrained 
o the box indicated by letter A in Fig. 7 ) was available
t this time period. Its Nd isotope composition may be
imilar to data known for the Danube plain ( Fig. 7 ). To the
est of our knowledge, no corresponding Sr isotope data
re available for the suspended matter entering the SW
lack Sea (run-off from SE Bulgaria/NW Turkey). However, 
he isotope composition of the bedrock in this landmass 
 Alici et al., 2002 ; Georgiev et al., 2009 ; Ruskov et al.,
006 ) suggests that released riverine suspended matter 
s expected to have quite unradiogenic Sr and relatively
adiogenic Nd values (cf. component B in Fig. 7 ). A NW
Black Sea) riverine suspended matter component could 
ossibly also carry loess soils known to cover large parts of
he Danube drainage basin and its surroundings. Its average
r-Nd isotope composition (cf. component C in Fig. 7 )
s fairly similar to the published data from the Danube
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plain, but extends to somewhat less radiogenic Sr isotope
compositions. For the given assumptions, a mixing involving
a predominant NW riverine component diluted with a SW
riverine component can apparently produce data that are
largely consistent with the Sr-Nd isotope composition of the
studied sediments, which were deposited over a time span
of ∼6 ka. Besides, given that deposition of Saharan dust has
been recognized in many areas of the northern hemisphere,
including the Eastern Mediterranean ( Papayannis et al.,
2005 ), this type of source (component D in Fig. 7 ) must also
be considered. Actually, the spread in Nd isotope ratios
could indicate a mix between an aeolian (average) Saharan
and a combined (NW + SW Black Sea) riverine component
and, in particular, the unradiogenic Nd isotope value for the
PLC-203 (260—262) sample ( εNd(0) = —12.5) argues for a
Saharan dust contribution. Moreover, one cannot reject the
possibility of certain air-borne transportation of material
from loess-covered landmasses north-west of the basin. 

It may also be mentioned that tephra from the large
Santorini eruption in ∼3300 BP has been identified in Unit II
of the Black Sea sediments ( Guichard et al., 1993 ), but not
in the other units sampled in the present study. However,
the tephra occupies only a ca 1cm thick layer and the Sr-Nd
isotope compositions of the Santorini volcanic products
( Juul Petersen, 2004 ) and those of the hypothetical ash-fall
related to the Quaternary volcanism in western Anatolia
( Alici et al., 2002 and references therein) exhibit average
values far from our data (cf. component E in Fig. 7 ). There-
fore, in the light of the Sr-Nd isotope systematics being
uniform for all the three stratigraphic units, we infer that
the possible effect of any kind of ash-fall was insignificant. 

Due to the lack of information about the prehistoric Pb
isotopic composition of the riverine input to the Black Sea
we cannot provide a detailed discussion about the sources
of the Pb isotopes. Generally, the obtained Pb isotope com-
positions are relatively evolved and the similarity in data
indicates a continuous supply from a crustal source that did
not change significantly during the ongoing sedimentation.
It is important to note that Pb in modern and even historical
riverine input in the region likely will be influenced to a
variable extent by anthropogenic Pb. In general, anthro-
pogenic Pb addition to lake or marine sediments in the
European region causes a shift in the Pb isotopes to lower
ratios (e.g., Kamenov et al., 2009 ; Shotyk et al., 1998 ).
Environmental archives show that the onset of Pb pollution
in Europe began around 3000 years ago, with particular
strong anthropogenic Pb input around 2000 years ago during
the Roman Empire ( Shotyk et al., 1998 ). Although we do not
have exact dates for the analyzed sediment samples in Unit
I, the boundary between Units I and II is dated to ∼3000
BP ( Kwiecien et al., 2008 ). Therefore, it is quite possible
that the slight decrease in 206 Pb/ 204 Pb at the upper levels
of Unit I ( Fig. 5 ) can be a result of the incorporation of
anthropogenic Pb in these sediments. 

6. Conclusions 

The last transition of the Black Sea from an oxic limnic
to anoxic-euxinic marine basin at the beginning of the
Holocene Epoch had a significant impact on the enrich-
ment (or depletion) of a range of elements in the deep-sea
sediments. At the onset of this transition, the deep wa-
ters evolved from oxic through suboxic to euxinic. Large
amounts of Fe were remobilized through a benthic redox
shuttle mechanism from the sediment when the suboxic
conditions were established and prevailed over the abyssal
plain and lower continental slope. With increasing euxinia
in the deep pool, the mobilized Fe 2 + was quantitatively re-
moved to the sediment, which was recorded as Fe enrich-
ment at the base of the lower Holocene Unit II. Sediment be-
neath the euxinic pool could not further release dissolved Fe
and the only Fe 2 + supply came from the narrow zone where
the suboxic transition layer between the euxinic (deep) and
oxic (surface) waters impinged the continental slope. The
reduced Fe flux to the euxinic pool (recorded as weak Fe
enrichment in the sedimentary archive) sharply increased
when the rising suboxic layer impinged the continental
shelf. The increased Fe supply was recorded as a second
peak of the Fe enrichment at the top of Unit II. The vertical
distribution of the Mn enrichment in the sediments seems
to be principally controlled by the diagenetic dissolution of
solid Mn phases in Unit II, Mn 2 + upward diffusion to and re-
precipitation in Unit I. Barium enrichment (depletion) in the
studied sediments is controlled by diagenetic reactions: sul-
fate reduction and methanogenesis. Vertical Ba profile sug-
gests that the sulfate-methane transition (important redox
boundary for the Ba cycle) in the studied area is localized
within the middle part of Unit II and the current authigenic
BaSO 4 front is at the Unit II/Unit I boundary. The major part
of Cu and Co, and partly Ni, Zn, Cr, W, Mo, V, Cd and Sb (in
the upper Unit III and lower Unit II) are interpreted to have
co-precipitated with Fe in the euxinic deep waters and been
incorporated into authigenic Fe-sulfides. Nickel, Zn, Cr and
W distributions in the upper Unit I are controlled by diage-
netic processes. Vertical enrichment profiles of Mo, V, Cd
and Sb are affected by basin reservoir effect. The U enrich-
ment at the base of Unit II is inferred to be at the expense
of the U inventory of the deepwater pool and a result of
inorganic reduction of U at euxinic conditions. The U en-
richment in Unit I is supposed to be a result of the bottom
seawater U influx. The high field strength elements (Zr, Hf,
Nb and Ta) are closely linked to the detrital component and
their depletion in the organic-rich Units II and I reflects di-
lution of the detrital component with biogenic. The weak
enrichments of REE, Sn and Th in all the three stratigraphic
units are seemingly controlled by adsorption on clay miner-
als. Strontium depletion and enrichment are controlled by
the decrease and increase of the biogenic CaCO 3 content. 

According to the Sr-Nd-Pb-isotope studies, the alumino-
silicate fraction (terrigenous component) of the studied
sediments is best explained by a relatively stable influx of
a dominant Danube plain component admixed with lesser
amounts of material delivered as dust from the Sahara
Desert and suspended matter from rivers draining the SE
Bulgaria and NW Turkey. 
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