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Abstract--Sediments from Units I and II of the Black Sea were analyzed to assess the early diagenetic 
formation of organic sulfur compounds (OSC). A series of isomeric C2s-2,4-dialkylthiophenes was found 
at low concentrations in surface sediments. OSC with C25-highly branched isoprenoid (HBI) skeletons 
were not found in surface sediments even though there was a rapid decrease in the concentrations of C25- 
HBI alkenes in the same sediments, nor were OSC found which contained carbon skeletons derived from 
C37-C39 alkenes which are also abundant in the sediment. As depth increased in Unit I, concentrations of 
the C2s-2,4-dialkylthiophenes decreased while C25- and C30-HBI thiolanes appeared at the bottom of Unit 
I and increased in concentration into Unit II. Treatment of macromolecular material from sediment extracts 
with Raney nickel yielded phytane as the dominant hydrocarbon as well as series of C25- and C3o-HBI 
hydrocarbons, #-carotane, and isorenieratane. These latter two components were generally absent from the 
free hydrocarbon fractions. These results indicate that sulfur incorporation into functionalized lipids can 
occur during the very early stages of sedimentary diagenesis, even at the sediment-water interface. On the 
other hand, the rapid loss of C25-HBI alkenes in surface sediments could not be accounted for by sulfur 
quenching, and other potential OSC-precursors, such as C37-C39 alkenes, also apparently did not incorporate 
sulfur into readily-analyzable material. 

INTRODUCTION 

A variety of organic sulfur compounds (OSC) have been 
identified in immature sediments and crude oils (see review 
by Sinninghe Damst6 and de Leeuw, 1990). The available 
evidence indicates that inorganic species, such as H2S or hy- 
drogen polysulfides, react with functionalized lipids during 
diagenesis to yield low-molecular-weight OSC and S-bound 
moieties in macromolecules (e.g., Valisolalao et al., 1984; 
Brassell et al., 1986; Sinninghe Damst6 et al., 1988, 1989, 
1990; Kohnen et al., 1990a,b, 1991a,b; ten Haven et al., 1990; 
Adam et al., 1993). It has recently been reported that natural 
sulfurization can be simulated in the laboratory, and the re- 
suits show that alkenes, aldehydes, and ketones can incorpo- 
rate sulfur (Fukushima et al., 1992; de Graaf et al., 1992; 
Rowland et al., 1993; Schouten et al., 1993, 1994). Although 
the mechanism(s) involved in incorporation of sulfur into lip- 
ids in nature is still not completely understood, a diverse 
group of OSC with mono-, di-, and polysulfide bonds are 
generated, resulting in the removal of lipids from the low 
molecular weight portion of bitumen and in the preservation 
of the carbon skeletons of reactive precursors by protecting 
them from transformation or mineralization. Thus, structural 
features of labile compounds may be preserved in the fossil 
sedimentary record owing to the formation of their more sta- 
ble sulfur-containing counterparts. Recovery of these remnant 
carbon skeletons by S-selective chemolysis provides an alter- 
native means of assessing paleoenvironmental conditions of 
sediment deposition, the results of which may be significantly 
different from those obtained by analysing the free lipids 
(Kohnen et al., 1991a, 1992a,b; Sinninghe Damst6 et al., 
1993). 

The majority of studies of sedimentary OSC have dealt with 
sediments of Pleistocene or older ages and have concluded 
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that incorporation of sulfur into organic compounds takes 
place relatively early during diagenesis. An unresolved ques- 
tion regarding the diagenetic formation of OSC, however, is 
the extent to which these reactions occur in very young, con- 
temporary sediments, at the sediment-water interface or in 
anoxic water columns. The few studies of contemporary en- 
vironments involve evaporatic settings (Barbe et al., 1990; 
Kening and Huc, 1990) or humic substances from reducing 
salt marsh sediments (A1-Lihaibi and Wolff, 1991 ). The re- 
quirement of reduced sulfur as a reactant means that an anoxic 
basin, such as the Black Sea, may be a suitable environment 
to examine this issue. Potential precursor lipids for OSC, in 
particular highly branched isoprenoid (HBI) alkenes, long- 
chain normal alkenes, and long-chain alkenones, are abundant 
in the Black Sea and its sediments (Wakeham et al., 1991; 
Freeman and Wakeham, 1992). Moreover, a number of C25- 
and C30-HBI thiolanes have been identified in Black Sea sed- 
iment 3 - 6  x 103 yr old (Black Sea Unit II: Kohnen et al., 
1990a), so at least over a several-thousand-year time frame 
conditions were conducive for formation of OSC. 

In this paper we report the results of a study investigating 
the formation of OSC in young sediments from the Black Sea, 
ranging in age from several decades at the sediment surface 
to 6 x 103 years in Unit II. Three specific questions are ad- 
dressed. First, given that OSC are present in Unit II sediments, 
Are these or other OSC generated in younger sediments of 
Unit I, perhaps even near the water-sediment interface? Sec- 
ond, since certain functionalized compounds which may act 
as precursors for OSC decrease markedly in concentration 
near the water-sediment interface (e.g., C2~-HBI alkenes), 
Are these compounds sequestered as OSC? And third, if OSC 
are formed, How important quantitatively are they in paleoen- 
vironmental interpretations? 
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FIG. 1. Schematic diagram of the stratigraphic relationship between 
cores from which the sediment samples were taken, including the 
laminated Unit I samples from box core 10, transition sapropel and 
Unit Ila samples from box core 21, and Unit lib from giant gravity 
core 20. Approximate ages for each section are given in Table I. 

EXPERIMENTAL 

Samples  

Sediments were collected in the central basin of the Black Sea 
during the 1988 expedition of R/V  Knorr. Unit I sediments were 
obtained from a 30-cm box core (BC 10; 43°N, 34°E; 2200 m water 
depth; Wakeham et al., 1991 ). The transition sapropel at the base of 

Unit 1 and Unit lla sediment were obtained from a 60-cm box core 
(BC 21; 43°N, 32°E; 2100 m depth; Hay et al., 1991a). Sediments 
from Unit lib were taken from a giant gravity core (GGC 20; 43°N, 
32°E; 2100 m depth ). A schematic overview of the sediment sections 
analysed is illustrated in Fig. 1 and further details are given in Table 
I. The BC 10 sediment was frozen upon recovery; sediments from 
BC 21 and GGC 20 were stored at 4°C in the sediment repository at 
Woods Hole Oceanographic Institution. 

A detailed description of sedimentation in the Black Sea during 
the past 5 × 103 years is given by Hay (1988) and Hay et al. ( 1991 a). 
Unit I consists of  a modern finely laminated coccolith ooze deposited 
in the present highly anoxic marine basin. Organic carbon contents 
range between 3 -5%;  the white laminae contain over 90% by weight 
of coccoliths of  the marine alga, Emiliania huxleyi, deposited during 
spring and fall blooms while the dark laminae are enriched in terrig- 
enous material (Hay et al., 1991b). The 5-cm thick transition sap- 
ropel lies at the base of Unit I, is relatively rich in organic matter 
(TOC ~ 9%), and consists largely of terrigenous material (Hay et 
al., 1991a). The transition sapropel was deposited after the first in- 
vasion by E. huxleyi but before the final invasion of this alga. Unit 
II is an organic-rich sapropel deposited during an early stage of the 
present basin as the Black Sea and Mediterranean Sea were recon- 
nected. Unit II has been divided stratigraphically into two subunits: 
the brownish Unit IIa contains more terrigenous material deposited 
under a period of lower primary productivity while the black Unit 
llb of higher organic carbon content was deposited during a period 
of higher productivity (Hay, 1988). The relative "terrestrial vs. ma- 
fine" distinction between Units lla and lib is supported by stable 
carbon isotope results (Calvert and Fontugne, 1987). 

The chronology of  Black Sea Unit I sediments is controversial, 
with varying sedimentation rates being determined by varve counting 
(Degens et al., 1980; Hay, 1988; Hay et al., 1991a), radiocarbon 
dating (Ross and Degens, 1974; Jones, 1990; Calvert et al., 1991; 
Jones and Gagnon, 1994), and 2~°Pb measurements (Crusius and An- 
derson, 1992). The major question is whether the light-dark laminae 
used in varve counting are actually annual pairs. In summary, sedi- 
ment accumulation rates of 130-  i 60 g /m 2 y are obtained from count- 
ing the laminae compared to 3 5 - 5 0  g /m 2 y obtained by the two 
radiochronological methods. Thus, the Unit I/II boundary is esti- 
mated at about 1600 or 3200 y depending on the method used; the 
age of the Unit l//Ill  boundary is generally accepted as 5000-7000 y. 
In this paper we use ]4C radiochronology. 

Extract ion and Fractionation 

Wet samples (yielding 8 - 4 0  g dry weight) were ultrasonically 
extracted with methanol ( 4 x ) ,  CH2C12/methanoi ( 1:1, v/v;  3 x ) and 

Table 1. Sediment samples and analytical yields. 

Yield from 
Extracted A1203 

Approximate Cot s Sediment Lipid Extract Apolars Polars column 
Sample Age Range(yr)* (%) (g):~ (mg) (mg/g) (mg) (mg/g) (mg) (ms/g) (%) 

Unit I 
BC 10 0-2.5 cm 0-100 3.2 8.0 107 13.4 3.6 0.45 24 3.0 26 
BC 10 2.5-5 cm 100-300 3.6 11.7 68 5.8 1.7 0.15 25 2.1 39 
BC 10 5-10 cm 300-600 3.7 27.4 130 4.7 2.5 0.09 66 2.4 53 
BC 10 15-20 cm 1000-1200 4.1 28.2 210 7.5 2.7 0.10 64 2.3 32 
BC 10 25-30 cm 1600-1900 5.4 33.2 195 5.9 2.6 0.08 67 2.0 37 

Transition Sapropel 
BC 21 36-39 cm 2800-3100 8.6 44.2 264 6.0 3.3 0.07 69 1.6 27 

Unit lla 
BC 21 44-52 cm 3300-4400 11,7 18.5 231 12.5 3.5 0.19 119 6.4 53 

Unit lib 
GGC 20 17-22 cm 5200-6200 15.1 7.7 332 43.1 3.9 0.51 85 11.0 27 

Apolar Yield 
from 

Desulfurization 
(mg) Crag/g) (%) 

0.3 
0.3 
0.5 
0.5 
1.0 

0.3 

0.6 

0.7 

0.05 1.8 
0.04 1.7 
0.07 3.0 
0.06 2.7 
0.09 4.5 

0.03 1.8 

0.23 3.6 

0.47 4.2 

* Ages are estimated based on 14C radiochronotogy of Ross and Degens (1974), Jones (1990), Calvert et al. (1991), 
and Jones and Gagnon (1994). 

:~ - grams dry weight 
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CH2C12 (5 × ), respectively. The combined solvents were partitioned 
with 5% NaC1 solution and the CH2C12 phase concentrated by rotary 
evaporation. Excess water in the extract was removed by passing the 
extract through a column (2 x 15 cm) of pre-extracted anhydrous 
Na2SO4 using CH2C12 as eluent. Extract yields were determined grav- 
imetrically (Table 1 ). The entire extract was fractionated on a col- 
umn (2 x 25 cm) of alumina (activated for 2 h at 150°C) by elution 
with 150 mE of hexane/CH2Cl2 (9:1, v/v) yielding an apolar frac- 
tion, followed by 150 mL of CH2Cl2/methanol (1:1, v/v),  yielding 
a polar fraction. The two fractions were concentrated and weighed 
(Fig. 2). The apolar fractions were analysed by GC and GC-MS 
before and after catalytic hydrogenation. 5a-Androstane was added 
immediately before GC analysis to aid in quantitation. 

Apolar fractions from the 0-2.5 cm and 25-30 cm sections of 
Unit I (BC 10), Unit IIa (BC 21, 44-52 cm), and Unit lib (GC~ 
20, 17-22 cm) samples, and later from a composite of the top 0-5 
cm of Unit I, were further fractionated by thin-layer chromatography 
on silica gel plates using hexane as the mobile phase. Standards were 
used to determine separations, where hydrocarbons had an Re = 0.8- 
1.0, thiophenes had Rf = 0.5-0.8, and thiolanes had Rf = 0-0.5. 
The bands were scraped off the TLC plates and extracted ultrasoni- 
cally with ethylaeetate. Subsequent GC analysis of the thiophene and 
thiolane bands obtained from sediment extracts showed overlaps in 
composition so the two fractions were combined into a composite 
thiophene/thiolane fraction. 

Desulfnrization 

Aliquots of the polar fractions obtained from Ai203 chromatogra- 
phy were desulfurized using Raney nickel (Sinninghe Damst~ et al., 
1988). Typically, 16-20 mg of the polar fraction were reacted with 
Raney Ni in 2 mL of ethanol at reflux under N2 for 2 h. Prior to 
reaction, 5- ( 1, l-d2-bexadecyl)-2,3-dimethylthiophene was added to 
the reaction mixture as an internal standard. The desulfurization prod- 
ucts were isolated by centrifugation and extraction with CH2Clz. The 
combined ethanol/eH2Cl2 extracts were washed in a separatory fun- 

nel with saturated NaCI solution and a few drops of acetic acid were 
added to break any emulsion due to the presence of AI(OH)3. The 
CHzC12 extracts were washed with distilled water to remove residual 
acetic acid and dried over Na2SO4. The desulfurization products were 
isolated by chromatography on an alumina column (0.5 × 4 cm) and 
the apolar and polar fractions eluted with hexane/CHzCi 2 (9: l ) and 
CH2ClJmethanol ( l : l ) ,  respectively. The apolar desulfurization 
products were weighed (Table 1 ) and analysed by GC and GC-MS 
before and after catalytic hydrogenation. 

Catalytic Hydrogenation 

Samples were dissolved in 0.5 mL of ethyl acetate in a 10 mL tube, 
2 drops of acetic acid were added, and the mixture purged with H2. 
Hydrogenation was performed with PtO2 as catalyst and bubbling H2 
for 2 h, after which the tube was capped and stirred overnight. The 
reaction was terminated and the PtO2 removed by passing the solu- 
tion through a disposable pipette containing a small amount 
of A1203. 

Gas Chromatography and Mass Spectrometry 

Gas chromatography (GC) was performed on a Carlo Erba 5300 
instrument with on-column injector and flame ionization and flame 
photometric detectors. The effluent splitter was set with a split ratio 
FID:FPD = 1:2. Separations were achieved using a fused silica col- 
umn coated with CP Sil-5 (25 m × 0.32 mm i.d.; film thickness 0.12 
#m). Samples dissolved in ethyl acetate were injected at 70"C and 
the oven programmed to 130°C at 10°C/min and then by 4°C/min to 
320°C followed by a 20 min isothermal period. Hydrogen was used 
as carrier gas. 

Gas chromatography-mass spectrometry (GC-MS) was carried 
out with a Hewlett Packard 5840 gas chromatograph connected to a 
VG-70S mass spectrometer. Operating conditions were: mass range 
m/z 40-800 with a cycle time of 1.8 s (resolution 1000); 70 eV 
ionizing energy. A CP Sil-5 capillary (25 m × 0.32 mm i.d.; 0.1 #m 

Wet Sediment J 

J MeOH, DCM sonicate, 

discard ~ ~ 

AI203 fractionation 
hexane:DCM (9:1) ~ ( ¢ DCM:MeOH (1:1) 

GC, GCMS I I I I 
w 

TLC RaJNi desulfudzation MeU/Mel 

I Thlophenell[l'hlolanes I ~ " ~  ~ ' ~  ~ - ~  ~ ' ~  
GC, GCMS GC, GCMS GC, GCMS 

IRM-GCMS 
RaJNI desulfurizatJon 

Hydrocarbons J 
GC, GCMS 
IRM-GCMS 

FIG. 2. Flow chart of the analytical workup. 
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film thickness) was used for separations with helium as carrier gas. 
Samples were injected at 50°C, followed by temperature program- 
ming at 20°C/min to 130°C and then at 4°C/min to 300°C. 

Total Organic Carbon 

Dried sediments were acidified to remove carbonate and organic 
carbon was measured using a Perkin Elmer CHN analyzer. 

RESULTS 

Free Hydrocarbons in Apolar Fractions 

The apolar fractions of the Black Sea sediments contained 
a complex suite of linear and isoprenoid alkanes and alkenes, 
with distributions varying with depth (Fig. 3). C25-HB1 al- 
kenes containing two to four double bonds dominated in sur- 
face sediments, but their concentrations decreased rapidly 
with depth in the upper 5 cm (Fig. 3a and b and Table 2). 
(In another core from a nearby location in the Black Sea, high 
resolution analyses showed concentrations of Czs-HBI al- 
kenes decreasing by a factor of 100 in the upper 2 cm; Sun 
and Wakeham, 1994), C25-HBI alkenes were also abundant 
in the transition sapropel and Unit II sections (Fig. 3c and d), 
possibly reflecting changes in the supply of organic matter or 
preservation through time. C30-HBI hydrocarbons were not 
detected in Unit I, but compounds containing four and six 
double bonds were important constituents of the Unit IIb sed- 
iment (Fig. 3d). Other isoprenoid hydrocarbons, notably pris- 
tane, phytane, 2,6,10,15,19-pentamethyleicosane and squa- 
lene, were present in all sections, with the highest concentra- 
tions in the surface sediment. The Unit IIa sediment contained 
a relatively high concentration of 7-methylheptadecane. 
Long-chain C23-C35 n-alkanes of terrestrial higher plant origin 
and with CPI's of 5 -10  were abundant in all sediment sec- 
tions. Long-chain C37-C39 alkenes containing two to four dou- 
ble bounds and possibly produced by E. huxleyi ( Volkman et 
al., 1980; Wakeham et al., 1991 ) were abundant, except in 
the Unit IIb section which was deposited before the initial 
invasion of E. huxleyi into the Black Sea (Hay et al., 1991 a). 
The abundance of long-chain alkenes in Unit IIa sediment 
(Table 2) is puzzling. This sediment section also was depos- 
ited prior to the invasion by E. huxleyi, which is consistent 
with the absence of long-chain aikenones, implying that the 
biogenic source of the corresponding alkenes may not be the 
E. huxleyi of contemporary oceans. In the case of the transi- 
tion sapropel, there is evidence of early, short-term and tem- 
porary invasions of E. huxleyi (Hay et al., 1991a). Small 
amounts of several bicyclic-carotenes were detected in the 
Unit IIb sediment; catalytic hydrogenation reduced these 
compounds to/3-carotane. The large peak in the chromato- 
gram of the apolar fraction of Unit IIb eluting just before the 
C3o-HBI alkenes (Fig. 3d) has a molecular mass of 326 dal- 
tons and was identified as a des-A-arboradiene (positions of 
the double bonds unknown). Hydrogenation of this compo- 
nent in pure acetic acid yielded des-A-arborane (J. M. Tren- 
del, pers. commun.) with a molecular mass of 330 daltons. 

Hydrocarbons Obtained by Raney Nickel Treatment of 
Polar Fractions 

Treatment of polar fractions of sediment extracts with Ra- 
ney nickel yielded a hydrocarbon mixture dominated by phy- 

tane, C2s- and C30-HBI hydrocarbons, and/3-carotane and iso- 
renieratane (Fig. 4 and Table 3). Phytane concentrations in 
the desulfurized fractions were approximately 2-3  orders of 
magnitude greater than in the free hydrocarbon fraction (25-  
112 #g/g vs. 0.1-0.3 #g/g dw). 2,6,10,15,19-Pentamethy- 
leicosane was absent from the desulfurization products, pris- 
tane and squalene were present at very low levels, but far- 
nesane was relatively more abundant. (Concentrations of 
farnesane should be considered lower limits as recoveries 
were poor due to its volatility). Czs-HBI alkenes or alkanes 
were recovered at low abundances from the upper Unit I sed- 
iments (Fig. 4a) but higher abundances of monoenes, dienes, 
and trienes were recovered in the 25-30 cm section and be- 
low, especially in Unit lib. Upon further catalytic hydrogen- 
ation (the desulfurization reaction with Raney Ni may in itself 
partially hydrogenate unsaturated components; cf. Smith and 
Simpson, 1987; Schaeffer et al., 1993), the C2s-HBI alkenes 
collapsed into a single C25-HBI alkane (Fig. 4b and c). Sev- 
eral C~0-HBI alkenes were recovered only in the Unit lib sed- 
iment; further hydrogenation yielded a C30-alkane and a C30- 
monoene (Fig. 4c). Long-chain n-alkanes were only minor 
components, except for n-C31 in the upper sections and n-C3, 
and n-C33 in the deepest section. Long-chain C37-C39 alkanes 
or alkenes were absent from all desulfurized fractions. 

A cluster of partially hydrogenated/~-carotene isomers was 
recovered from all sediments treated with Raney Ni but were 
of greatest abundance in the transition sapropel and Unit IIa 
and of significantly lower abundance in Unit lib. Catalytic 
hydrogenation of these compounds produced fl-carotane (Fig. 
4 and Table 3). A diaryl isoprenoid hydrocarbon was also 
recovered and identified as isorenieratane by coinjection with 
an authentic standard. Upon further hydrogenation, fully hy- 
drogenated isorenieratane (MW 558 daltons; A in Fig. 4) and 
a partially hydrogenated isorenieratane (MW 552; B in Fig. 
4) were obtained. The concentration of isorenieratane in the 
Black Sea sediments showed the opposite trend to that of/3- 
carotane, being lowest in the transition sapropel and in Unit 
lla and highest in Unit lib. 

Czs-Dialkylthiophenes 

GC-FPD analyses of the apolar fractions of Unit I sedi- 
ments revealed a cluster of three OSC eluting in the vicinity 
of n-C29 to n-C.~ (Fig. 5a). The concentrations of these com- 
pounds were too low to produce visible signals next to the 
more abundant aliphatic hydrocarbons in the GC-FID chro- 
matograms, but from GC-MS data we estimate concentra- 
tions to be approximately 0.1 #g/g dw (0.005 mg/g OC). 
Concentrations decreased with increasing depth in the sedi- 
ment, such that the compounds were no longer clearly de- 
tected in the transition sapropel (Fig. 5b). GC-MS analysis 
of the "composited" thiophenes + thiolanes obtained after 
removal of the aliphatic hydrocarbons by TLC indicated that 
these OSC possess mass spectra similar to those of the long- 
chain C36-C54 3,4-di-n-alkylthiophenes in various Pleistocene 
to Cretaceous sediments described by Kohnen et al. (1990b). 
Mass spectra of all three S-containing compounds from the 
Black Sea surface sediment (e.g., Fig. 6a) are characterized 
by molecular ions at m/z 420, a base peak at m/z 266, and a 
major fragment ion at m/z 111. The molecular weights indi- 
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FIG. 3. Gas chromatograms (FID) of apolar fractions from Unit I (BC 10 0-2.5 cm and 2.5-5 cm), the transition 
sapropel (BC 21 36-39 cm) and Unit lib (GGC 20 17-22 cm) sediments. Numbers above peaks refer to total numbers 
of carbon atoms of n-alkanes; 23u, 25u, 37u, 38u, and 39u = long-chain alkenes; Pr = pristane; Ph = phytane; Cz~:~ 
HBI = highly branched isoprenoid aikenes with twenty-five carbon atoms and x double bonds; C30:, HBI = HBI alkenes 
with thirty carbon atoms and x double bonds. 

cate the compounds to be C28-alkylthiophenes and the frag- 
ment at ndz 266 indicates a C~2-dialkyl substitution. 

To elucidate further the structures of these diaikylthiophe- 
nes, desulfurization using Raney Ni followed by hydrogena- 
tion was performed on a TLC fraction (Rf = 0 .2-0 .5)  of a 
composited apolar fraction of surface sediment (0 -5  cm) con- 
taining these OSC. Three isomeric methyl-branched C28-al- 
kanes were detected in the FID chromatogram in the vicinity 
of squalane in the hydrogenated sample (peaks A, B, and C 
in Figs. 7 and 8). The mass spectrum of the last eluting com- 
ponent (peak C) is characterized by fragment ions at ndz 196/ 
197 and 224•225 with the fragments with an even mass pre- 
dominating (Fig. 6b). No molecular ion is observed but a 
large m/z 379 thought to be M+-15 suggests an elemental 
composition of C28Hss. These data would suggest 13-meth- 
ylheptacosane as a possible structure. The Kovats retention 
index (2733 on CP Sil-5) of this component is in agreement 
with this assignment (Kissin et al., 1986). Component B gave 
a similar mass spectrum, except that trotz 225 is now more 
abundant than m/z 224. This suggests additional branching 
which would be consistent with the lower Kovats retention 
index (2700). In fact, the shift in retention time (A = 33 
Kovats units) would suggest that this component has an ad- 
ditional methyl group in the iso position (Kissin et al., 1986). 
Combination of these data would suggest that 2,14-dimethyl- 
hexacosane is the structure of this component. We favor 2,14- 
dimethyihexacosane over 2,12-dimethylhexacosane based on 
the relative intensities of the odd and even fragment ions (Mc- 
Carthy et al., 1968). The first eluting component (peak A; 

Figs. 7 and 8) coelutes with squalane (Kovats index = 2667) 
which hampers its characterization by mass spectrometry. It 
is noteworthy, however, that the shift in retention index rel- 
ative to the last eluting component is 66 Kovats units, exactly 
twice as the shift between peak B and C. This suggests an 
additional methyl group in the iso position, which would lead 
to its very tentative identification as 2,12,24-trimethylpenta- 
COSanC. 

Combination of the mass spectral data of the C28-thio- 
phenes and the proposed structures of their desulfurization 
products leads us to hypothesize the C2a-thiophenes to be 2,4- 
di (dodecyl) thiophene, 2- (10-methylundecyl) -4-dodecyl- 
thiophene, and 2,4-di( 10-methylundecyl)thiophene. 2,4-Di- 
alkylthiophenes have not been reported before in sediments. 

C.~- and C3o-Thiolanes 

Unsaturated C25-HBI thiolanes were present in the 25-30 
cm Unit I and deeper sediment sections (Fig. 5b and c). C3o- 
HBI thiolanes were present only in the Unit II sediments (Fig. 
5c). These HBI-thiolanes are the same as compounds in the 
slightly older Black Sea Unit II sediment described by Koh- 
nen et al. (1990a). The C2s-HBI thiolanes had molecular ions 
at m/z 378 and 380 indicating that they possess two double 
bonds and one double bond, respectively. A major fragment 
ion at m/z 115 suggests that the double bonds are positioned 
in the long alkyl-side-chain (Fig. 5 of Kohnen et al., 1990a). 
The C3o-HBI thiolanes exhibited molecular ions at ndz 444, 
446, and 448 and thus would contain two to four double 
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Table 2. Concentrations (~tg/gdw and mug OC) of selected biomarkers in the "free" hydrocarbon fraction. 

0-2.5 cm 

famesane - - *  (--)  
n-C17 1.0 (0.03) 
pristane 3.2 (030) 
7-methyl- - -  (--)  

heptadecane 
phytane 0.9 (0.03) 
25:2 HBI 17.5 (0.55) 
25:3 HBI 26.2 (0.82) 
PME¢ 3.0 (0.09) 
30:4 HBI - -  (---) 
30:6 HBI - -  ( ) 
trisnorhopene 0.6 (0.02) 
squalenes 6.1 (0.19) 
n-C29 14.2 (0.44) 
n-C31 11.8 (0.37) 
diploptene 5.9 (0.18) 
C37u 9.2 (0.29) 
C3su 3.1 (0.10) 
Z []-carotene - -  ( - - )  

isomers 
Z diaryl - -  (--)  

carotenes 

l.tg/gdw (mg/g OC) 

Transition 
Unit 1 Unit Ha Unit lib 

sapropel 

2.5-5 cm 5-10 cm 15-20 cm 25-30 cm 36-39 cm 44-52 cm 

- -  (--) .... (--) - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  (--) 
0.3 (0.01) 0.2 (0.01) 0.2 (0.005) 0.2 (0.004) 0.2 (0.002) 3.2 (0.03) 
0.2 (0.01) 0.2 (0.01) 0.1 (0.002) 0.2 (0.004) 0.2 (0.002) - -  (--) 
- -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  11.4 (0.10) 

0.1 (0.03) 0.1 (0.005) 0.1 (0.002) 0.1 (0.002) 0.1 (0.001) 0.3 (0.003) 
0.5 (0.01) 0.3 (0.01) 0.1 (0.002) 0.2 (0.004) 1.0 (0.01) 1.7 (0.01) 
0.9 (0.03) 0.4 (0.01) 0.1 (0.002) 0.2 (0.004) 0.6 (0.01) 0.8 (0.005) 
0.8 (0.02) 0.4 (0.01) 0.2 (0.005) 0.1 (0.002) 0.1 (0.001) - -  (--) 

- -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  (--) 

17-22 cm 

- - ( - - )  
1.5 (o.01) 
1.4 (0.01) 
- - ( - - )  

0.2 (0.0Ol) 
1.2 (0.01) 
2.9 (0.02) 
- - ( - - )  

31.2 (o.21) 
- -  (--) - -  (--) - -  ( - )  - -  (--)  - -  (--) - -  (--)  11.4 (0.08) 
1.7 (0.05) 1.4 (0.04) 0.4 (0.01) 0.4 (0.01) 0.9 (0.01) 2.4 (0.02) 17.1 (0.11) 
1.5 (0.04) 0.5 (0.01) 0.3 (0.01) 0.4 (0.01) 1.0 (0.01) 3.5 (0.03) 15.2 (0.11) 

12.1 (0.34) 7.3 (0.20) 7.5 (0.18) 3.3 (0.06) 12.5 (0.15) 14.2 (0.12) 36.6 (0.24) 
10.2 (0.28) 7.9 (0.21) 8.9 (0.22) 4.2 (0.08) 13.7 (0.16) 16.0 (0.14) 47.0 (0.31) 
5.1 (0.14) 3.0 (0.08) 3.3 (0.08) 2.3 (0.04) 3.4 (0.04) 5.7 (0.05) 9.4 (0.06) 

11.7 (0.33) 10.8 (0.29) 13.4 (0.33) 7.4 (0.14) 23.3 (0.27) 15.8 (0.14) - -  (--)  
4.1 (0.11) 4.2 (0.11) 5.3 (0.13) 3.1 (0.06) 8.1 (0.09) 5.3 (0,05) - -  (--) 

(--) --  (-)  --  (--) - -  (--) - -  (--) - -  (--) 3.5 (0.02) 

- -  ~ )  - -  ( - - )  --. ~ )  - -  ( - - )  - -  ( - - )  - -  ( - )  - -  ( - - )  

* not detected 
:~ 2,6,10,15,19-pentamethyleicosane 

bonds. We estimate that concentrations of the C25-HBI thio- 
lanes in the transition sapropel and the C25-HBI thiolanes and 
C30-HBI thiolanes in the Unit l ib sediments were approxi- 
mately 0.2 # g / g  dw (0.02 mg/g  OC).  Our samples did not 
contain HBI thiophenes which are common in older and more 
mature sediments (Sinninghe Damst6 et al., 1988, 1989; ten 
Haven et al., 1990). The sediments we investigated also did 
not contain the unsaturated C25- and C30-HBI sulfoxides re- 
ported in the Black Sea sediment described by Kohnen et al. 
(1990a). This absence of  sulfoxides supports the conclusion 
of  Kohnen et al. (1990a) that sulfoxides may be artifacts 
formed by the oxidation of  HBI thiolanes during long-term 
storage of the sediments or their extracts. 

DISCUSSION 

Our investigation was designed to address three questions 
related to the incorporation of  inorganic sulfur into labile lip- 
ids during early diagenesis. Answers to these questions can 
be summarized as follows. First, How early during sedimen- 
tary diagenesis are OSC produced in Black Sea sediments? 
The presence of C2s-dialkylthiophenes and compounds re- 
leased by Raney Ni desulfurization in even the uppermost 
sediments of  Unit I show that both intramolecular and inter- 
molecular sulfur incorporation can occur near the water-sed- 
iment interface. Second, Can the early diagenetic loss of func- 
tionalized precursors, such as C/5-HBI alkenes, be attributed 
to sulfur quenching? We did not recover C25-HBI carbon skel- 
etons, as OSC containing either intermolecular or intramolec- 
ular C-S-bonds, in the upper Unit I sediments, although they 
were recovered in deeper and older sections. However, we 
cannot rule out that other OSC fractions, either higher molec- 
ular weight material in the bitumen or in the kerogen, were 
not amenable to the desulfurization techniques used. Finally, 

Quantitatively how important is diagenetic sulfur quenching? 
For some compounds, S-quenching as we have tested it pre- 
serves more material than is found in the free form (e.g., phy- 
tane and C2s- and C30-HBI in Unit IIb).  For the carotenoids, 
the amounts of  material in the free and OSC forms were often 
similar. Yet for the C25-HBI and C37-C39 alkenes which were 
present in surface sediment, S-quenching was apparently not 
important. 

E a r l y  D i a g e n e t i c  F o r m a t i o n  o f  C z s - D i a l k y l t h i o p h e n e s  

The presence of  isomeric C2s-dialkylthiophenes, albeit at 
low concentrations, is evidence that sulfur quenching has oc- 
curred in the surface sediment of  the Black Sea, although an 
external source of  these compounds cannot be excluded. Their 
presence in the "free hydrocarbon" fraction means that they 
have been produced by an intramolecular incorporation of sul- 
fur and are not bound by C-S-linkages to macromolecular 
material. Mechanisms have been postulated for the formation 
of long-chain 2,5-dialkylthiophenes from symmetrical meth- 
ylene-interrupted alkadienes (Sinninghe Damst6 et al., 1989) 
and long-chain 3,4-dialkylthiophenes from mid-chain di- 
methyl hydrocarbons with two methylenic double bonds 
(Kohnen et al., 1990b). By analogy, C2s-methyldienes con- 
taining double bonds located in the middle of  the molecule 
might produce 2,4-didodecylthiophenes which upon desul- 
furization and hydrogenation would yield C28-alkanes of  the 
type we found. Recent experiments by Schouten et al. (1993) 
suggest unsaturated dialdehydes as hypothetical precursors 
for dialkyl thiophenes in immature S-rich sediments. How- 
ever, appropriate precursor alkenes and aldehydes are un- 
known in sediments, and in any event thiolanes (which we 
did not find) should form preferentially. Therefore, the origin 
of these OSC remains uncertain. 
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The concentrations of the C~-dialkylthiophenes decrease 
with depth in Unit I and these compounds are absent in sed- 
iments deeper than the transition sapropel. If they were 
formed in surface sediments (rather than in the anoxic water 
column), then decreasing concentrations with depth imply ei- 
ther ( 1 ) lower supply of precursor molecules in the past com- 
pared to the present, (2)  past sedimentary conditions which 
were less conducive to incorporation of sulfur into the (un- 
known) precursors, or (3)  thiophenes were degraded or trans- 
ferred from the apolar fraction to other more polar fractions 
which we did not examine. Since we are unable to identify 
precursor compounds, we cannot confidently address the issue 
of changing supply of precursors over time, but this factor 
cannot be discounted. It is, however, unlikely that with pre- 
cursors being available, sulfur incorporation could not occur 
because of unfavorable conditions within the sediment since 
other OSC compounds (C2s- and C30-HBI thiolanes) did in- 
deed form. Finally, degradation of OSC generally is thought 

to be relatively unimportant over the timescales covered by 
these sediments (a major assumption in using S-bound carbon 
skeletons in paleo-environmental interpretations), and with- 
out the presence of additional functional groups, incorpora- 
tion of " f ree"  thiophenes into polar macromolecules is un- 
likely. 

C2s- and C3o-HBI Organic Sulfur Compounds 

A major contribution to the organic matter in the Black Sea 
water column and sediments arises from diatoms. They ac- 
count for 10-40% of the annual particle mass flux in the 
Black Sea (Hay et al., 1991b), and C25-HBI alkenes, pre- 
sumed to be of diatom origin, are abundant in particulate mat- 
ter (Wakeham et al., 1991 ) and surface sediments (Table 2). 
In this context, it is interesting to note that the major diatom 
in sediment trap material in the Black Sea is a Rhizosolenia 
sp. (Hay et al., 1991b) and that Volkman et al. (1994) re- 
cently identified C2s and C30 HBI alkenes in two diatoms, 
although in Rhizosolenia setigera, C30 rather than C25 alkenes 
were present. A working hypothesis in this investigation was 
that the rapid loss of C25-HBI alkenes from the upper sediment 
layers resulted from their removal from the free hydrocarbon 
pool due to incorporation of inorganic sulfur into an OSC pool 
outside of the normal hydrocarbon analytical window. If true, 
then an increase in the abundances of C25-HBI OSC might 
accompany the loss of C25-HBI alkenes. Although intramo- 
lecular incorporation of sulfur yielding HBI thiolanes and in- 
termolecular linkages between HBI alkenes and macromole- 
cules did occur within sediments at the bottom of Unit I and 
in Unit II, a parallel loss of HBI alkenes coupled with pro- 
duction of HBI OSC was not apparent in the upper sediment 
sections. 

C25-HBI remnants were not abundant in surface sediments 
either as free OSC in the apolar fraction or in Raney Ni 
desulfurization products of the polar fraction, even though 
these alkenes apparently were rapidly lost from surface sed- 
iments. This indicates that neither intramolecular incorpo- 
ration of sulfur into HBI alkenes nor intermolecular cross- 
linking with polar material which we analysed are prevalent 
in these very young Black Sea sediments. It is important to 
note that our analytical scheme accounts for a relatively 
small fraction of total extract initially charged to the A1203 
column (26 -53%)  and an unknown fraction of total organic 
sulfur in the sediment (attempts at constructing a sulfur mass 
balance were unsuccessful). It is possible that the HBI al- 
kenes might simply be sequestered in fractions we did not 
examine, including asphaltenes or kerogen. On the other 
hand, the identification of C25-HBI thiolanes in sediments 
older than the 25 -30  cm section of Unit I ( ~ 2  × 103 y uP) 
and of C30-HBI thiolanes in Unit IIb (5 .2-6 .2  × 103 y a P )  
shows that intramolecular incorporation of sulfur can indeed 
occur with the HBI alkenes in Black Sea sediments younger 
than the Unit IIb sample previously studied by Kohnen et 
al. (1990a) ( ~ 2  × 103 vs. 3 - 6  × 103 y uP) and the Qua- 
ternary and Pleistocene samples described by ten Haven et 
al. (1990). The HBI thiolanes in the Black Sea samples of 
this study possess two double bonds fewer than the corre- 
sponding precursor alkenes ( 1 - 2  double bonds for C25-thio- 
lanes vs. 3 - 4  double bonds for C25-alkenes; 2 - 4  double 
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Table 3. Concentra t ions  ( g g / g d w  and rag/g OC)  of  selected b iomarkers  in the hydrocarbon f rac t ion  
obtained by Raney  Ni  desul fur iza t ion and fo l lowing  hydrogenat ion .  

~tg/gdw (mg/g OC)  

Trans i t ion  
Uni t  1 Un i t  l l a  Un i t  I Ib  

sapropel  

0-2.5 cm 2.5-5 cm 5-10  c m  15-20 c m  25-30  c m  3 6 - 3 9  c m  4 4 - 5 2  c m  17-22 c m  

farnesane - - *  ( - - )  2.1 (0.06) 0.1 (0.003) 1.0 (0.02) 1.6 (0.03) 0.4  (0.005) 0.7 (0.01) - -  ( - - )  
n-C17 0.1 (0.003) - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  
pristane 0.2 (0.006) - -  ( ) - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - )  - -  ( - - )  - -  ( - - )  
7-methyl-  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  

heptadecane 

phytane 53.2  (1.66) 26.2  (0.73) 28.1 (0.76) 39.1 (0.95) 27.8  (0.51) 26.1 (0.31) 64.5  (0 .55)  112.0  (0.74) 
I; 25 H B I  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  0 .3  (0 .006)  0 .9  (0.010) 2.1 (0 .02)  17.8 (0.11) 
P M E ~  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  
E 30 H B I  - -  ( - - )  - -  ( - - )  - -  ( - - )  .... ~ )  - -  ( I )  - -  ( - - )  - -  ( - - )  90.1 (0.61) 
t r isnorhopene - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  
squalane - -  ( - - )  - -  ( - - )  0.1 (0.003) - - .  ( - - )  0.1 (0.002) 0.1 (0.001) 0.3 (0 .003)  - -  ( - - )  
n-C29 0.9 (0.03) 0.7 (0.02) 0.3 (0.001) 0.6 (0.01) 0 .2  (0 .004)  0.1 (0.001) 0.5 ( 0 .004 )  1.8 (0.01) 
n-C31 4.1 (0.13) 1.2 (0.03) 0.8 (0.02) 0.6 (0.01) 0 .4  (0.01) 0.2 (0.002) 0.4  (0 .003)  4.2  (0 .03)  
diploptene - -  ( - - )  - -  ( ) - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  

n-C37 - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  

n-C3s - -  ( - - )  - -  (_-)  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  - -  ( - - )  
~-carotane 9.6 (0.30) 5.6 (0.16) 16.2 (0.44) 17.4 (0 .42)  17.2 (0.32) 26.4  (0.31) 32.1 (0 .27)  1.9 (0.01) 
lsorenieratane ' [  12.9 (0.40) 8.3 (0.36) 13.0 (0.35) 10.8 (0.26) 11.4 (0.21) 0.4  (0 .005)  0 ,4  (0 .003)  50 .0  (0.33) 

* not  detected 
:~ 2 , 6 , 1 0 , 1 5 , l  9 -pentamethyle icosane  
l" Isoreniera tane = sum o f  ful ly  hydrogenated and par t ia l ly  hydrogenated  isorenieratane (peaks  A and B in Fig.  4)  

bonds for C30-thiolanes vs. 4 - 6  double bonds for C30-al- 
kenes; cf. Kohnen et al. 1990a). That abundant C25-HBI hy- 
drocarbons were recovered after desulfurization from the 
25-30 cm and deeper sediments and C30-HBI hydrocarbons 
from Unit lib indicates that crosslinking via acyclic C-S- 
linkages with macromolecular material has occurred. We 
presume that the difference between the apparent time of 
formation of C25-HBI OSC and C30-HBI OSC is related to 
the availability of appropriate precursors or depositional en- 
vironment, but there are no solid experimental data to ad- 
dress this. The Black Sea sediments studied here apparently 
have not undergone diagenesis to the extent required to pro- 
duce HBI thiophenes. 

Biodegradation has been suggested as a mechanism for 
rapid loss of algal HBI alkenes in the water column (Wake- 
ham, 1990; Wakeham et al., 1991 ) and sediments (Volkman 
et al., 1983). The fact that we could not demonstrate a pre- 
cursor-OSC-product coupling means that biodegradation can- 
not be ruled out as a potential mechanism for the loss of the 
HBI alkenes. On the other hand, our analytical scheme does 
not account for all of the organic sulfur in either the sediment 
or in the extract. In order to try to address this problem to 
some extent, we treated the polar fractions of selected samples 
(BC 10 0 -5  cm and 25-30 cm, BC 21 36-39 cm, and GGC 
20 17-22 cm sections) with MeLi/MeI to check on incor- 
poration of HBI skeletons into di- and polysulfide-bound 
compounds (Kohnen et al., 1991b). MeLi/MeI will react bet- 
ter than Raney Ni with the larger macromolecular aggregates 
in the polar fraction because of the better solubility of this 
reagent. Reaction yields were very low and a very complex 
mixture of HBI-sulfides was obtained. Identification of these 
components presents a very difficult task. Concentrations of 
HBI-sulfides were low and would not account for the missing 
HBI hydrocarbons. 

Formation of Macromolecular Aggregates by 
Sulfur-Crosslinking 

Treatment of the polar fraction with Raney Ni releases 
biomarker skeletons which were bound via sulfur linkages to 
high molecular weight macromolecules (Schmid, 1986; Sin- 
ninghe Damst6 et al., 1988, 1990). The fractions we obtained 
following treatment with Raney Ni variously contained far- 
nesane, phytane, C2s- and C30-HBI isoprenoids, and/3-caro- 
tane and isorenieratane, and these compounds occur almost 
exclusively in the desulfurized polar fraction. Except for far- 
nesane, all were also the dominant hydrocarbons released by 
desulfurization of polar fractions from older Messinian Vena 
del Gesso and Pleistocene Peruvian upwelling sediments 
(Kohnen et al., 1991a). High ratios of "sulfur-bound" to 
"'free" hydrocarbons (cf. Tables 2 and 3) show that the pre- 
cursors of these compounds react selectively with inorganic 
sulfur, thereby being preferentially crosslinked to macromo- 
lecular material. Precursors for the sulfur bound C25- and C30- 
HBI's are the corresponding HBI alkenes, as discussed above. 
The probable precursors for S-bound phytane and nonaro- 
matic carotenes are the phytol side-chain of chlorophyll-a and 
various carotenoid pigments, respectively. The ubiquity of 
chlorophyll-a and carotenoids among the pigments of pho- 
tosynthetic organisms explains the generally covarying abun- 
dance of phytane and/3-carotane in the desulfurization prod- 
ucts, although the concentration of phytane rises in Unit IIb 
while that of/3-carotane decreases. 

Isorenieratane and farnesane have different precursors than 
phytane and/3-carotane. Both are likely derived from anox- 
ygenic photosynthetic bacteria inhabiting the chemocline in 
the water column of the Black Sea. The molecular structure 
of isorenieratane is highly specific and points to an origin 
from isorenieratene, a characteristic pigment of green photo- 
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synthetic bacteria of the genus Chlorobiaceae. Farnesane may 
derive from the farnesol side-chain of 4-i-butylbactedophaeo- 
famesyl-e, also a diagnostic chlorin-pigment for green sulfur 
bacteria. Detailed pigment analyses across the chemocline in 
the Black Sea (Repeta et al., 1989; Repeta and Simpson, 
1991 ), demonstrated the presence of these bacterial pigments 
at the top of the anoxic zone and carbon isotopic analysis of 
isorenieratane (Sirmingbe Damst6 et al., 1993) indicated an 
origin from green photosynthetic bacteria. 

The concentration of isorenieratane in the sediments from 
the Black Sea is relatively constant throughout Unit I, low in 
the transition sapropel and Unit IIa, and high in Unit lib. Far- 
nesane may well display similar concentration trends, al- 
though its quantification is less rigorous because of poorer 
recoveries during analysis. This observation, along with high 
resolution analysis of pigments in Units I and II by Repeta 
(1993) show that the depth of the chemocline and hence the 
extent of anoxygenic primary production has varied greatly 
during much of the Holocene. The data of Repeta (1993) 
further show that transitions from high to low periods of an- 
oxygenic primary production occurred on the scale of a dec- 
ade (a timescale which our sample intervals cannot address). 

Although a direct comparison of our data and that of Repeta 
(1993) is complicated by the fact that different cores were 
analyzed by different techniques, down-core distributions of 
free isorenieratene in the cores studied by Repeta (1993) par- 
allel the depth profiles of isorenieratane in our samples, in- 
cluding the absence of both compounds in the transition sap- 
ropel and Unit IIa. Concentrations of isorenieratane were 8 -  
13 #g/g dw sediment (0.2-0.4 mg/g OC) in Unit I and 50 
#g/g  dw (0.33 mg/g OC) in Unit IIb. (Note that concentra- 
tions reported earlier by Sinninghe Damst6 et al., 1993, are in 
error. The concentration axis of Fig. 2 should read mg/g C.) 
For comparison, Repeta (1993) reported concentrations of 
free isorenieratene of 2-70/ . tg /g  dw (0.05-1.3 g/g  OC) in 
Unit I and up to 1.5 #g/g dw in Unit IIb. 

Our results indicate that sequestration of isorenieratene via 
S-bonds with macromolecular material in the polar fraction 
we analysed and its subsequent recovery as isorenieratane is 
important in Unit IIb sediments. In Unit IIb, the concentration 
of isorenieratane we obtained appears to be significantly 
greater than free isorenieratene obtained by the direct pigment 
analyses of Repeta (1993). On the other hand, the Unit I 
sediments we analyzed contained concentrations of isorenier- 
atane roughly similar to those of free isorenieratene reported 
in the samples of Repeta (1993). It is thus uncertain whether 
the isorenieratane we obtained by desulfurization of the polar 
fraction of Black Sea sediment extracts was indeed S-bound 
or whether it resulted from hydrogenation by Raney Ni of 
isorenieratene initially present as the free pigment in the polar 
fraction from our A1203 fractionation. A similar question may 
also be raised regarding the B-carotane generated upon de- 
sulfurization and free B-carotene in the sediment (although 
Repeta, 1993, did not give concentration data for B-carotene). 

We conducted several experiments in order to address this 
problem. In the absence of sufficient quantifies of authentic 
isorenieratene, we used B-carotene and determined (1) that 
B-carotene does indeed elute in the polar fraction from A1203 
and (2)  that reaction with Raney Ni produces a series of par- 
tially hydrogenated B-carotene isomers which can be further 
hydrogenated to B-carotane, as we observed in our samples. 
Isorenieratene is assumed to behave in a similar manner. 
Thus, any free isorenieratene and B-carotene in our extracts 
could be recovered as isorenieratane and B-carotane by our 
desulfurization and hydrogenation procedures. We are there- 
fore uncertain how much of the isorenieratane and B-carotane 
we found in Unit I sediments had been sequestered via C-S 
linkages to macromolecular material. 

Sulfurization of Long-Chain C37-C39 Alkenes and 
C3~-C39 Alkenones 

Long-chain C37-C39 alkenes and C37-C39 alkenones are ma- 
jor components in Black Sea sediments. Sulfur incorporation 
into these functionalized lipids has been suggested (Sinninghe 
Damst6 et al., 1989) as the mechanism by which long-chain 
C37-C3s-2,5-dialkylthiophenes, thiolanes, and thiopbenes 
(Kohnen et al., 1990c) and macromolecularly S-bound C37- 
C3s OSC are formed in some S-rich sediments (Sinninghe 
Damst6 et al., 1988, 1990; Rullk6tter and Michaelis, 1990; 
Schouten et al., 1993). Yet we found no evidence for this 
processes in the Black Sea sediments we examined, since no 
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FIG. 6. Mass spectra, subtracted for background, of proposed 2,4-didodecylthiophene and its desulfurization product, 

postulated to be 13-methylheptacosane. 

C37-C39 hydrocarbons were obtained by desulfurization ex- 
periments. It is apparently not the lack of suitable precursor 
molecules which is responsible for the absence of correspond- 
ing OSC. Perhaps the incorporation of sulfur into molecules 
having widely separated double bonds requires much greater 
timescales than were covered by our Black Sea sediment sam- 
ples; this interpretation is in line with experimental results of 
Schouten et al. (1994). Alternatively, sulfur incorporation 
may indeed occur in our sediments but the OSC produced 
were outside our analytical "window." 

CONCLUSIONS 

1 ) Hydrocarbons recovered in apolar fractions of sediment 
extracts from Unit I and II sediments of the Black Sea 
contained C25- and C30-highly branched isoprenoid al- 
kenes, long-chain C37-C39 alkenes, and long-chain n-al- 
kanes. C25-HBI alkenes were rapidly lost from the upper 

2)  

3 )  

5 cm of sediment, and C30-HBI alkenes were only found 
in Unit lib. Desulfurization using Raney nickel revealed 
that phytol or phytenes, Czs- and C30-HBI alkenes, and/3- 
carotene and isorenieretene have been sequestered in S- 
containing macromolecules during early diagenesis. 
Isomeric C28-2,4-didodecylthiophenes were present in sur- 
face sediments but decreased in concentrations with in- 
creased depth in Unit I. Based on mass spectra and Raney 
nickel desulfurization, we postulate that these thiophenes 
are 2,4-di(dodecyl)thiophene, 2-(10-methylundecyl)-4-do- 
decylthiophene, and 2,4-di (10-methylundecyl) thiophene. 
C25-HBI thiolanes were detected in sediment at the bottom 
of Unit I; C30-I-IBI thiolanes were only present in Unit IIb. 
We did not observe a precursor-OSC-product relationship 
between HBI alkenes and HBI thiolanes in Unit I sediment 
which would account for the rapid loss of C25-HBI al- 
kenes. 
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4)  A comparison of  concentrations of OSC containing intra- 
molecular S-linkages (0 .1-0 .2  #g / g sediment for C2s-thi- 
ophenes and C25- and C30-I-IBI thiolanes) with concentra- 
tions of OSC containing intermolecular linkages (up to 50 
# g i g  sediment for compounds released by Raney nickel 
desulfurization) indicates that in these sediments most sul- 
fur incorporation apparently occurs via intermolecular 
bonds to macromolecules. However,  it should be stressed 
that an unknown quantity of  OSC may be bound in forms 
not amenable to presently available analytical techniques, 
but this would only increase the fraction associated with 
macromolecules. 

5) Sequestration of/~-carotene and isorenieratene into mac- 
romolecular OSC can be an important preservation mech- 
anism, especially in Unit lib. In the case of  the isorenier- 
atene, concentrations recovered by desulfurization of  polar 
material from surface sediments were approximately 15% 
of the maximum concentrations of  solvent-extractable, 
free carotenoid pigments, but in Unit Ilb sediments the 
diaromatic carotenoid released by desulfurization was 25 
times more abundant than the free form. On the other 
hand, we did not observe a correspondence between loss 
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face sediment samples (0-5 cm). Ph = phytane; A-C = C2s-POly- 
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FIG. 8. Partial total ion current and partial mass chromatograms of 
m/z 196 and m/z 224, characteristic fragment ions of the branched 
C28-hydrocarbons formed upon desuifurization of the sedimentary 
C28-2,4-dialkylthiophenes. 

of  precursor C~-HBI alkenes from surface sediments and 
the appearance of  either Cz~-I-IBI thiolanes or thiophenes 
if  intramolecular sulfur incorporation occurred or C25-HBI 
hydrocarbons released by desulfurization if  intermolecular 
sulfur incorporation occurred. Quenching of  C25-HBI al- 
kenes into other forms of  OSC cannot be ruled out, nor 
can some degree of biodegradation. 
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