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Abstract

We measured d13C values of free and sulfur-bound lipids and framboidal pyrite-size distributions in three sediment
cores from the southern margins of the Black Sea. The margin cores show a marked di�erence in the occurrence of

biomarkers from green sulfur bacteria compared with the deep-basin cores, as a result of deepening of the chemocline
resulting from enhanced mixing and/or decreased light-penetration as a consequence of high turbidity and productivity
in shelf waters. Quantitation of biomarkers suggests that photic-zone anoxia along the shelf margin was generally

absent during the deposition of unit I, although occurred during the deposition of Unit IIb at two sites. # 2000
Elsevier Science Ltd. All rights reserved.
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1. Introduction

The Black Sea is the world's largest extant anoxic
basin and a contemporary analogue for the formation
of ancient organic carbon-rich sediments such as 'black
shales' (Degens and Sto�ers, 1976; Arthur and Sage-

man, 1994). Water-column anoxia is thought to be a
critical factor for the accumulation of such sediments
(Demaison and Moore, 1980), although some reports

argue that high biological productivity in the absence of
anoxia is more important (Pedersen and Calvert, 1990).
Study of past Black Sea chemocline dynamics and

associated changes in organic matter accumulation can
help to understand the mechanisms (e.g. human induced
versus natural changes) of water chemistry variations

(Murray et al., 1989) as well as the formation mechan-
isms of petroleum source beds and oil shales.

Many sedimentological and geochemical properties
record changes in oxic and anoxic depositional condi-

tions (Lyons et al., 1993; Anderson et al., 1994; Arthur
and Dean, 1998), and interpretations are strengthened
when multiple techniques are used in combination. For
instance, pyrite framboid-size distributions correspond

to water-column redox conditions (Wilkin et al., 1996,
1997). The presence of organic biomarkers from green
sulfur bacteria in sediments implies anoxic conditions

within the photic zone (Repeta et al., 1989; Repeta,
1993). Combining these two methods can reveal varia-
tions in the relative positions of chemocline and photic

zone in the past.
Previous studies which reconstruct the occurrence of

photic-zone anoxia in the Black Sea (Repeta et al., 1989;

Repeta, 1993; Sinninghe Damste et al., 1993; Wakeham
et al., 1995) employed sediment cores from the deep
basin (>2000 m water depth). The modern chemocline
is bowed, with shallowest depths in gyre centers dee-

pening (from 150 to 250 m) toward shelf areas asso-
ciated with enhanced vertical mixing (Caspers, 1957;
Codispoti et al., 1991). There has been debate about the
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stability of the modern chemocline. Some authors have
suggested that either increased nutrient loading (Mee,
1992) or decreased ¯uvial water inputs are associated
with a shoaling of the anoxic/oxic interface (Buesseler et

al., 1991, 1994; Codispoti et al., 1991). Such dynamics
on relatively short timescales (decades to centuries)
might be di�erently recorded in shelf and deep water

sediments. Restriction of the photic zone resulting from
decreased light-penetration as the result of high turbid-
ity and enhanced productivity in shelf waters could also

cause dynamics in photic zone anoxia that would not be
typically recorded by deep-water sediments.
In this study, we evaluate molecular markers for

green sulfur bacteria in order to document the presence
and/or absence of the chemocline within the nearshore
photic zone over the past 8 kyr. We analyzed sediment
cores from shallow sites (GGC 48, 205 m; GGC 59, 600

m and GGC 79, 700 m in the Black Sea) for the mole-
cular and isotopic compositions of components in sul-
furized fractions as well as in free lipid fractions. These

data are compared with framboidal pyrite-size distribu-
tions and molecular records of photic-zone anoxia in the
central basin.

2. Samples and methods

The giant gravity cores (GGC 48, GGC 59 and GGC
79) for the present study were recovered during the sec-
ond leg of a 1988 R/V Knorr expedition to the Black

Sea. A detailed description of the three sediment cores
(including correlation of sedimentary units and
sequence ages) can be found in Arthur and Dean (1998).

Cores were stored at the Woods Hole Oceanographic
Institution at below 0�C and were kept frozen until
biomarker analyses. In addition, two samples from a

central basin core recovered during a later expedition,
BS5-6BC (5±7 cm and 7±9 cm from the top of Unit I,
2200 m water depth), were analyzed for comparison.
An experimental procedure to release sulfurized bio-

markers in Black Sea sediments (Wakeham et al., 1995)
is adopted for the present study. Brie¯y, solvent extrac-
tables by ultrasonication were separated into apolar

(hexane) and polar (CH2Cl2:MeOH 1:1) fractions using
silica gel ¯ash columns. The polar fractions were desul-
furized using Raney nickel and the products isolated

through silica gel ¯ash columns (hexane:CH2Cl2 9:1).
The products were catalytically hydrogenated (PtO2)
and ®nal products isolated using silica gel ¯ash columns

(hexane:CH2Cl2 9:1). In order to avoid loss of farnesane
(a C15 isoprenoid) during work up procedure, rotary
evaporations were conducted using a water bath at
room temperature and without fully evaporating sol-

vents. Work-up procedures were duplicated for GGC 79
(131 cm) which contains a signi®cant amount of farne-
sane: less than 5% di�erences in farnesane concentra-

tions were recorded between the two analyses.
Quantitation was performed using a HP 5890 GC with a
FID detector and androstane as an internal standard.
d13C values of individual compounds were determined

by irmGCMS (Ricci et al., 1994; Merritt et al., 1995;
Leckrone and Hayes, 1997) using organic and CO2

standards calibrated relative to NBS-19 and were

expressed relative to the PDB standard. Pyrite fram-
boid-size distributions for the same samples were deter-
mined using optical microscopy as reported previously

(Wilkin et al., 1996, 1997).
Repeta (1993) has reported the free isorenieratene

concentrations of 2±70 mg/gdw in Unit I and up to 1.5

mg/gdw in Unit IIb sediments based on the HPLC ana-
lyses of total sediment extracts. On the other hand, the
concentrations of sulfur-bound isorenieratane reported
by Wakeham et al. (1995) range from 8 to 13 mg/gdw for

Unit I and about 50 mg/gdw for Unit IIb. Raney Ni
desulfurization apparently released much greater
amounts of isorenieratane from the Unit IIb sediments

(ca. 50 mg/gdw, Wakeham et al., 1995) than the amounts
of free isorenieratene measured by HPLC (1.5 mg/gdw,
Repeta, 1993). Our data are from a limited number of

samples and cannot resolve ®ne-scale stratigraphic var-
iations. However, we suggest a signi®cant portion of
isorenieratene must be bound to S-containing macro-

molecules in Unit IIb sediments. Quanti®cation of iso-
renieratene thus requires analyses of both S-bound and
free lipid fractions.
We have carried out further analyses on free lipid

extracts in the GGC 48, 59 and 79 sediments. Eleven
total extracts from the Unit I±Unit II sediments (2 from
GGC 48, 4 from GGC 59 and 5 from GGC 79) were

analyzed using reversed phased HPLC (two samples
were analyzed in Dr. D.J. Repeta's laboratory where co-
injections with standard were carried out. The remain-

ing analyses were carried out at Penn State University
under similar analytical conditions.) Two total extracts
from GGC 79 (11±12 cm and 131±132 cm depth, for 11±
12 cm see footnote of Table 1), together with the 5±7 cm

sample from BS5-6BC (top of Unit I), were also eluted
through a silica gel ¯ash column (0.5 � 3 cm) using
100% CH2Cl2 as the solvent. The CH2Cl2 fractions were

subsequently catalytically hydrogenated (PtO2/H2) and
analyzed on GC using androstane as an internal stan-
dard. The absolute concentrations of isorenieratane

determined by GC were then used to calibrate (based on
peak areas of UV absorption at 440 nm) the concentra-
tions of isorenieratene in the total extracts analyzed by

HPLC.

3. Results and discussion

Fig. 1 shows typical gas chromatograms for com-
pounds released from the desulphurization experiments.
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The major compounds identi®ed include phytane, b-
carotane, farnesane, C30 highly branched isoprenoid
hydrocarbon (HBI) and C20 to C35 n-alkanes. In the

desulfurized fractions, phytane originates from phytol,
which is esteri®ed to chlorophylls a and b and/or from
phytol or geranylgeraniol, which are esteri®ed to bac-

teriochlorophylls a and b. b-Carotane derives from b-
carotene, an important accessory pigment for photo-
synthetic organisms. Algae are believed to be the pri-
mary source for the sulfur-bound phytane, b-carotane
and n-alkanes in the Black Sea (Sinninghe DamsteÂ et al.,
1993). Highly branched isoprenoid hydrocarbons (HBI),
which are found in some sediment horizons in GGC 48,

59 and 79, are biomarkers for certain species of diatoms
(Rowland and Robson, 1990). Isorenieratene is a char-
acteristic biomarker for the green sulfur bacteria (Imh-

o�, 1992; Sinninghe DamsteÂ et al., 1993). Farnesane is
derived from farnesol esteri®ed to bacteriochlorophyll c,
d and e, which are also uniquely synthesized by green

sulfur bacteria (Imho�, 1992).
The concentrations of the above compounds are given

in Table 1, together with TOC (%), CaCO3 (%) and
d13C values of phytane, b-carotane and farnesane.

Relatively high abundances and enriched d13C values of
phytane and b-carotane are observed in Unit IIb of all
cores (GGC 48, GGC 59 and GGC 79) from the south-

Table 1

Compositional and isotopic data for the S-bound or free lipids (see footnotes) and pyrite framboid size distributions for GGC 48,

GGc 59 and GGC 79

Depth

(cm)

Unit TOC

(%)a
CaCO3

(%)a
Fmbb Maxc Concentration (m/g) d13C (%)

Phd Cae Farf Isog Phd Cae Farf

GGC 48

11±12 I 1.21 2.6 5.7�2.5 19 1.38 0.00 ±h n.d.i ÿ28.6 ± ±

39±40 I 1.45 11.3 7.3�3.2 17 4.46 1.34 ± ± ÿ29.4 ÿ27.8 ±

75±76 IIa 1.32 6.4 7.8�4.0 22 1.04 0.87 ± n.d. ÿ30.6 ÿ28.4 ±

105±106 IIa 1.75 3.4 10.0�6.9 30 1.73 1.76 ± n.d. ÿ31.6 ÿ28.1 ±

110±111 IIb 1.73 4.8 6.9�3.2 15 0.57 0.60 ± n.d. ÿ31.3 ÿ27.6 ±

155±156 IIb 1.7 2.5 8.4�5.2 30 5.71 3.00 ± n.d. ÿ30.2 ÿ28.3 ±

166±167 IIb 2.74 3.2 7.5�4.1 25 10.47 8.87 ± n.d. ÿ31.1 ÿ28.3 ±

190±191 IIb 2.96 12.8 6.0�2.6 18 14.68 13.56 ± 0.1 ÿ26.6 ÿ26.3 ±

235±236 IIb 1.88 27.4 5.4�2.2 15 11.59 7.42 ± n.d. ÿ33.9 ÿ31.8 ±

280±281 III 0.97 2.8 9.6�6.6 37 0.83 0.54 ± n.d. ÿ30.8 ÿ28.2 ±

GGC 59

12±13 I 1.74 21.2 4.7�1.2 9 1.41 0.11 ± n.d. ÿ29.2 ÿ28.7 ±

48±49 I 1.32 14.1 5.0�1.9 15 5.22 2.04 ± ± ÿ33.8 ÿ30.1 ±

83±84 IIa 3.76 12.4 4.8�1.9 12 24.20 3.39 ± ± ÿ32.4 ÿ29.1 ±

105±106 IIa 4.99 14.3 4.8�1.9 16 25.88 8.10 ± n.d. ÿ30.4 ÿ30.0 ±

131±132 IIb 6.2 9.4 n.d. n.d. 21.15 9.11 0.60 0.2 ÿ27.8 ÿ27.0 ÿ18.8
143±144 IIb 9.78 10.7 4.3�1.4 14 25.30 10.67 1.40 2.5 ÿ28.2 ÿ29.9 ÿ18.9
195±196 III 1.35 23.5 8.8�6.7 54 1.06 0.00 ± n.d. ÿ32 ± ±

GGC 79

4±5 I 1.8 23.9 4.8�1.7 12 7.57 0.32 ± ± ÿ30.5 ± ±

61±62 IIa 1.9 11.5 4.9�1.8 12 0.12 0.00 ± ± ÿ38.8 ± ±

101±102 IIa 2.7 12.4 4.4�1.7 12 6.01 0.40 ± n.d. ÿ30.6 ± ±

121±122 IIb 6.6 12.0 5.0�1.9 11 7.47 2.62 0.04 n.d. ÿ26.7 ÿ25.3 ÿ18.7
131±132 IIb 5.8 14.0 4.9�1.5 10 21.02 1.38 2.38 0.3 ÿ29.9 ÿ27.3 ÿ17.2
165±166 III 1 15.0 9.5�6.3 35 15.48 2.41 ± n.d. ÿ29.4 ÿ27.2 ±

a Mean of the two closest measurements above and below the sampling interval.
b Framboid size distribution (mean�1s).
c Maximum framboid size.
d Phytane obtained after Raney nickel treatment.
e b-carotane obtained after Raney nickel treatment.
f Farnesane obtained after Raney nickel treatment.
g Free isorenieratene obtained by direct eluting total extracts through a silica gel column using 100% DCM (For GGC 79, two

additional samples at 11±12 cm and 24±25 cm depth were analyzed by HPLC. Isorenieratene was not detected at 11±12 cm, but had a

concentration of 0.1 m/gdw at 24±25 cm.
h Not detected.
i n.d.=Not determined.
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ern Black Sea margin. TOC (%) and d13C values of
TOC generally reach maximum values within Unit IIb
in Black Sea sediment cores (Arthur and Dean, 1998).
These data may point to higher primary productivity

and enhanced preservation of organic matter during the
deposition of Unit IIb.
GC analyses of free lipid fractions revealed a set of

compounds (pristane, phytane, C25 HBI, C37±C39

alkenes and C23±C35 n-alkanes) similar to those reported
by Wakeham et al. (1995), with the exception that iso-

renieratene was found in a number of samples (Table 1).
Elution with 100% CH2Cl2 on a silica gel column
allowed recovery of free isorenieratene-the concentra-

tion in 5±7 cm of BS5-6BC was 0.37 mg/gdw. Con-
centrations of free isorenieratene range from 0.1 to 2.5
mg/gdw in the Unit IIb sediments of GGC 48, GGC 59
and GGC 79. However, isorenieratene is not detected in

Unit I sediments, except for the 24±25 cm depth of
GGC 79 (see footnote of Table 1) which contains 0.1
mg/gdw of isorenieratene.

Isorenieratane and partially hydrogenated iso-
renieratane are identi®ed in the two samples from Unit I
of the central basin core BC5-6BC (Fig. 1). The com-
pound distributions in the desulfurized fraction of the

deep samples are virtually identical to those reported in
the literature (Wakeham et al., 1995). However, S-
bound isorenieratanes are absent from all samples of

our basin-margin cores (GGC 48, GGC 59 and GGC
79). Only free (i.e. non S-bound) isorenieratenes are
found in a number of samples (Table 1). On the other

hand, farnesane is found in abundance in Unit IIb sedi-
ments of GGC 59 and 79. Wakeham et al. (1995)
reported the presence of farnesane in deep-basin cores,

although they did not determine farnesane d13C values.
The d13C values of farnesane in the four samples of the
Unit IIb of GGC 59 and 79 range from ÿ17.2 to
ÿ18.9% (Table 1), con®rming its origin from green sul-

fur bacteria that use the reverse-TCA cycle for photo-
synthesis and have minimal discrimination against 13C
during carbon ®xation (Summons and Powell, 1987;

Fig. 1. Gas chromatograms for the saturated hydrocarbons obtained by Rainey nickel desulfurization of polar fractions isolated from

a sample from Unit IIb of a southern margin core (CGC 79; 131±132cm, 700 m water depth) and a sample from the Unit I of a central

basin core (BS5-5±7 cm, 2200 m water depth).

1528 Y. Huang et al. / Organic Geochemistry 31 (2000) 1525±1531



Sinninghe DamsteÂ et al., 1993; Freeman et al., 1994).
The principal light-harvesting pigments in green sulfur
bacteria are bacteriochlorophylls c, d and e, which all
contain an esteri®ed farnesol side chain (Imho�, 1992).

In comparison, the d13C values of phytane and b-car-
otane range from ÿ26 to ÿ34%, consistent with their
origin primarily from other aquatic or terrestrial pho-

tosynthetic organisms (Freeman et al., 1994). The pre-
sence of farnesane and free isorenieratene in the Unit
IIb of GGC 59 and GGC 79 indicates the development

of photic-zone anoxia during the deposition of Unit IIb.
The major part of farnesane obtained from Raney
nickel desulfurization is probably derived from reduc-

tion of the free or ester-bound farnesol in bacterio-
chlorophylls (Prahl et al., 1996). Farnesane is, however,
absent throughout GGC 48 core and Unit I, IIa and III
of GGC 59 and 79. Together with the absence (or low

concentration) of free isorenieratene in Unit IIb of
GGC48 and Unit I of all three cores, the data indicate
that development of photic-zone anoxia did not occur

or was too infrequent to leave a detectable sedimentary
signature during the deposition of these units.
Isorenieratene has often been found in the sulfur-rich

macromolecular fractions upon Raney nickel desulfur-
ization (Kohnen et al., 1992; Schae�er et al., 1995). In
this study, however, the absence of isorenieratane in the

Raney nickel desulfurization products probably results
from the absence of sulfurized isorenieratene in the
polar fractions of the samples. Similarly, a signi®cant
fraction of the b-carotane identi®ed in our samples may

be derived from reduction by Raney nickel of polar
oxygenated carotenoids related to b-carotene (e.g. lutein
or zeaxanthin) which frequently occur in immature

sediments.
Textural properties of sedimentary pyrite record

information about crystallization processes and the his-

tory of pyrite nucleation and growth within a sedimen-
tary environment. Given in Table 1 are average pyrite
framboid sizes, standard deviations, and maximum sizes
for the samples used in this study. In general, the max-

imum size of pyrite framboids corresponds to their site
of formation (Wilkin et al., 1996, 1997). Framboid size
distributions with a maximum greater than �20 mm and

a mean > 7 mm suggest nucleation within anoxic sedi-
ments below oxic bottom waters, whereas size distribu-
tions with maximum sizes less than 20 mm are diagnostic

of modern laminated euxinic sediments and suggest Fe-
sul®de formation in the water column under anoxic
bottom waters. The size distributions of framboids in

Unit III of GGC 48, 59 and 79 (Table 1) are consistent
with oxic bottom waters. The laminated sediments of
Units I and II in GGC 59 and 79 were deposited under
anoxic bottom-water conditions at the time of deposi-

tion, based on the small framboid sizes (Table 1; Wilkin
and Arthur, in preparation). Framboid sizes ¯uctuate in
Units I and II sediments from GGC 48, suggesting that

this site was located near the boundary of an oscillating
chemocline.
Based on our molecular and framboid data, we pro-

pose a sedimentary model for the marginal sediments

(Fig. 2). During the deposition of Unit IIb, the occur-
rence of farnesane and free isorenieratene in both GGC
59 and 79 indicates the presence of photic-zone anoxia

in the water column at these two sites. However, photic-
zone anoxia was generally absent (or did not develop
frequently enough to leave a signature in sediments) on

the basin margins (GGC 59 and 79) during deposition
of Units I, IIa and III. Even though framboid size dis-
tributions indicate an anoxic water column during

deposition of Units I and IIa, the water column was
anoxic below the photic zone. The shallow marginal site
of GGC 48 probably never experienced signi®cant times
of photic-zone anoxia in the water column. Although

the number of samples analyzed in this study is limited,
we believe that our data clearly demonstrate a sig-
ni®cantly weakened input from green sulfur bacteria to

sediments (especially for Unit I) at basin-margin com-
pared with central basin.
The di�erences in compound distributions between

basin-margin and central-basin cores re¯ect the horizontal

Fig. 2. A shematic sedimentary model depicting the positions

of chemocline and photic-zone during the deposition of Unit I

and Unit IIb.
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and vertical oscillations of both chemocline and photic
zone in the basin margins. Two factors are important:
one is the near-shore deepening of the chemocline due to
enhanced mixing; the other is restriction of the photic

zone due to decreased light penetration from high tur-
bidity and/or elevated primary productivity in shelf
waters. Enhanced mixing on the shelf margin in the

modern Black Sea is derived from deep seasonal con-
vection and winter mixing by cooling of shelf waters
(OÈ zsoy and UÈ nluÈ ata, 1997). Our data constrain the

point where the chemocline penetrated the photic zone
along the basin margin. This cross-over point moved
shoreward, giving rise to photic-zone anoxia during the

deposition of Unit IIb in GGC 59 and 79 (Fig. 2). A
shallow chemocline would have increased the replenish-
ment of nutrients to the photic-zone, leading to higher
productivity during deposition of Unit IIb as noted by

Arthur and Dean (1998) and suggested by our data for
the concentration and d13C values for phytol and b-
carotane.

4. Conclusions

There are signi®cant di�erences in the molecular
records of photic-zone anoxia in the water column

between the central basin and basin margin in the Black
Sea. Earlier work demonstrated that photic-zone anoxia
was present in the central basin during deposition of
Unit I and parts of Unit II (Repeta et al., 1989; Repeta,

1993; Sinninghe DamsteÂ et al., 1993; Wakeham et al.,
1995). Results of our study suggest that such conditions
were generally absent from the shallowest site GGC 48

during the Holocene. Photic-zone anoxia occurred only
during the deposition of Unit IIb of the sites GGC 59
and 79. Vertical and/or horizontal movement of the

cross-over point between the chemocline and photic
zone may account for our observations. The results of
the present study demonstrate that it is important to
consider the near-shore deepening of the chemocline

associated with enhanced mixing, as well as restriction
of the photic zone resulting from decreased light-pene-
tration accompanying high turbidity and productivity in

shelf waters when attempting to reconstruct the history
of photic-zone anoxic conditions.
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