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ABSTRACT

The organic matter in a series of 39 sapropel samples from Hole 964D drilled during Ocean Drilling Program Leg 160 in
the lonian Basin of the Eastern Mediterranean Sea has been characterized. Organic carbon contents exceed 20% in many
sapropels of Pliocene to early Pleistocene age, but are conspicuously lower in those of the late Pleistocene and Holocene. The
organic matter is predominantly of marine origin, with varying admixtures of terrigenous organic matter. The most abundant
molecular algal markers are long-chain alkenones, alkandiols, and alkanolones (ketools) as well as a significant proportion of
sterols. Terrigenous markers include long-chain alkanes, n-alcohols, and fatty acids. Although strong alteration of the organic
matter by sulfate-reducing bacteriais inferred from the high total sulfur contents of the sapropels, there was little direct molec-
ular evidence of a bacterial biomass contribution. High Cq¢:N ratios, exceeding values of 20, particularly in the most organic-
carbon-rich sapropels, have to be interpreted as the result of partial degradation of the sinking organic matter with selective
remineralization of nitrogen-bearing compounds.

INTRODUCTION demonstrated that sedimentary layers with high contents of organic
matter also occur in the western basins (Cita et al., 1973; Kidd et al.,

Organic-carbon-rich, dark-colored strata (sapropels) are common 1978). In many instances, the organic carbon contents were below
in post-Messinian sedi,ments of the Mediterranean Sea. Bradley 2%, however, and so these layers were not considered real sapropels.
(1938) first proposed that periods of stagnation occurred in the Med- chan Drilling Program (ODP) Leg 1Q7 revealed organic-carbon-
iterranean during the Quaternary and caused the formation of sedi- rich sapropels also in the western Mediterranean Sea (Kastens, Mas-
ment layers that contain high proportions of organic matter. This hy- cle, Auroux, et al., 1987; Brosse and Herbin, 1990; Emeis et al.,
pothesis was supported by data from sediment cores that were recov- 1991).
ered by a Swedish deep-sea expedition to the Mediterranean in 1947/ . . .

48 (Kullenberg, 1952). Their work initiated a multitude of investiga- Organic Geochemical Studies

tions of the Mediterranean seafloor (e.g., Stanley, 1972; Ryan, Hsi, . . . o

et al.,, 1973; Hsii, Montadert, et al., 1978; Kastens, Mascle, Auroux, The type of organic matter in Mediterranean sapropels is still a
et al., 1987) devoted to determining the occurrence of sapropels, tftter of debate. Some authors fayor a predominantly terrigenous
reasons for their formation, and the origin of the organic matter prdD€roo etal., 1978; Sigl et al., 1978; Hahn-Weinheimer et al., 1978)
served in them. or marine (e.g., Nesteroff, 1973; Cita and Grignani, 1982) origin of

Kidd et al. (1978) defined sapropels in the Mediterranean Sea &€ organic matter. A dominance of amorphous organic matter and
discrete, more than 1-cm-thick layers in open-marine (pelagic) déligh concentrations of Go Cp compoynds were taken as evidence
posits, with more than 2% organic carbon. A “sapropelic layer,” act0 Support the latter view. Low C:N ratios of late Pleistocene
cording to the classification of the same authors, in sediments of tis@propels indicate a marine origin (Calvert, 1979, cited by Thunell et
same type contains between 0.5% and 2% organic carbon. This sttt 1984), while high C:N ratios in early Pleistocene sapropels are
distinction was not, however, used by many later investigators, and'f#0re consistent with a conS|der3abIe proportion of terrigenous mate-
was not adopted by the Leg 160 Shipboard Scientific Party, partly b&a! (Sigl et al., 1978). C:N and“C ratios of organic matter in the
cause it does not take into consideration the occurrence of saprop¥fiingest sapropel layer,jSre in accordance with a marine organic
altered by secondary processes (“burnt-out” sapropels; see Shipbodf@tter origin (Sutherland et al., 1984). o
Scientific Party, 1996b), and phenomena related to sapropel forma- Comprehensive organic geochemical investigations on a molecu-
tion according to a broad spectrum of characteristic element concel® |€vel are too scarce so far to resolve the aforementioned discrep-
trations, but not represented by organic matter enrichment (see W@ICIES. According to the results of Comet (1984) on late Pliocene and
hausen and Brumsack, Chap. 17, this volume). early Pleistocene sapropels from DSDP holes, the organic matter is

For a long time, sapropels were considered a special phenomen8h2 Predominantly marine origin. The youngest sapropel layer (S

of the Eastern Mediterranean Sea, but recent drilling campaigns haye/ ka)contains a mixture of marine and a significant proportion of
terrigenous organic matter (Smith, 1984). High concentrations of di-

nosterol and long-chain alkenones in sapropgtng $ were taken
‘Robertson, AH.F., Emeis, K -C., Richter, C., and Camerlenghi, A. (Eds), 1998, as evidence of an intense bloom of coc_collthophorldes and di-
Proc. ODP, Sci. Results, 160: College Station, TX (Ocean Drilling Program). noflagellates at the time of sapropel formation and, thus, to support
2Institut fur Chemie und Biologie des Meeres (ICBM), Carl von Ossietzky Univer- the high-productivity model for sapropels from the Eastern Mediter-

sitat Oldenburg, Postfach 2503, D-26111 Oldenburg, Germany. ranean Sea (Smith et al., 1986; ten Haven, 1986; ten Haven et al.,
J.Rullkoetter@ogc.icbm.uni-oldenburg.de 986 1987)
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Chimie Marines, Université P. et M. Curie, Case 134, Tour 25, 5éme étage, 4, place Jysreservation of the organic matter in the sapropels from ODP Site
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mass spectrometry (GC-MS) as an initial step for paleoenvironmen-
tal assessment.

ANALYTICAL METHODS

We investigated a total of 39 sapropel core samples from Hole
964D (Table 1). After freeze-drying and grinding, the sedimentswere
analyzed for total carbon (TC) and total sulfur (TS) contents by com-
bustion in a LECO CS-444 instrument. Carbonate contents were de-
termined after acidification as carbon dioxide using a UIC-Coulom-
etrics CM 5012 device. Total organic carbon (TOC) content was cal-
culated asthe difference between total and inorganic carbon contents
(Shipboard Scientific Party, 19964).

Dry sediment (1 to 3 g) was solvent extracted (dichloromethane/
1% methanol (v/v): 1 x 50 mL, 3 x 30 mL) in an ultrasonic bath. The
decanted combined extracts were concentrated by rotary evaporation

(2 mL) and dried by a stream of nitrogen at mild temperature-(30°

35°C). Extract yields were determined gravimetrically.

Gas chromatography was performed on a Hewlett-Packard 5890
Series Il instrument equipped with a temperature-programmed cold-
injection system (Gerstel KAS 3) and a fused-silica capillary column
(J&W DB-5, length = 30 m, inner diameter = 0.25 mm, film thickness
= 0.25 um). Helium was used as the carrier gas, and the temperature
of the oven was programmed from 60°C (1 min isothermal) to 305°C
(50 min isothermal) at a rate of 3°C/min.

GC/MS studies were performed with the same type of gas chro-
matograph (helium as carrier gas) and a temperature program from
60°C (1 min isothermal) to 300°C (50 min isothermal) at a rate of
3°C/min. The gas chromatograph was coupled to a Finnigan SSQ
710B mass spectrometer operated at 70 eV. Structural assignments of
individual compounds are based on comparison of relative gas chro-
matographic retention times and mass spectra with those reported in
the literature. Quantification was performed relative to the amount of
internal standards with mass correction for trimethylsilylated com-
pounds.

The determination of Kovats retention indices was carried out us-
ing two different gas chromatographic columns. The first column

Separation into fractions of different polarities was performed afwas fitted into a Hewlett Packard 5890 series Il gas chromatograph

ter addition of internal standards (squalane, anthracgn&edan-
drostan-17-one,dandrostan-$3-ol and erucic acidtC,,, fatty ac-

coupled to a Hewlett Packard 5970 series mass selective detector.
The sample was transferred on a 12 m (0.2 mm i.d.) fused silica col-
id]). Prior to column chromatographic separation, nHeexane-in- umn coated with HP1 by auto-splitless injection. The temperature
soluble fraction (asphaltenes) was precipitated ifhexane-soluble  was programmed from 40° to 300°C at 5°C/min with a hold time of
portion was separated by medium-pressure liquid chromatograpiy min at the final temperature. The carrier gas was helium. The sec-
(MPLC; Radke et al., 1980) into fractions of nonaromatic hydrocarend analysis was performed on a Finnigan Mat gas chromatograph
bons, aromatic hydrocarbons and heterocompounds (NSO fractiorgoupled to a Finnigan Mat mass selective detector. Auto-splitless in-
Elemental sulfur was removed with activated copper filings from thgection was made on a 30 m (0.25 mm i.d.) fused silica column coated
nonaromatic hydrocarbon fraction. with DB 5. The temperature program was the same as before. The
Subsequently, the ketones, esters,raafitohols (>G,) were sep-  carrier gas was helium at a linear velocity of 40 cmfg. G,, and
arated from the NSO-fraction by flash chromatography (Still et al.C,, n-alkane standards (Aldrich) were co-injected with the sample. In
1978) with a moderate overpressure of nitrogen. For this purpose aadition, two different isomers of a highly branched isoprenoid alka-
10-mmx 200-mm column was filled with 5 g silica gel 60 {63 diene were used as internal standards, (@ was from a diatom cul-
um, deactivated with 5% by weight of water) and washed with 50 miture ofHaslea osfrearia, Cs, (I) was from a Caspian Sea plankton
dichloromethane. The unpolar fraction of ketones, esters)-atwb- catch. The Kovats retention indices were calculated according to the
hols (>G,) was eluted with 60 mL dichloromethane. The other comformula published by Braiswaithe and Smith (1996):
pounds were removed from the column with 100 mL of a mixture of
dichloromethane and methanol (10% by volume). The polar portion RI. =100 Z + 100 [(I0g'kc — 109 tz;)/(10g trz:1) — 10g try)].
of the NSO fraction was separated into an acid fraction and a steroid
alcohol fraction using a column filled with KOH-impregnated silica
gel (McCarthy and Duthie, 1962; modified according to Hinrichs et
al., 1995). All fractions were concentrated as described for the whole
extracts and weighed. For analysis of the molecular constituents, the
heterocompound fractions were trimethylsilylated with N-methyl-N-
trimethylsilyl-trifluoroacetamide (MSTFA).

RESULTSAND DISCUSSION
Elemental Composition of Organic Matter

The results of elemental analysis for total organic carbon (TOC),
carbonate, and total sulfur contents of the Hole 964D sapropels are
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Figure 1. Drilling location of Site 964 in thelonian Basin
(Eastern Mediterranean Sea) and other ODP Leg 160 30— | ]
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ORGANIC MATTER ORIGIN IN SAPROPELS, SITE 964

Table 1. Elemental data, alkenone ratios, and paleo—sea-surface temperatures for sapropels from Holes 964A (Scientific ShigbParty, 1996b) and

964D.
Organic Organic
Core, section, Depth Sapropel carbon” CaCO;™ Sulfur™  UY; /SST Core, section, Depth Sapropel carboi CaCQ™ Sulfur™ U /SST
interval (cm) (mbsf)  number (%) (%) (%) (=I°C) interval (cm) (mbsf) number (%) (%) (%) (=I°C)

160-964A- 9H-CC, 2527 83.11 58 24.62 1.17 9.66
1H-1, 76-71 0.70 1 3.14 37.15 1.73
2H-1, 9495 7.74 3 5.78 27.41 2.18 160-964D-
2H-1, 103-104 7.83 3 2.87 29.40 2.15 1H-1, 7274 0.72 1 2.80 39.0 1.75 0.55/16.8
2H-3, 122123 11.02 4 3.50 37.98 2.99 1H-1, 7476 0.74 1 2.85 38.5 1.79 0.62/18.7
2H-3, 136-131 11.10 4 2.97 33.57 3.36 2H-3, 669 7.77 2 2.79 40.0 2.20 0.46/14.4
2H-4, 69-70 11.99 5 7.30 12.66 3.93 2H-3, 69-71 7.79 3 2.99 37.5 4.68
2H-4, 7374 12.03 5 3.57 33.40 4.89 2H-3, 8183 791 4 5.22 31.3 2.61 0.48/14.9
2H-4, 133134 12.63 6 3.15 31.49 2.29 2H-3, 83-85 7.93 4 4.44 27.9 2.56
2H-4, 143144 12.73 6 2.18 37.32 1.98 2H-4, 23-25 8.83 5 5.07 34.4 4.54
3H-2, 108-109 18.88 8 2.43 36.99 2.73 2H-4, 2527 8.85 5 3.87 34.3 3.16
3H-4, 104105 21.84 9 3.09 46.56 6.01 2H-4, 84-86 9.44 6 2.66 34.6 2.01
3H-5, 9293 23.22 10 2.59 48.40 2.36 2H-4, 86-88 9.46 6 3.68 31.8 2.78
3H-6, 113114 24.93 12 5.56 34.07 1.97 2H-4,92-94 9.52 6 2.44 35.9 2.37 0.54/16.4
4H-4, 38-39 30.68 16 4.95 43.98 3.24 2H-4, 94-96 9.54 6 2.97 35.1 2.50
4H-4, 103-104 31.33 17 4.25 56.14 1.66 3H-2, 83-85 15.93 8 2.35 28.0 3.14 0.62/18.6
4H-5, 56-57 32.36 18 16.38 2.33 3.94 3H-4, 449 18.57 9 2.90 47.0 1.14 0.73/21.6
4H-6, 2-3 33.32 18 4.35 59.81 1.62 3H-5, 29-31 19.89 10 2.40 45.5 1.45
4H-7, 16-17 34.96 19 2.69 43.48 2.29 3H-5, 3133 19.91 10 2.40 47.0 2.62
5H-1, 114115 36.44 20 3.96 57.56 1.25 4H-5, 66-68 29.76 15 4.99 334 2.20 0.66/19.8
5H-3, 29-30 38.59 21 13.22 1.67 2.34 4H-5, 141143 30.51 16 5.33 49.2 2.45
5H-3, 30-31 38.60 21 18.21 1.33 0.94 4H-6, 92-94 31.52 17 17.5 2.10 4.01
5H-3, 3132 38.61 21 14.22 3.42 4.67 4H-7, 35-37 32.45 18 5.04 58.0 2.00 0.74/21.8
5H-3, 32-33 38.62 21 12.44 12.66 4.70 5H-4, 5456 37.64 23 4.33 17.4 3.03
5H-3, 33-34 38.63 21 17.19 1.83 5.80 5H-4, 56-58 37.66 23 4.17 28.0 3.44
5H-3, 3435 38.64 21 3.55 42.57 3.01 5H-4, 58-60 37.68 23 3.09 36.4 2.92
5H-4, 102103 40.82 22 13.11 3.83 4.19 5H-4, 66-62 37.70 23 2.93 37.8 2.71
5H-5, 46-47 41.76 23 3.52 34.57 2.57 5H-4, 137139 38.47 24 20.1 2.08 4.31 0.71/21.1
5H-5, 106-101 42.30 24 20.10 2.25 8.70 5H-4, 139-141 38.49 24 14.2 9.58 5.47
6H-1, 86-87 45.66 26 7.36 30.74 4.88 6H-2, 76-72 44.30 27 7.75 38.8 3.10
6H-1, 8788 45.67 26 1.98 58.48 2.54 6H-3, 113115 46.23 29 18.3 2.40 4.10 0.76/22.3
6H-3, 4142 48.21 27 16.26 5.50 7.47 6H-5, 58-60 48.68 32 14.4 10.3 5.05 0.82/24.0
6H-3, 44-45 48.24 27 2.25 50.90 4.58 6H-7, 49-51 51.59 37 10.6 21.3 5.05 0.81/23.7
6H-4, 32-33 49.62 30 11.29 4.17 8.89 7H-1, 2527 51.85 38 6.80 40.8 1.54 0.79/23.3
6H-4, 38-39 49.68 30 7.11 37.40 8.00 7H-6, 98-100 60.08 41 8.75 42.1 4.58 0.74/21.9
6H-5, 14-15 50.94 32 24.34 2.33 7.85 7H-CC, 0103 61.13 43 19.5 5.08 8.87
6H-6, 83-84 53.13 35 9.28 39.40 6.10 7H-CC, 03-05 61.15 43 13.4 21.2 5.84 0.85/24.9
6H-7,18-19 53.98 37 18.69 2.67 9.80 9H-2, 149-150 73.59 48 4.01 38.1 1.95
7H-4, 107108 59.87 39 8.84 29.65 5.48 9H-3, 03-04 73.63 48 3.38 62.7 3.86
8H-1, 69-70 64.49 42 11.14 26.57 8.69 10H-2, 003 81.61 54 15.0 3.92 5.57 0.83/24.4
8H-6, 22-23 71.52 48 4.79 59.14 4.70 10H-2, 6264 82.22 55 20.0 2.75 10.2
9H-3, 4243 76.72 50 7.73 34.07 1.50 10H-3, 6870 83.78 58 11.6 30.0 7.03 0.84/23.5
9H-5, 3536 79.65 13.51 14.49 0.77
9H-5, 89-90 80.19 54 20.25 117 1.14 Notes: Sapropel numbers after Shipboard Scientific Party (1998alculated differ-
gng %g%g gggg gg 131‘; zggg igég ence between total and carbonate carbon conténtsaverage of two measure-

-6, . . . . K — : . — cpn.

OH-7. 45 8234 57 385 a1 576 ments.U%; = alkenone index (see Prahl and Wakeham, 1987); SST = sea-surface

compiled in Table 1. Together with the shipboard results on Hole
964A sapropels, the TOC data are aso plotted vs. biostratigraphic
age (Shipboard Scientific Party, 1996b) in Figure 2. The organic car-
bon contentsin the sapropels vary, on a high level, by more than one
order of magnitude. They range between about 2% and 5% for both
investigated holes in the upper Pleistocene and show strong varia-
tions between 3% and 25% in the other time sections. The values are
covariant for the upper sapropels (<1 Ma) in both holes. This corre-
lation isnot so pronounced in Figure 2 for the deeper part of the cores
because sapropel s selected from both cores do not match in all cases
and because of some variation of organic carbon contents within a
given sapropel particularly in the case of the extremely organic-car-
bon-rich sapropels (Shipboard Scientific Party, 1996b; Table 1). For
severa sapropels, however, there is a good match of organic carbon
contents for samples from Holes 964A and 964D.

Carbonate contents are in the 30%—-50% range in the upper part of
the hole, but show large fluctuations in the section below about 30
mbsf (Table 1; Shipboard Scientific Party, 1996b). As an overall ob-
servation, carbonate contents are lowest in sapropels with very high
TOC vaues. Carbonate and TOC contents are negatively correlated
with each other (Hole 964A: R = 0.84, n = 48; Hole 964D: R = 0.83,
n = 39). Carbonate dissolution in the organic-carbon-rich sapropels
may be due to organic acids formed during diagenesis (e.g., by hy-
drolysisof esters), and thiseffect may have been stronger in the ol der,
particularly organic-carbon-rich sapropels. Thisisconsistent with the

temperature (calibration after Prahl and Wakeham, 1987).

high proportions of free organic acids found in the polar extractable
organic matter fractions of the sapropels (see “Molecular Investiga-
tions”).

Sulfur contents, as a general trend, are higher in the particularly
organic-carbon-rich sapropels (Table 2; Shipboard Scientific Party,
1996b), but there is no clear relationship with TOC data (Hole 964A:
R =0.46, n = 48; Hole 964D: R = 0.77, n = 39). Most TOC:S ratios
are lower in the sapropels than in present-day noneuxinic sediments,
for which an average ratio of 2.8 was reported by Berner and
Raiswell (1983), and thus indicate anoxic bottom-water conditions.

Shipboard analyses of sapropels by Rock-Eval pyrolysis (Ship-
board Scientific Party, 1996b) formally revealed marine kerogen type
Il organic matter in many of the Hole 964A sapropels with hydrogen
indices (HI) between 350 mg hydrocarbons (hc)/g TOC and slightly
more than 500 mg hc/lg TOC, whereas more than 50% of the
sapropels revealed lower HI values and higher oxygen indices (Ol) in
the mixed kerogen type lI/1ll range as is evident from Figure 3. This
is not uncommon for black shales deposited in the deep ocean even
at high levels of organic carbon (e.g., Herbin et al., 1986a, 1986b) and
does not necessarily imply a strong contribution of terrigenous organ-
ic matter to the sediments. Actually, the terrigenous component in
many cases was found to be low in many deep-sea sediments by or-
ganic petrography (e.g., between 2% and 14% along the continental
margins of Peru and Oman; Liickge et al., 1996), and the explanation
for the low hydrogen indices was microbial alteration of the organic
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Figure 2. Organic carbon contents as a function of sediment age for sapropels
from Holes 964A (shipboard data; Shipboard Scientific Party, 1996b) and

964D.

Table 2. Retention times and Kovats retention indices of unknown non-
aromatic hydrocarbons and comparison with two highly branched iso-

prenoids.
Kovats retention
Compound Retention time index Mass spectral
(see Fig. 5B) (min) HP1 DB5 type
a 53.04 1
b 53.25 2107 2096 Il
c 53.87 (D)
d 54.02 |
e 54.40 |
f 54.55 2139 2116 |
g 54.73 I
h 55.10 2155 2151 1
i 55.74 2176 2161 1
HBI Cys., (Haslea osfrarcia) 2084 2063
HBI C,s,, (Caspian Sea) 2078 2059

matter in the water column or in the upper sediment layers particular-
ly by sulfate-reducing bacteria (Littke et al., 1991; Vet6 et al., 1994)weight compounds. The relative distributions of gross chromato-
This type of alteration is largely dependent on the total organic cagraphic fractions are dominated by asphaltenes and NSO compounds
bon content as indicated by the TOC vs. HI diagram for Site 964 (Fideach about 35% to 50% by weight). The main portion of the fraction-
4A) and the other sites in the Eastern Mediterranean Sea occupiattd NSO compounds are the green- (in the younger sapropels) to
during Leg 160 (Fig. 4B). Hl values increase with increasing organickrownish-colored acid fractions with a relative percentage of more
carbon content, indicating enhanced preservation of (labile) marintaan 50%. Nonaromatic and aromatic hydrocarbons in all sapropels
organic matter with increased organic-matter accumulation up to apresent only a minor amount of the total extract.
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Figure 3. Van Krevelen—type diagram of hydrogen and oxygen index values
for sapropels from Hole 964A (data taken from Shipboard Scientific Party,
1996b).

organic carbon content of about 10%. Hydrogen indices of sapropels
richer in organic carbon are “uniform” in the range of about-800
mg hc/gTOC.

Shipboard measurements of N ratios by themselves did not
provide a definite indication as to the origin and extent of preserva-
tion of the organic matter in the sapropels. ThgC ratios for all
sapropels exceeded a value of 10; the carbonate-rich sapropels had
ratios between 10 and 15 and the carbonate-poor sapropels ratios be-
tween 15 and 22 (Shipboard Scientific Party, 1996b). As the high
Corg:N ratios in many cases coincide with high hydrogen index values
from Rock-Eval pyrolysis, early diagenetic alteration processes ap-
pear to have preferentially removed nitrogen-bearing compounds
from the organic matter of marine biomass. This is independent of the
presence of some terrigenous organic matter in all sapropels studied,
but the G:N ratios certainly are not a measure of the terrigenous or-
ganic matter fraction in these sapropels. A recent study demonstrated
the strong effect of molecular oxygen on thg:N ratios (Cowie et
al., 1995) and suggested highgf, @l ratios as the result of selective
organic-matter degradation in anoxic sediments. For the formation of
sapropels in the Eastern Mediterranean Sea, anoxic conditions are
obvious by low TOC:S ratios, so in this case the highNCmust be
interpreted as reflecting diagenetic alteration of organic matter.

Molecular Investigations

Extract yields, after removal of elemental sulfur, range between
15 mg/g TOC and 70 mg/g TOC. Despite some uncertainty due to the
very low absolute amounts of extract (small sample size) and low ac-
curacy of gravimetric determination in these cases, the extract yields
are higher than in other deep-sea sediments with immature organic
matter (e.g., Rullkotter et al., 1981) and may indicate degradation of
biomacromolecules into soluble compounds by high bacterial activi-
ty and/or an exceptionally good preservation of labile low-molecular-
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Organic Carbon Content [%)]

al., 1996).

Nonaromatic Hydrocarbons tion times and Kovats indices that are slightly higher than thosg of C
highly branched isoprenoids (HBIs) with two double bonds (Table 2)
as reported from living organisms and sediments so far, and the un-
known compounds also differ in their mass spectral fragmentation
patterns from the & HBIs (Requejo and Quinn, 1983; Rowland et
al., 1990; Belt et al., 1994). Any attempts to hydrogenate the un-
known compounds, even under drastic conditions with an activated
Adams catalyst, failed, so the novel compounds are likely to contain
two rings instead of double bonds. Neithgg @or Cs or C;, HBI
pseudohomologs were detected in significant concentrations, indicat-
ing a low contribution of diatoms during times of sapropel formation
consistent with the absence of diatom frustules in the sediments
(Shipboard Scientific Party, 1996b). On the other hand, the carbon
numbers of the novel bicyclic compounds suggest a relationship to
isoprenoid biosynthesis and support speculations that the bicyclics
may still be unknown biosynthetic products of diatoms or diagenetic
transformation products of precursors from diatoms, whereas the ab-
thelong-chain alkenones (e.g., Volkman et al., 1980) that are present sence of diatom frustules may be explained by post-depositional sil-
in the sapropels in high abundance. Phytane and pristane are absent icate dissolution. As reported by Bouloubassi et al. (Chap. 21, this
or only detected in trace amounts (=1 pug/g TOC), and thus cannot be volume) the G bicyclics dominate some of the nonaromatic hydro-
used as redox indicators. carbon distributions of sapropels from sites farther to the east in the

In samples buried more deeply than 35 m, branched and cyclidediterranean Sea. Structure elucidation and molecular isotope anal-
(steroid and triterpenoid) hydrocarbons increase in abundance relgsis are under way to solve the question of the origin of the novel bi-
tive to then-alkanes due to a progress in diagenetic transformation afyclic compounds.
functionalized lipid compounds into nonaromatic (mostly olefinic)
hydrocarbons. Among the pentacyclic triterpene hydrocarbons, ole-Alcohols
anenes and ursenes together with the related des-A-triterpenoids,
common in most of the samples, are further indicators of the terrige- n-Alcohols >G, are the most abundant components in the least
nous organic matter fraction in the sapropels but are outranged polar of the heterocompound fractions (“ketone fraction”) (Fign-7).
abundance by sterenes of most likely marine origin. Even in the mostcohols <G, and phytol elute in the steroid alcohol fraction, and
deeply buried sapropel studied, diagenesis has not proceeded verytigsically are present only in minor amounts (<1 pg/g TOC). In most
as is indicated by the exclusive presence of ster-2-enes and the abmples, the distributions of long-chairalcohols have a marked
sence of corresponding (thermodynamically more stable) ster-4- ameference of even-carbon-atom-number homologs, with a maximum
-5-enes indicating a cool geothermal regime (Dastillung and Albreatn-C,Hs;OH, which is a distribution typical of land-derived organic
cht, 1977; Gagosian and Farrington, 1978; ten Haven et al., 1989atter (Eglinton and Hamilton, 1963). Thg @ C,, n-alcohols with
This is corroborated by the exclusive presence of hopanes with their strong even-over-odd carbon number predominance in the
unaltered biogenic B{H),213(H)-22R sterical configuration in the sapropels occur together with a similar range of fatty acigsQs,;
triterpenoid series (Ensminger et al., 1977). see below) and a series of long-chaialkanes (G—Cs) with an

In the retention time range between 52 min and 58 min (Fig. 5Bddd-over-even carbon number predominance. All these compounds
the nonaromatic hydrocarbon fractions contain at least nine unknovare related to a terrigenous organic matter supply (de Leeuw, 1986).
compounds, partly in high concentrations, with a molecular weight of In four samples from the lower part of Hole 964D (Samples 160-
348 u, corresponding to an elemental compositiongfl gand in- 964D-1H-1, 7274 cm; 2H-3, 6769 cm; 2H-3, 8483 cm; and 2H-
dicating the presence of two degrees of unsaturation (double bodd 92-94 cm), however, this pattern is overprinted by a series of
equivalents). The hydrocarbons exhibit two main types of mass spestraight-chain alcohols with an unusual odd-over-even carbon num-
tra of which representative examples for two of the most abundater predominance and a maximunnatsHs,OH, which is of un-
isomers are shown in Figure 6; the other isomers have mass spedtreown origin and significance (Fig. 7A). The relatively high concen-
differing only slightly from those shown in relative intensity of major trations of monounsaturategtalcohols of even-carbon-numbered
fragment ions. These compounds of unknown structure have retehemologs are also notable, because tlie €@mpound in all samples

Figure 5 shows gas chromatograms of the nonaromatic hydrocar-
bon fractions of Samples 160-964D-1H-1, 72-74 cm, and 10H-3,
68-70 cm, the shallowest and the deepest samples investigated, re-
spectively. The n-alkane distribution patterns are very similar for all
sapropel extracts studied and are typical of an origin of these com-
pounds from cuticular waxes of higher land plants (Eglinton et al.,
1962). The n-alkanes maximize at n-CyHg, in al samples, and Car-
bon Preference Index (CPI) values (Bray and Evans, 1961; corrected
by Hunt, 1979) of n-alkanes of carbon numbers 25 to 33, as expected
for aterrigenous source, consistently exceed avalue of 2. At retention
times between 90 min and 100 min, straight-chain C;; and Cy aka-
dienes (molecular weights 516 and 530, respectively; mass spectral
base peak at m/z 96) elute from the GC column. They resemble the
akatrienes described by Volkman et al. (1980; and references there-
in) and, according to their carbon numbers, are most likely related to
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Figure 5. Gas chromatograms of the nonaromatic [ el | 25 .
hydrocarbon fractions of the shallowest (A) and the [l el :’ .
deepest (B) sapropel sample from Hole 964D. The | \\ l ’, s, ‘
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exceeds the concentration of the related saturated analog (Fig. 7). tion is based on relative retention times and comparison with pub-

This compound has been reported to occur in microalgae of the class lished mass spectra (e.g., Budzikiewicz, 1972; Brassell, 1980; McE-
Eustigmatophyceae (Volkman et al., 1992), which are al so thought to voy, 1983; cf. Table 3 and Appendixjhe sterol distributions are
biosynthesize the alkan-1,n-diols found in sediments (discussed sep- complex, indicating a variety of primarily marine sources. The major
arately). compounds are the,£xo Cy sterols, although &sterols are present

in significant concentrations;,gsterols were only detected in trace
Long-Chain Alkenones amounts. The relative concentrations ¢f {8 C,, sterols are similar

to each other, but with a slight predominance gf c@mpounds,

Long-chain alkenones (C;,—C,,) are common in moderate to high which varies among the samples (Fig. 9). This may be related to
abundances in the least polar heterocompound fractions (Fig. 7). slight variations in the supply of terrigenous organic matter, even
These compounds are derived from marine prymnesiophyte species though most haptophyte algae also contain 24-ethylcholest-8-en-3
(Volkman et al., 1980). They are not restricted to sapropels younger ol, a sterol commonly assigned to a terrigenous higher plant source
than 268 ka, the age of the first occurrence of Emiliania huxleyi (Volkman, 1986). Similar sterol concentrations and distribution pat-
(Thiersteinet a., 1977), or even younger than 70 ka, the beginning of terns with a predominance of,Jccompounds were also found in
the E. huxleyi acme zone (Gartner, 1977), respectively. They have ap- modern sediments from the Peru upwelling region (Volkman et al.,
parently also been biosynthesized by their phylogenetic ancestors 1987). In that study it was concluded that an unreflected interpreta-
and related Gephyrocapsaceae species (Marlowe et a., 1990). The tion of steroid carbon number distribution using the Huang-Mein-
concentrations of total C;,—Csyy alkenones vary between 125 pg/g schein diagram in Figure 9 would lead to an overestimate of land-de-
TOC and 1876 ug/g TOC with no correlation to sediment sub-bottomved organic matter. Furthermore, a major portion of the sterols, and
depth or TOC content, but generally illustrate the strong marine inamong them particularly those of marine sources, in the youngest

fluence on the organic matter in the sapropels. sapropel is known to be bound as esters or sulfates due to the low
progress in diagenesis (ten Haven, 1986). Thus, the distribution pat-
Sterols tern in Figure 8 and the carbon number distributions in Figure 9 may

not represent the total steroids present because bound components
In Figure 8, the gas chromatogram shows the elution range of sterere not liberated prior to extraction in this study. But there is no cor-
rols for Sample 160-964D-5H-4, 13739 cm. Compound identifica- relation between the sterol carbon number distribution (or relative
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proportion of C,q sterols; Fig. 9) with either organic carbon content
or depth/age, that is, the type of sterols present does not depend on
the preservation conditions but may rather reflect variations (mainly)
of the phytoplanktonic community at a given time of sapropel depo-
sition. On the other hand, the total free sterol concentrations correlate
well (R = 0.87) with the total organic carbon contents (Fig. 10). This
again may indicate enhanced preservation of labile organic matter in
the particularly TOC-rich sapropels.

Long-Chain Alkan-1,n-diols and Alkan-1-ol-n-ones

Cso, Cy, and Cg, dlkan-1,15-diols and alkan-15-on-1-olswere ini-
tially reported to occur in immature Black Sea sediments (de Leeuw
et a., 1981). Since then, these compounds and homologs with differ-
ent chain lengths and positions of the midchain functionality have
been found in various marine and lacustrine sediments (e.g., Morris
and Brassell, 1988). n-Alkan-1,n-diols are now thought to be derived
from eustigmatophyte algae (Volkman et a., 1992). Note that in our
liquid chromatographic separation scheme, the alkandiolselutein the
fatty acid fraction and the corresponding ketoolsin the sterol fraction,
respectively.

In all investigated samples, the most abundant alkandiol (Fig. 8),
and most abundant single compound in general with only one excep-
tion, isthe Cy;-1,15-diol (with coeluting isomers representing differ-

160-964D-10H-3, 68-70 cm (cf. Table 2).

ent positions of the midchain hydroxyl group). C- to C;,-diols with
different positional isomers for the midchain functionality are also
common and have a strong predominance of even-chain-length ho-
mologs. In Sample 160-964D-6H-3, 113-115 cm, acompound tenta-
tively identified as C,s-1,14-diol is dominant and is accompanied by
an admixture of the 1,12-isomer. The corresponding alkan-1-ol-n-
ones are present in concentrations lower by a factor of 2to 5in all
samples. Altogether, these compounds provide a strong marine mo-
lecular signal for the sapropels.

n-Fatty Acids

Saturated n-fatty acid distributions in the sapropelsranged in car-
bon number from 14 to 30 and contained a strong predominance of
even-carbon-number homologs. The distributions were bimodal in
al samples. One of the maximaoccurs at C,5 and the other onein the
range of the terrigenous long-chain fatty acids (Kolattukudy, 1976).
Most samples are dominated by thelong-chain homologs, but adirect
correlation between compound distribution pattern and depth or TOC
content is not evident.

Mono- and diunsaturated fatty acids were detected in the range
from C,, to Cyg with a maximum at C,g and with a strong predomi-
nance of even-carbon-number homologs. The concentrations of the
positional isomers of monounsaturated octadecenoic acids are only
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Figure 7. Gas chromatograms of two “ketone fractions”
as discussed in the text. Note the differences in abun-
dance of-alcohols and long-chain alkenones. Chain

lengths ofn-alcohols are indicated by numbers,
monounsaturated-alcohols by diamonds.& Csg,
and Gg are long-chain alkenones, §ISTD

(androstan-17-one),$ InjSTD (behenic acid methyl

ester), * = contaminant and,{h-alcohol (trace).

Figure 8. Gas chromatogram of the elution range of ste-
rols extracted from Sample 160-964D-5H-4, 137-139
cm (see Table 3 for compound identification).
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Table 3. Serolsand alkan-1-ol-n-onesin the sterol fractions (cf. Fig. 8).

Structure
Symbol Compound (see Appendix)
a 24-nor-cholesta-5,22(E)-dien-3p-ol bl
b 24-nor -50-cholest-22(E)-en-33-ol al
[ 27-nor-24-methylchol esta-5,22(E)-dien-3p-ol b4
d 27-nor -24-methyl-5a-cholest-22(E)-en-3p3-ol a4
e cholesta-5,22(E)-dien-3p3-ol b2
f 5a-chol est-22(E)-en-3p-ol a2
g cholest-5-en-3(3-ol b3
h 5a-cholestan-33-ol a3
i 27-nor-24-methyl-5a-chol estan-33-ol ab
j 24-methylcholesta-5,22(E)-dien-3p-ol b7
k 24-methyl-5a-chol est-22(E)-en-3f3-ol a7
| 5a-cholest-7-en-3p3-ol c3
m C,g-steradienol —
n 24-methylcholest-5-enf3ol b6
o] 24-methylcholesta-5,24(28)-diei-81 b8
p 24-methyl-®-cholestan-B-ol a6
q 23,24-dimethylcholesta-5,22(E)-dief3-8l b13
r 24-ethylcholesta-5,22(E)-dierl b10
s 23,24-dimethyl-&-cholest-22(E)-en{3-ol al3
t 24-ethyl-51-cholest-22(E)-en{3-0l alo
u 4a,24-dimethyl-®-cholest-22(E)-en{3-ol d7
v 23,24-dimethylcholest-5-en8ol b12
w 24-ethylcholest-5-en{Bol b9
X + 23,24-dimethyl-&-cholestan-B-ol (tr) al2
y 24-ethyl-51-cholestan-B-ol a9
z + 24-ethylcholesta-5,24(28)-dief3-3! b1l
A 40,23,24-trimethyl-8-cholest-22-en{3-ol di3
B Cyp-cholest-22-en3-ol —
C Cyo-cholest-?en{3-ol —
D 4a,23,24-trimethyl-8-cholest-7-en-B-ol els
E Cy-cholest-?-en3-ol —
F Cy-cholest-5-en-B-ol —
G Cyo-stanol —
H Cyg-stanol —
| Cyy-keto-1-ol —
J C;;-keto-1-ol —
K Ca,1-keto-1-ol —
L Ca,-keto-1-ol —
M Csyy-keto-1-ol (isomer of L) —

C28

Figure 9. Triangular diagram of carbon number distributions of steroid alco-
hols in sapropels from Hole 964D analyzed in this study.

dlightly lower than that of the saturated compound, while the mo-
nounsaturated hexadecenoic acids make up only 5%-10% of the con-
centration of the corresponding saturated fatty acid. Monounsaturat-
ed short-chain fatty acids are well known in many marine organisms.
In microalgae the C,g, w9-fatty acid (oleic acid) is in many cases
more abundant than the saturated homolog, whereas thisratio is well
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Figure 10. Linear regression of total sterol concentrations and organic carbon
contents for sapropels from Hole 964D.

balanced between the C,¢ and the C,4., w7-fatty acids (Cobelas and
Lechado, 1989). The C,q.; w7 compound isamajor fatty acid in dia
toms (Smith et al., 1983; Volkman et al., 1989). Thisfinding supports
again the low contribution of siliceous organismsto the organic mat-
ter and contradicts specul ations of adiatom origin of the novel Cys bi-
cyclic hydrocarbons.

Alkenone-Based Sea-Surface Temperatures and Average Chain
Lengths of n-Alkanes as Climatic I ndicators

In Figure 11 the TOC values of 24 sapropels are plotted against
the alkenone-derived paleo-sea-surface temperatures of the same
samples. With one exception (160-964D-5H-4, 137-139 cm), the
TOC contents of Pleistocene sapropels are in the range between 2%
and 6% and thus distinctly lower than those of Pliocene sapropels
(7%—-20%). While the former were deposited under sea-surface tem-
perature (SST) conditions with a relatively large fluctuation of 8°C
between 14°C and 22°C, the Pliocene sapropels formed under more
uniform and higher SSTs between 22°C and 25°C; the transition from
the Pliocene to the Pleistocene reflects the global cooling at that time.
Formation of (extremely) TOC-rich sapropels during times of elevat-
ed SSTs can be seen either as an effect of more sluggish circulation
during the warmer Pliocene times or as a consequence of more stable
stratification of the water column as a result of an enhanced freshwa-
ter inflow due to a higher humidity on the surrounding continents
than during later times of sapropel formation in the Pleistocene. Al-
though SSTs are not entirely uniform in a single sapropel (Table 1;
Emeis et al., Chap. 26, this volume), the measurements appear to be
largely representative of a given sapropel. This is supported by the
factthattheUY, valuedd, =[37:3)/([37:3] +[37:2]) =0.037 - SST
— 0.07; Table 1; Prahl and Wakeham, 1987), determined using the
chromatographically separated keto fractions for the Hole 964D sam-
ples and total extracts for the Hole 964A samples during the Leg 160
cruise (Shipboard Scientific Party, 1996b), respectively, are in agree-
ment with each other.

The lowest SST was determined for thes8propel, which is
known to have been deposited in a cool climate. In contrast to this,
deposition of the youngest saprope]) (Started between 8.8 ka in
shallow water depth and 8.2 ka in a water depth corresponding to that
of the Site 964 location on the Pisano Plateau (Strohle and Krom,
1997), and thus the SST data correspond to the warmer present-day
(Holocene) conditions. In fact, the SST data determined based on the
alkenones in the,;S$apropel (Table 1) match the present-day spring
(April) SSTs in the Site 964 area (Anonymous, 19Z&ewise, the
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climate was warmer at the time of Sy deposition (=242 ka) than at the The ACL,,_3, values of the investigated sapropels from the Pisano
time of S; deposition (=220 ka; e.g., Rossignol-Strick, 1985), and this Plateau are lower (29.4R9.75) than for the West African coast and
is matched by a difference of 3°C in alkenone-based SST data in Tidicate lower growth temperatures for the higher land plants. The
ble 1. corresponding AC)_s; (Hinrichs, 1997) values correlate with other

The carbon number distributions of terrestrial long-chaal- organic geochemical data of the Mediterranean sapropels in the fol-
kanes depend on the type of vegetation and, thus, on the terrestrial déiwing way (Fig. 12): (1) alkenone-derived SST values increase with
matic conditions (Simoneit et al., 1977). A shift to higher chain-increasing ACL values (R = 0.73) and (2) extremely TOC-rich
lengths can reflect (1) higher continental temperatures of the bordesapropels were deposited at times when ACL values were high (R =
lands in general (Simoneit et al., 1977) or (2) an origin of the organi@.71). The relationship between ACL and continental floral assem-
matter from vegetation zones with higher temperatures (Gagosian lsfage is supported by the lowest measured value ofstkefBopel,
al., 1981, 1987). For the Mediterranean Sea the origin of the land-ddeposited under a cold and dry land climate (e.g., Rossignol-Strick,
rived organic matter may be sensitive to the strength of the wind sy4985). These data suggest higher temperatures and more humid con-
tems, especially of the monsoonal southwesterlies, and the precipitditions during the deposition of middle—late Pliocene sapropels and
tion rate and area, respectively. As a proxy for the varying chainan partly explain higher TOC contents as the result of elevated
lengths ofn-alkanes, Poynter (1989) has introduced the AGLin- fresh-water inflow and thus, most probably, elevated nutrient supply
dex and demonstrated a correlation between the pollen record aadd enhanced productivity.

ACL,,_5 values for the West African coast (ODP Holes 658A and
658B) during the last 24 k.y., indicating varying origins of terrestrial
material brought into the deep sea by eolian and fluviatile transport. CONCLUSIONS
In Poynter’s (1989) study, the values range between 29.65 and 30.05.
Sapropels from ODP Site 964 at the Pisano Plateau (early
Pliocene to Holocene) were investigated for bulk elemental compo-
sition and the distributions of solvent-extractable lipids. The bulk el-
@® middle-late A early m middle-late emental data reflect the particular environmental conditions of

Pleistocene Pleistocene Pliocene sapropel formation in the Mediterranean Sea with enrichments of or-
ganic matter and sulfur otherwise only found in black shales of the
Mesozoic oceans. TOC:S ratios indicate anoxic bottom water condi-
tions.

The extractable lipids make up only a minor part of the total or-
ganic matter present, and their composition indicates a low level of
diagenetic alteration. The molecular compositions of the sapropel ex-
tracts (with the exception of the fatty acids) are largely similar in all
investigated samples, despite the large variation of TOC concentra-
tions. They are dominated by marine-derived compoumakén-
1,n-diols, n-alkan-1-ol-n-ones, sterols, and long-chain alkenones)
with varying subordinate admixtures of terrigenous organic matter
(long-chainn-alkanes n-alkanols, and fatty acids) and less signifi-
cant contributions from microbial sources. Lipid compositions are in
general similar to those in sediments from modern upwelling areas
(Farrimond et al., 1990; Poynter et al., 1989); a slightly enhanced

12 14 16 18 20 22 24 26 proportion of land-derived organic matter may relate to a delicate bal-
Alkenone sea surface temperature [°C] ance between climatic changes, terrigenous supply, and sapropel for-
mation. The correlation between SSTs and average chain length of
Figure 11. Organic carbon content vs. alkenone sea-surface temperatures for alkanes and the relationship between TOC contents and average
sapropels from Hole 964D. Biostratigraphic age (after Shipboard Scientific chain length of-alkanes support land-climate-controlled conditions
Party, 1996b) isindicated by different symbols. for sapropel formation.
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APPENDIX

Structuresof sterols
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