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Abstract—The incorporation of reduced inorganic sulfur into organic matter is a significant mechanism for
the preservation of functionalized organic compounds in the sedimentary environment, but the timing of this
process is not currently known. Analysis of organic matter in the Holocene and latest Pleistocene sediments
of the Cariaco Basin indicates conversion of a triunsaturated tricyclic triterpenoid, (17E)-13b(H)-malabarica-
14(27),17,21-triene, identified by isolation and subsequent one- and two-dimensional1H and 13C NMR
spectroscopy, to a monounsaturated triterpenoid thiane through incorporation of reduced inorganic sulfur
species into the isoprenoid side chain within the upper 6 m of sediments. Time control provided by AMS14C
dates was used in conjunction with measured relative abundances of the two compounds to calculate the
reaction rate for the sulfurization of this triterpenoid, and empirically determine the first order rate constant
(2 3 1024 yr21) for the reaction. This is the first time that such a precursor-product relationship has been
positively identified for a sulfurization reaction in sediments.Copyright © 2000 Elsevier Science Ltd

1. INTRODUCTION

Sulfurization (i.e., the incorporation of reduced inorganic
sulfur species into sedimentary organic matter) is an important
mechanism for the preservation of functionalized organic com-
pounds during early diagenesis (for a review, see Sinninghe
Damstéand de Leeuw, 1990). Compounds such as alkanes do
not undergo sulfurization, but others, such as alkenes, may
become intermolecularly bound by sulfurization during early
diagenesis, making them unavailable for analysis by most con-
ventional methods. Thus, any paleoenvironmental reconstruc-
tion based on extractable organic matter is likely to be biased if
sulfur-bound compounds are not analyzed (Kohnen et al.,
1991a). Numerous studies have investigated possible mecha-
nisms for sulfurization during early diagenesis, and provided
likely hypotheses. Most advocates of early diagenetic sulfu-
rization have cited two primary pieces of evidence in support of
their ideas: laboratory reactions involving intra- and intermo-
lecular incorporation of various reduced sulfur species (e.g.,
HS2, polysulfides) into functionalized lipids (e.g., Schouten et
al., 1993a, 1994; de Graaf et al., 1992; Adam et al., 1998); and
the combination of rapid disappearance of certain compounds
believed to be prone to sulfurization along with the rapid
appearance of organic sulfur compounds (OSC’s) in the upper
;100 cm of sediment (Eglinton et al., 1994; Putschew et al.,

1995; 1996; Wakeham et al., 1995; Hartgers et al., 1997).
However, an actual precursor-product relationship has not been
identified in sediments.

Two primary classes of reactions for sulfur incorporation
have been cited, the intramolecular incorporation of sulfur,
which leads to low-molecular-weight cyclic sulfur compounds
such as thianes, thiolanes, and thiophenes, and intermolecular
sulfur incorporation which binds organic compounds into mac-
romolecular material through (poly)sulfide linkages (e.g., Sin-
ninghe Damste´ et al., 1988; 1989; Kohnen et al., 1991b; Adam
et al., 1993). In order for these reactions to occur, certain
conditions of the sedimentary environment must be met. First,
there must be an available supply of reactive organic matter, a
minimum of secondary reworking of sediments by burrowing
heterotrophs so the sediments can remain anoxic, and a mini-
mum of microbial degradation of organic matter. Second, an
available supply of inorganic sulfides must be present, which
implies anoxic conditions and the occurrence of microbial
sulfate reduction. Finally, there must be a small enough supply
of reactive iron so that the sulfide is not trapped as iron sulfides
(Canfield, 1989) which are believed to form more readily than
OSC’s (Gransch and Posthuma, 1974; Hartgers et al., 1997),
but remains available for sulfurization of organic matter. If
there is a large supply of reactive iron available, the degree of
microbial sulfate reduction required to provide sufficient sul-
fide to promote sulfurization of organic matter will decompose
the sedimentary organic matter to the point that reactions are
unlikely.

Sediments from the Cariaco Basin, Venezuela provide an
ideal location to study early diagenetic sulfurization. The sed-
iments and bottom waters below;300 m have been anoxic for
the past 12.6 ka (Richards, 1975), providing a constant geo-
chemical environment in which reactions between sulfur and
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organic matter could take place, as well as preventing rework-
ing by burrowing heterotrophs. Currently, there is free sulfide
in the water column below about 300 m (Fry et al., 1991;
Wakeham, 1990) and porewater sulfide reaches concentrations
of more than 5 mM (Werne et al., 1999). Porewater sulfate
concentration decreases systematically to less than 15% of
seawater sulfate concentrations from the surface sediments to
the base of the interval studied (Lyons et al., 1997) suggesting
that microbial sulfate reduction is proceeding at a steady rate,
and is not concentrated in a single depth interval. The system is
limited by reactive available iron (Lyons et al., 1998), making
the sulfurization of organic matter a likely process. In fact, as
much as 35% of the reduced sulfur in the Cariaco Basin
sediments is organic sulfur (Werne et al., 1999). High primary
productivity in the surface waters has provided a large supply
of functionalized organic matter that is available for sulfuriza-
tion, some of which remains at depths of more than 6 m,
suggesting that microbial degradation of organic matter is not a
dominant process in the sediments (Werne et al., 2000). Here
we report the identification of a precursor-product relationship
for early diagenetic sulfurization of organic matter in the sed-
iments of the Cariaco Basin.

2. EXPERIMENT

2.1. Site Description and Sampling

The Cariaco Basin is a pull-apart basin located on the continental
shelf just north of Venezuela. It is made up of two sub-basins, with a
maximum depth of about 1400 m, separated by a saddle at 800 m.
Samples were taken from ODP Site 165, Core 1002B on the western
side of the saddle, at about 900 m water depth (Shipboard Scientific
Party, 1997). Sixteen samples were taken from the 6 m core, spanning
the last;12 ka (Table 1). Age control for this study was provided by
a suite of AMS14C dates on individual planktonic foraminifera from
core PL07-39PC (Lin et al., 1997), and correlated to 1002B using
magnetic susceptibility (Werne et al., 2000).

2.2. Extraction and Fractionation

Sediments were frozen on board ship, stored for several months, then
dried at 50°C. Samples of approximately 10 g were homogenized, and

ultrasonically extracted with MeOH (1x), MeOH:CH2Cl2 (3:1, 1x;
1:1, 5x; 1:3, 1x), and CH2Cl2 (2x). A suite of maltene standards was
added to the combined lipid extracts, which were then fractionated on
an alumina column (23 25 cm, alumina activated for 2 h at150°C) by
elution with 150 ml hexane:CH2Cl2 (9:1 v/v) to obtain the apolar
fraction, CH2Cl2:MeOH (1:1) to obtain the polar fraction, and methanol
to obtain any remaining polar organic matter. Selected apolar fractions
were further fractionated using a small alumina column (6 mm3 7
cm), with hexane and hexane:CH2Cl2 (9:1) as eluents. Extracts and
fractions were weighed to determine extract yield.

2.3. Desulfurization and Hydrogenation

Aliquots of the polar fractions and selected subfractions of apolar
fractions were desulfurized using Raney–Nickel (Sinninghe Damste´ et
al., 1988). An internal thiophene standard was added, and samples were
refluxed with Raney Ni in ethanol for 2 h. Desulfurization products
were extracted with CH2Cl2, washed with saturated NaCl solution, and
fractionated on a pipette column with hexane:CH2Cl2 (9:1) and
CH2Cl2:methanol (1:1). Selected apolar fractions were desulfurized
using deuterated nickel boride to identify positions of sulfur incorpo-
ration (Schouten et al., 1993b). In order to hydrogenate desulfurized
polar fractions and selected apolar fractions, samples were dissolved in
ethyl acetate with 1 drop of acetic acid and PtO2 as catalyst. The
mixture was flushed with H2 for 1 h, and stirred at room temperature in
a sealed tube for 24 h. Hydrogenated fractions were cleaned over a
pipette column with Na2CO3 to remove acetic acid and Na2SO4 to
remove water formed as a result of the reaction between Na2CO3 and
acetic acid.

2.4. Isolation of 17(E),13b(H)-malabarica-14(27),17,21-triene

A freeze-dried sediment sample (ca. 18 g) from the Cariaco Basin
was extracted by stirring at room temperature under argon using
acetone (200 ml, 15 min) and a mixture of CH2Cl2/MeOH 3:1 (33 200
ml, 20 min). The solvent extracts were recovered by centrifugation,
combined, and the solvent removed under reduced pressure, yielding
ca. 185 mg of total organic extract (TOE). After prefractionation of the
TOE by silica gel liquid chromatography, the apolar fraction, recovered
by elution with a 1:9 mixture of CH2Cl2/hexane, was separated by thin
layer chromatography (TLC; silica gel, hexane as developer). Mala-
baricatriene, which is the predominant compound of the apolar fraction,
was recovered after visualization by spraying rhodamine on the TLC
plate (Rf 0.8). Further GC analysis of the latter fraction (ca. 300 mg)
showed that malabaricatriene was obtained with a purity. 90%.

Table 1. Sediments analysed: Description and concentrations of relevant components.

Samplea
Depth range

(cm)
Ageb

(14C kyr)
TOC
(%)

Extract yield
(mg/g OC)

[I ]
(mg/g OC)

[V]
(mg/g OC)

S-boundIV
(mg/g OC)

B1 10–15 10–15 0.18 6.1 ND 233 0 0.6
B1 55–60 55–60 1.3 5.4 242 ND ND 3.5
B1 95–100 95–100 2.3 4.8 ND ND ND 1.9
B1 125–130 125–130 2.9 4.6 87 134 49 ND
B2 5–10 155–160 3.6 4.2 317 21 6.9 2.1
B2 35–40 185–190 4.4 4.7 ND ND ND 5.1
B2 80–85 230–235 5.4 4.3 275 7.2 7.2 1.9
B2 140–145 290–295 7.1 4.1 ND 9.2 31 2.4
B3 0–5 300–305 7.3 5.2 264 ND ND 1.2
B3 60–65 360–365 8.9 5.7 175 5.4 40 3.7
B3 100–105 400–405 9.6 5.1 303 ND ND 1.4
B3 140–145 440–445 9.9 2.9 ND 6.5 50 ND
B4 40–50 490–495 10.5 2.7 546 3.0 7.7 28
B4 80–85 530–535 11.0 3.2 250 8.7 79 ND
B4 120–125 570–575 11.4 3.7 385 15 97 ND
B4 140–145 590–595 11.9 5.5 150 11 43 5.3

a Sampling code defines section of core 1002B (each section, i.e., B1, is 150 cm long. Numbers refer to centimeters below the top of the core section.
b 14C age determined for core PL07-39PC (Lin et al., 1997), and correlated to 1002B using magnetic susceptibility (Werne et al., 2000).
ND 5 Not determined.
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2.5. Instrumental Analysis

Gas chromatography (GC) was performed on a Hewlett-Packard
5890 with on-column injector and flame ionization (FID) and sulfur-
specific flame photometric detectors (FPD), fitted with a CP Sil-5 fused
silica capillary column (25 m3 0.32 mm, film thickness 0.25 m).
Samples were injected at 70°C, with the oven temperature programmed
to increase at 10°C/min to 130°C, then at 4°C/min to 310°C, maintain-
ing the final temperature for 20 min. Helium was used as carrier gas.

Gas chromatography–mass spectrometry (GC–MS) was carried out
on a HP 5890 GC interfaced with a VG Autospec-UltimaQ Mass
spectrometer. Operating conditions were: mass range 50–800, cycle
time 1.8 s, 70 eV ionizing energy. A CP Sil-5 fused silica capillary
column (25 m3 0.32 mm, film thickness 0.25mm) was used, with
helium as carrier gas. Temperature programming was the same as for
GC analysis.

Nuclear magnetic resonance (NMR) experiments were performed on
a Bruker ARX-500 spectrometer operating at observation frequencies
of 500 MHz (1H) and 125 MHz (13C), respectively, and data were
determined at 297 K. The sample was solved in CDCl3 in a concen-
tration of approximately 2.8 mM, and chemical shifts are reported in
ppm relative to tetramethylsilane with the solvent as internal standard
(d1H 7.27 ppm;d13C 77.16 ppm). For the unambiguous determination
of the stereochemistry additional NMR analyses were carried out in
benzene (d1H 7.16 ppm;d13C 128.31 ppm).

3. RESULTS AND DISCUSSION

3.1. Triunsaturated Tricyclic Triterpenoid

The most abundant component (I ; see Appendix for struc-
tures) in apolar fractions from the extracts of near surface
sediments (Fig. 1a) has a mass spectrum characterized by a
molecular ion atm/z 410, base peak atm/z 69, and major
fragment ions atm/z191 and 231 (Fig. 2a). This compound is
the same component as the one previously recognized in water
column filtrates from the Cariaco Basin by Wakeham (1990),
where it was labeled as an unidentified triterpene. The mass
spectrum ofI is very close to that of 17(E)-13a(H)-malabarica-
14(27),17,21-triene (II ), a compound recently identified in re-
cent sediments from a meromictic lake (Lake Cadagno, Swit-
zerland) (Behrens et al., 1999). Co-injection ofII with the
apolar fraction of the extract of the surface sediment indicated
no co-elution with the most abundant peak, but revealed minor
quantities of II in Cariaco Basin sediments. Upon catalytic
hydrogenation of the apolar fraction, a cluster of four isomers
(two major and two minor components) is formed (Fig. 1b),
which show similar mass spectra characterized by a molecular
ion atm/z416, base peak atm/z191, and a major fragment ion
atm/z401 (Fig. 2b). The two minor components were identified
as 14R and 14S 13a(H)-malabaricane (III ), by co-elution with
the malabaricanes formed by hydrogenation of 17(E)-13a(H)-
malabarica-14(27),17,21-triene (II ) isolated from lake Cad-
agno. The identical mass spectra but different relative retention
times of the two major components formed upon hydrogenation
suggested that these were stereo isomers ofIII .

Finally, the triterpenoid trieneI was isolated in order to
unambiguously determine its structure by 1D and 2D homo-
nuclear (COSY, NOESY) and heteronuclear (HSQC and
HMBC) NMR studies (Table 2; Fig. 3a). Results of these
analyses unambiguously indicated the structure of the triterpe-
noid trieneI as 17(E)-13b(H)-malabarica-14(27),17,21-triene
(Fig. 3a,b; see caption for details of NMR analyses). It should
be noted that the intensity of the fragments from the mass
spectrum reported for 13b(H)-malabarica-14(27),17,21-triene

Fig. 1. (a) Total ion chromatogram (TIC) of apolar fraction of sample
B1 10–15, 10 cm depth,;0.3 ka. Major peak is the (17E)-13b(H)-
malabarica-14(27),17,21-triene (I ). (b) TIC of fully hydrogenated apo-
lar fraction of sample B1 10–15. Four isomers of tricyclic triterpane are
recognized. (c) TIC of apolar fraction of sample B2 5–10, 185 cm
depth,;4 ka. MalabaricatrieneI and thianeV are roughly equivalent
in abundance. (d) TIC of apolar fraction of sample B4 140–145, 590
cm depth,;12 ka. Major peak is the triterpenoid thianeV. IS 5
internal standard.
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Fig. 2. Mass spectra of (a) (17E)-13b(H)-malabarica-14(27),17,21-triene (I ) from apolar fraction of sample B1 10–15,
(b) 13b(H)-malabaricane (major isomer), from hydrogenated apolar fraction of sample B1 10–15, (c) triterpenoid thianeV
from apolar fraction of sample B4 140–145.
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by Masuda et al. (1989) are quite different from those which
were recorded in our study (i.e.,m/z231 base peak in Masuda
et al., 1989), but this might be the result of differences in the
operating conditions used in mass spectrometry. Upon catalytic
hydrogenation, it is likely that 14S and 14R 13b(H)-malabari-
cane (IV ) are formed predominantly fromI (Fig. 1b).

The absolute and relative abundance ofI generally decreases
with depth in the sediment, andI is in fact almost completely
absent from samples deeper than about 4 m (Fig. 1d; Table 1).
The same compound is also abundant in anoxic surface sedi-
ments of the Arabian Sea (O2 , 0.05 mg/l; Sinninghe Damste´,
unpublished results). Concerning the origin ofI , this compound
has been reported to occur in the fernLemnaphyllum micro-
phyllum var. obovatum(Masuda et al., 1989) but since the
contribution of higher plant derivatives is minor in Cariaco
Basin sediments (Wakeham, 1990; Werne et al., 2000; this
study), ferns seem an unlikely biological source. Its presence in
the water column makes it unlikely that it is a diagenetic
product unless it is formed in the water column at the oxic/
anoxic interface, which would not affect the subsequent diage-
netic alterations occurring in the sediments.

3.2. Triterpenoid Thiane

In the extracts of the deepest sediments, the chromatogram of
the apolar fraction (Fig. 1d) is dominated by componentV with
an FPD response, indicating the presence of organic sulfur, but
mass spectral identification was complicated by co-elution with

another compound. Further separation by alumina column
chromatography with hexane and hexane:CH2Cl2 (9:1 v/v) as
eluents yielded fern-9(11)-ene in the more apolar fraction, and
the sulfur componentV in the more polar fraction. Upon Raney
nickel desulfurization and subsequent hydrogenation, this com-
pound yielded predominantly 14S and 14R 13b(H)-malabari-
cane (IV ), establishing that the sulfur compound and 17(E)-
13b(H)-malabarica-14(27),17,21-triene (I ) possess the same
carbon skeleton. Desulfurization with deuterated nickel boride
indicated that the positions of the C–S bonds were in the side
chain. The mass spectrum of the sulfur compound is charac-
terized by a molecular ion atm/z444 (indicating a molecular
formula of C30H52S), a base peak atm/z 69, and major frag-
ment ions atm/z 143, 231, and 191 (Fig. 2c). Them/z 143
fragment is mass deficient, indicating that it contains sulfur
(which is mass deficient), pointing to an elemental composition
of C8H15S. This must reflect a thiane or thiolane moiety in the
side chain of the malabaricane skeleton. Them/z143 fragment
in the mass spectrum ofV (Fig. 2c) indicates that the sulfur is
attached at C-18 and C-21 (thiolane) or C-22 (thiane) of the
malabaricane skeleton. Of these two possibilities, the thiane is
the more likely one, since for the thiolane a relatively strong
fragment ion at M-43 (loss of the isopropyl group) would be
expected and is not observed. The position of the remaining
double bond inV has not been established unequivocally but
the presence of the strongm/z231 in the mass spectrum ofV
suggests and the formation of both 14S and 14R 13b(H)-
malabaricane (IV ) upon desulfurization/hydrogenation sug-
gests that it is in the same position asI , i.e., a 14(27) double
bond.

Sulfur compoundV was not identified in the nearest surface
sample, but generally increased in absolute and relative abun-
dance rapidly with depth.

3.3. Precursor-Product Relationship

The identical carbon skeleton ofI andV suggests a precur-
sor-product relationship between the two compounds. Further-
more,V possesses two double bonds less thanI and contains an
additional sulfur atom, all consistent with the formation ofV by
sulfurization ofI . Although the structure of the thianeV is still
tentative, the presence of double bonds at C-17 and C-21 in the
precursorI would promote sulfur incorporation at the required
sites for formation ofV (cf. sulfurization of squalene, Schouten
et al., 1994). It is at present not clear why no low-molecular-
weight sulfur compounds are formed by incorporation of sulfur
at the 14(27)-double bond of the malabaricatrieneI . Perhaps,
the 14(27) double bond is more sterically protected than the
other two double bonds in the side chain since the side chain
“wraps around” it, and would therefore not be as likely to react.

We propose that the abundance of sulfide in the water
column and sediments of the Cariaco Basin (Wakeham, 1990;
Fry et al., 1991; Werne et al., 1999) and the low amounts of
available Fe (Lyons et al., 1997; 1998) allowed the intramo-
lecular incorporation of sulfur into the side chain of 17(E)-
13b(H)-malabarica-14(27),17,21-triene (I ), bonding at the sites
of unsaturation at the C-18 and C-22 positions (Fig. 4). The
gradual disappearance of the malabaricatriene and appearance
of a triterpenoid thiane with increasing depth in the sediment
further supports the hypothesis that this precursor-product re-

Table 2. 13C- and 1H-NMR assignments for 17(E-13b(H-mala-
barica-14(27),17,21-triene (125.8 and 500.1 MHz, CDCl2, 297 K).

C atom d13C ppm d1H ppm

1 40.34 1.43 (b) 0.83 (a)
2 19.18a 1.60 (b) 1.35 (a)
3 42.37 1.34 (b) 1.13 (a)
4 32.64
5 56.83 0.73
6 18.41a 1.50 (a) 1.36 (b)
7 36.58 1.50 (b) 1.06 (a)
8 45.35
9 55.38 1.37

10 36.44
11 20.63b 1.56 1.38
12 27.67b 1.93–2.02
13 56.42 2.11
14 156.90
15 39.20 2.03 1.85
16 26.82c 2.10–2.20 1.97–2.07
17 124.19 5.08–5.15
18 134.85
19 39.66 1.9–2.0
20 26.68c 2.00–2.10
21 124.19 5.08–5.15
22 131.16
23 33.41 0.82
24 21.36 0.80
25 15.52 0.84
26 24.76 0.97
27 108.62 4.87b 4.59a

28 15.99 1.60
29 17.66 1.60
30 25.68 1.68

a,b,cInterchangeable values.
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Fig. 3. (a)1H NMR spectrum of (17E)-13b(H)-malabarica-14(27),17,21-triene in CDCl3 at 297 K (Bruker ARX-500).
Given the presence of seven methyl, five methine, and twelve methylene groups inferred from the DEPT analysis, the
hydrocarbon skeleton could be established by means of the long-range and short-range (HMBC and HSQC), as well as the
COSY experiment and the triterpenoidI was identified as malabarica-14(27),17,21-triene. The overall spectra (1H and13C)
are very close to the spectra determined for the same compound isolated from the fernLemnaphyllum microphyllumvar.
obovatum(Masuda et al., 1989). However, the chemical shifts reported by these authors were obtained by 1D–NMR
analyses, and no additional NMR techniques (i.e., 2D–NMR experiments) were used to unambiguously determine the
attribution of the13C chemical shifts. This explains the interchanged values of13C between carbon 7 and 15 and between
carbon 12 and 26 obtained in our study. (b) Main nuclear Overhauser effects observed for (17E)-13b(H)-malabarica-
14(27),17,21-triene. From the presence of nuclear Overhauser effects between H-2b/24-CH3, H-2b/25-CH3, H-5/H-7a,
H-7b/26-CH3, 25-CH3/26-CH3, and 26-CH3/H-13, a 5a and 13b stereochemistry could be inferred. Regarding the
configuration at C-9, the superposition of several resonances prevented the assignment of a 9b or 9a stereochemistry to be
clearly determined. However, additional NMR analyses performed in benzene allowed observation of a NOE effect between
H-5 and H-9, indicating a 9a(H) configuration. Considering the double bond in position 17, the presence of a correlation
between H-16 and 28-CH3 indicates a configurationE, and the structure of (17E)-13b(H)-malabarica-14(27),17,21-triene
could finally be established.
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lationship represents the incorporation of reduced inorganic
sulfur into functionalized lipids. Plots of absolute abundance
changes suggest that there is a decrease inI and an increase in
V over the upper three meters of sediment, but below that the
absolute trends are not as straightforward. This lack of a sys-
tematic trend in the lower 3 m of sediment is due to a signif-
icant (.3x) change in bulk sedimentation rate through this
interval, which significantly alters concentration trends by di-
lutional artifacts (Shipboard Scientific Party, 1997). Thus, ab-
solute concentrations are not a clear indicator of degradation at
the corresponding depth in the sediments (Werne et al., 2000).
Therefore, a plot of the ratio of the relative concentration of the
precursor malabaricatriene to the sum of the concentrations of
the precursor malabaricatriene and the product thiane ([I ]/[ I ] 1
[V], Fig. 5) was used to normalize for changes in accumulation
rate. This plot indicates that indeed, the appearance of the
thiane in deeper sediments was probably directly related to the
disappearance of the malabaricatriene. Although we cannot at
this time prove unequivocally that no other mechanism is
removing I , we cannot envision any mechanisms that seem
more plausible. If bacterial sulfate reduction was a significant
process degrading malabaricatriene (I ), then you would expect
removal of I from the sediments to continue with depth as
sulfate continues to be removed systematically. However, there
is still a small fraction of the precursor malabaricatriene re-
maining at the base of the sedimentary sequence studied, and
the relative proportion ofI to the product thiane (V) does not

change despite the continued removal of porewater sulfate,
thus, neither bacterial processes nor other reactions appear to be
removing or altering significant amounts of this compound (I )
below the depth of the inorganic sulfurization (;300 m).

Other studies have identified precursor-product relationships
for other reactions in the sedimentary environment (e.g.,
Repeta, 1989), however, this is the first time that a direct
precursor-product relationship for a sulfurization reaction has
been positively identified in the sedimentary environment.
Other studies have been based solely on either the disappear-
ance of a precursor compound or the appearance of a product
compound, but not on a direct precursor-product relationship
such as that documented here.

3.4. A Multistep Diagenetic Process?

Treatment of polar fractions with Raney Ni to release mac-
romolecularly S-bound carbon skeletons also yielded 14S and
14R 13b(H-malabaricane (IV ) (as were present in the apolar
fractions after hydrogenation). However, the amounts were
relatively low, never representing more than about 15% of the
total amount of the three compounds investigated [precursor
malabaricatriene (I ), product thiane (V), or polar fraction-
bound malabaricanes; sum calculated based on data in Table 1].
In fact, the 15% seems a maximum value since side reactions,
such as defunctionalization of alcohols (Prahl et al., 1996;
Hartgers et al., 1996), may also contribute to the generation of

Fig. 4. Reaction scheme for incorporation of inorganic sulfur species into (17E)-13b(H)-malabarica-14(27),17,21-triene
(I ). The most likely pathway is intramolecular sulfurization at theD17 andD21 double bonds, followed by intermolecular
sulfurization at the 14(27) double bond.
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malabaricanes upon desulfurization, although we cannot dis-
count the possibility that malabaricanes also occur sulfur bound
in the kerogen fraction. Generally, Raney Ni desulfurization of
polar fractions produces good yields, i.e., when the experiment
is repeated on the residue, no further product is obtained. The
presence of malabaricanes in the desulfurized polar fraction
implies either that there is more than one mechanism for
incorporation of sulfur intoI operating simultaneously, or that
there is a shift from the primary mechanism of sulfur incorpo-
ration to a secondary mechanism after the reaction has pro-
ceeded to a sufficient extent. Either process could cause the
resultant sulfur compound to remain in the polar fraction during
fractionation. A likely mechanism that could occur either si-
multaneously or in sequence with the intramolecular sulfuriza-
tion is intermolecular sulfur incorporation (cf. Sinninghe
Damstéet al., 1989), either directly withI , or with the 14(27)
double bond inV (Fig. 4). Such intermolecular C–S bonds
would create more polar, higher molecular weight compounds,
which would remain in the polar fraction during separation, but
would be released upon Raney Ni desulfurization. Considering
the relatively low amount of the malabaricane skeleton in the
polar fraction, it seems that theD17 and D21 double bonds
reacting are apparently reacting predominantly intramolecu-
larly, creating thianeV and that the remaining solitary double
bond at 14(27) apparently reacts slowly to form intermolecular
sulfide linkages, creating a sulfur-bound malabaricane skeleton.

3.5. Kinetics of the Sulfurization Reaction

The clear relationship between the precursor triterpenoid and
the product thiane compound, in conjunction with the excellent
time control provided by14C dates throughout this stratigraphic
sequence (Lin et al., 1997; Table 1) makes this an ideal envi-
ronment in which to attempt to empirically determine the
kinetics of the incorporation of sulfur into organic matter

during early diagenesis. Because there is an excess of sulfide in
the sediments of the Cariaco Basin (Wakeham, 1990; Fry et al.,
1991), due in part to a paucity of reactive Fe species (Lyons et
al., 1998), it is likely that the reaction is limited only by the
concentration of the organic molecules involved in the reaction,
i.e., the malabaricatriene precursor. If this assumption is true,
and the precursor triterpenoid (I ) is only removed through the
sulfurization reaction, then the simple first-order (one-G) model
of Berner (1974; 1980) should be appropriate for determining
the rate constant for the reaction. If we assume a simplified
reaction such as

@I # 1 @HS2# 2 k1
2 . @V #, (1)

where [I ] is the concentration of our precursor and [V] is the
concentration of our product, we can assume that [HS2] is
constant, because there is an excess of available sulfides. Bern-
er’s (1980) first order rate kinetics model is

dG/dt 5 2k1G, (2)

wheredG/dt is the change in concentration with time,G is the
initial concentration, andk1 is the first-order rate constant. If
we substitute our own simplified equation into Berner’s (1980)
equation and integrate, we obtain

ln@I # 5 2k1t 1 ln@I 0# 1 C, (3)

where [I0] is the initial concentration of the precursor com-
pound, andC is the constant associated with integration. De-
tailed mathematical explanations are available in Berner
(1980), but briefly, by rearranging, we see that

ln@I #@I 0# 5 2k1t 1 C. (4)

It is known that a first order rate constant can be determined
graphically with a plot of the natural log of concentration vs
time (e.g., Petrucci, 1982), however, it is known that primary
input to the organic matter in the Cariaco Basin sediments has
varied significantly over time, so rate calculations based on
absolute concentrations would be misleading. We can show
that the ratio of the precursor triterpenoid to the sum of the
precursor and the product thiane (I /I 1 V) is mathematically
equivalent to [I ] (assuming only the sulfurization reaction is
occurring) by the series of equations

@V # 5 @I 0# 2 @I # ~according to Eqn. 1!, (5)

@I #/~@I # 1 @V #! 5 @I #/@I 0#. (6)

Thus, by substituting from Eqn. 6 into Eqn. 4, we see that

ln$@I #/~@I # 1 @V #!% 5 2k1t 1 C (7)

From a plot of ln{[I ]/([ I ] 1 [V])} vs time (Fig. 6), we see that
the first order rate constant for this reaction is 23 1024 yr21,
with anR2 value of 0.89. These data show that, if our assump-
tions are correct and processes besides intramolecular sulfu-
rization are insignificant over the time/depth interval studied,
this early diagenetic intramolecular sulfurization reaction pro-
ceeds according to first order reaction kinetics. If we were to
attempt to model the multitude of reactions that actually take
place leading up to and away from this particular reaction, first
order kinetics may become too simplistic to accommodate the

Fig. 5. Plot of the ratio of the concentration ofI to the sum of the
concentrations ofI andV {[ I ]/([ I ] 1 [V])}. The transformation fromI
to V is shown in the steady decrease in the relative composition of the
precursor compound.
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many variables that enter into the reactions (e.g., Middelburg,
1989). However, for this particular reaction, the model seems to
explain the reaction quite well.

3.6. Implications for Early Diagenetic Sulfur
Incorporation

The results of this study have several implications for sul-
furization of organic matter during early diagenesis. It is evi-
dent from the appearance of the triterpenoid thianeV that the
reaction takes place in the sediments and not in the water
column. Therefore, in this case the reaction is not photochem-
ically induced (cf. Adam et al., 1998). It seems from this study
that if the double bonds are close enough to form a thiane ring
the intramolecular incorporation of sulfur occurs more readily
than the intermolecular S incorporation, since only,15%
occurs macromolecularly bound. It is also evident that a more
sterically hindered double bond, such as the 14(27) double
bond, reacts less readily than more accessible double bonds.

The assumption of first-order kinetics appears to be valid for
this specific sulfurization reaction, i.e., the rate of the reaction
is dependent only on the concentration of the precursor triter-
penoid. It should be recognized that the specific kinetics cal-
culated for this reaction apply only to this particular compound,
however, this does not imply that the kinetics calculated are
irrelevant to other sulfurization reactions. Although we report
here on the transformation of only one compound, there are
other OSC’s in the Cariaco Basin sediments, but we could not
identify quantifiable amounts of both precursor and product, so
could not calculate reaction kinetics due to the changes in bulk
sedimentation. The presence of highly branched isoprenoid
(HBI) thiophenes and thiolanes in shallower sediments of the
Cariaco Basin implies that HBI alkenes are more reactive than
the triunsaturated tricyclic triterpenoid analyzed in this study.
Wakeham et al. (1995) found that HBI alkenes did not react

until approximately 25–30 cm depth (;1.6 ka) in the Black Sea
sediments, and appear to have reacted extensively by about 3
ka. Such rapid reaction of HBI alkenes with sulfur is in agree-
ment with our results. Conversely, the presence of other al-
kenes, such as fern-9(11)-ene and hop-(17)21-ene, and the
absence of correlative OSC’s, indicates that these compounds
are probably less reactive towards reduced sulfur than either the
HBI alkenes or the triterpenoid alkene. If precursor-product
relationships could be identified for such compounds in other
environments, similar kinetics (i.e., first order) should be ap-
plicable, and rates for faster and slower reactions identified.

The identification of such rate constants for a variety of
sulfurization reactions would be useful for determining the
potential extent of sulfurization of organic matter in marine
environments, especially since laboratory experiments simulat-
ing such reactions have proven extremely difficult to carry out
under conditions found at the earth’s surface, and have there-
fore only been successful at increased temperatures (e.g.,
Berner, 1970; 1984, and references therein). Another potential
use of such rate determinations is the application of them to
sulfurization studies that include stable sulfur isotopic analyses.
By comparing the isotopic composition and relative abundance
of both organic and inorganic sulfur species, within the con-
straints of known reaction rates, it should be possible to delin-
eate specific OM sulfurization pathways and reaction mecha-
nisms more clearly (Werne et al., 1999). It should also be
possible to predict the effects of sequestration of reduced sulfur
in organic matter on the global biogeochemical cycles of sulfur,
carbon, and oxygen on geologic time scales.

4. CONCLUSIONS

Sediments from the anoxic Cariaco Basin have provided an
excellent opportunity to examine the incorporation of sulfur
into organic matter during early diagenesis. In the organic
matter from this environment, we have identified both the
precursor [(17E)-13b(H)-malabarica-14(27),17,21-trieneI ]
and products (thianeV, macromolecularly S-bound malabari-
canes) in a reaction incorporating sulfur into organic matter.
The distribution of these compounds indicates that there are
two processes by which this precursor compound incorporates
sulfur. The dominant mechanism entails inorganic sulfides re-
acting with the most accessible pair of double bonds in the
isoprenoid side chain, creating a thiane ring. The other mech-
anism involves the remaining, more protected double bond of
the malabaricatriene, or perhaps the other double bonds in the
side chain, reacting with inorganic sulfides to create an inter-
molecular S linkage, leading to a macromolecular OSC.

AMS 14C dates in the Cariaco Basin have allowed the
empirical determination of the first order rate constant for the
intramolecular incorporation of sulfur into the precursor mal-
baricatriene. According to these calculations, the early diage-
netic incorporation of sulfur into organic matter is described
accurately by the one-G model of Berner (1980), however, it is
recognized that other reactions, or combinations of reactions
may make such simple first order models insufficient to de-
scribe the overall sulfurization of organic matter during early
diagenesis.
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