Available online at www.sciencedirect.com

».” ScienceDirect Organic

Geochemistry

ELSEVIER Organic Geochemistry 37 (2006) 10521073

www.elsevier.com/locate/orggeochem

Preservation of carbohydrates through sulfurization in a Jurassic
euxinic shelf sea: Examination of the Blackstone Band
TOC cycle in the Kimmeridge Clay Formation, UK

Bart E. van Dongen ', Stefan Schouten, Jaap S. Sinninghe Damsté *

Department of Marine Biogeochemistry and Toxicology, Royal Netherlands Institute for Sea Research (NIOZ),
P.O. Box 59, 1790 AB Den Burg, Texel, The Netherlands

Received 9 May 2006; accepted 17 May 2006
Available online 7 July 2006

Abstract

A complete total organic carbon (TOC) cycle in the Upper Jurassic Kimmeridge Clay Formation (KCF) comprising the
extremely TOC-rich (34%) Blackstone Band was studied to investigate the controlling factors on TOC accumulation. Com-
pared with the under- and overlying strata, TOC in the Blackstone Band was enriched by a factor of six and, concomi-
tantly, the 8"3Croc shows a ~49/ enrichment. Al-normalized TOC values indicated that the enhanced TOC values
were probably caused by increased TOC accumulation and not by a decreased dilution with inorganic matter. The
amounts of short chain alkylated thiophenes and the sulfur-rich unresolved complex mixture (UCM) in the kerogen pyr-
olysates, as well as the TOC/Al ratios, correlated linearly with 33Croc for sediments with TOC/Al ratios >1.7. The alkyl-
ated thiophenes and sulfur-rich UCM both originate from sulfurized carbohydrate carbon (Ce,), suggesting that the
primary cause of the TOC maximum is the enhanced contribution of C,, to TOC. Since carbohydrates can be substan-
tially 13C.enriched over lipids in biomass, the enhanced contribution of C,,;, explains the enriched 8"3Croc values. Com-
pound specific isotope data showed that primary productivity during deposition of the KCF TOC cycle varied little, while
a two member isotopic mixing model showed that the preservation of C.,,, relative to that of the lipid carbon may have
increased by a factor of >10 in the Blackstone Band. The enhanced preservation of C,,, was most likely caused by more
frequent or longer lasting events of photic zone euxinia, as revealed by the concentration of isorenieratene derivatives.
Enhanced contributions of C.,;, have also been observed in other KCF cycles, suggesting that enhanced preservation
of Ccarp, rather than an increase in primary production, exerted direct control on the TOC cycles of the KCF.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Many studies have been devoted to the nature of
the organic matter (OM) distribution in the geologi-
cal record and a key question remains as to which
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accumulation in OM-rich marine sediments have
been a topic of interest to biogeochemists and petro-
leum geologists, as these sediments are often poten-
tial oil source rocks. Prime examples of such sulfur
(S)- and OM-rich sediments can be found in the Kim-
meridge Clay Formation (KCF), the presumed
source rock of most North Sea oils (Cooper et al.,
1995; Miller, 1989; Tyson, 1996; Wignall, 1994a).

The KCF was deposited in a series of basins that
extended from eastern Greenland and Canada to
offshore Norway and south to the English Channel
(Doré et al., 1985). It was shown that, onshore, the
sediments display a cyclic alternation of mudstones,
bituminous shales, oil shales and carbonates, with
TOC contents up to values as high as 60% (i.e. sub-
stantially consisting of OM; van Kaam-Peters et al.,
1998), but individual cycles vary in thickness and
are not always complete (Tyson, 1989). The mean
TOC content of the >500 m thick KCF in southern
Dorset (UK) is 4.2% (Tyson, 2004). An intriguing
positive correlation has been observed between
TOC and 6" Croc (Huc et al., 1992; van Kaam-
Peters et al., 1998; Sinninghe Damsté et al., 1998;
Salen et al., 2000). Numerous studies have recon-
structed the palaeoceanographic conditions respon-
sible for deposition of the sediments and postulated
models to explain their enhanced TOC content as
well as the correlation between TOC content and
0Croc (e.g., Tyson et al., 1979; Cox and Gallois,
1981; Oschmann, 1988, 1991; Miller, 1989; Huc
et al., 1992; Hollander et al., 1993; Wignall,
1994a,b; Tyson, 1996; van Kaam-Peters et al.,
1998; S@len et al., 2000). Some of the models
assume that these enhanced TOC values result from
increased primary production (e.g., Oschmann,
1988; Huc et al., 1992; Bertrand and Lallier-Verges,
1993; Herbin et al., 1993; Ramanampisoa and Dis-
nar, 1994; Boussafir et al., 1995; Lallier-Verges
et al., 1997; Szlen et al., 2000); other models suggest
enhanced preservation as the primary cause (Tyson
et al., 1979; van Kaam-Peters et al., 1997, 1998; Sin-
ninghe Damsté et al., 1998), whilst in various mod-
els both factors play a role (Tyson, 1996;
Tribovillard et al., 2001).

The “productivity” end member model explains
the deposition of TOC-rich sediments by the rela-
tively high position of the chemocline and the result-
ing turbulent entrainment of nutrients, which would
lead to high primary production. Increased primary
productivity may result in decreased isotopic frac-
tionation during photosynthesis, so a shift similar
to that observed for the 6'*Croc would be expected

for the 6'C values of biomarkers derived from pri-
mary producers. However, no shift in the 6'*C val-
ues of any of the algal and bacterial biomarkers was
observed (van Kaam-Peters et al., 1998; Sinninghe
Damsté et al., 1998), suggesting that substantially
increased primary production cannot be the major
cause of the increase in TOC content.

The “preservation” end member model explains
the deposition of TOC-rich sediments primarily by
a decreased remineralization of the downward flux
of OM-rich particles. Boussafir et al. (1995) found,
using transmission electron microscopy, that sulfu-
rization of OM by inorganic sulfur could play an
important role in the preservation of OM. These
authors suggested that primary production, sulfate
reduction intensity and lipid sulfurization likely all
played a major role in the variation in TOC. The
organic S concentrations vary throughout the
KCF and, based on the increasing abundance of
organic S with increasing TOC (and 8'*Croc), van
Kaam-Peters et al. (1998) suggested that TOC was
controlled by the degree of sulfurization of OM
and van Kaam-Peters et al. (1997, 1998) reported
that, with increasing TOC, 13C-enriched short chain
alkylated thiophenes became increasingly abundant
in the pyrolysate of KCF rock samples. In addition,
the material formed upon sulfurization of carbohy-
drates yields high amounts of organic sulfur com-
pounds (OSCs) upon pyrolysis (Sinninghe Damsté
et al., 1998; Kok et al., 2000b; van Dongen et al.,
2003a). These products were mainly short chain
alkyl thiophenes, compounds similar to the OSCs
found in the KCF pyrolysates, suggesting that the
isotopically enriched short chain thiophenes in the
latter are probably derived from S-bound carbohy-
drates in the kerogen (van Kaam-Peters et al.,
1998); van Dongen et al. (2003b) showed that the
unresolved complex mixture (UCM), present in
large amounts in pyrolysates of KCF sediments,
also had its primary origin in the preservation of
carbohydrates through natural sulfurization, pro-
viding further evidence for the enhanced preserva-
tion model as a major mechanism for OM
accumulation. Carbohydrates can be enriched in
13C (up to 16%,) relative to the lipids in biomass
(Deines, 1980; Sinninghe Damsté et al., 2001b; van
Dongen et al., 2002). This indicates that the differ-
ences in the degree of preservation of labile carbo-
hydrate carbon through sulfurization may explain
the high '*C contents of short chain alkylated thi-
ophenes in KCF kerogen pyrolysates and the large
range in 0'°Croc encountered in the KCF.
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Fig. 1. (A) General vertical section of Upper Kimmeridge Clay in Dorset, (B) TOC values and (C) enlargement of TOC profile around

Blackstone Band (lithology according to Morgans-Bell et al., 2001).

Our initial detailed organic geochemical work
(van Kaam-Peters et al., 1998) was performed on
a suite of outcrop samples covering a long period
in time (approximately 1.5 Ma) and so did not focus
on the mechanism for the observed TOC cyclicity in
the KCF in relation to the 6'*Croc enrichment. The
KCF covers a large number of TOC cycles (Mor-
gans-Bell et al., 2001). We have therefore now exam-
ined a selected set of sediments taken from a core
section covering a single TOC cycle, around the
Blackstone Band, the richest oil shale bed of the
KCF, with extremely high TOC content (Mor-
gans-Bell et al., 2001; Fig. 1). The results suggest
that enhanced preservation of carbohydrates
through sulfurization, rather than primary produc-
tivity, exerts a primary control on TOC accumula-
tion and the 6'*Croc values in this and, possibly
other, TOC cycles in the KCF.

2. Experimental
2.1. Sample description

Samples were obtained from a core from the
Swanworth Quarry 1 borehole [SY 9675 7823],
South Dorset, UK. This core was drilled as part
of the UK Natural Environment Research Coun-
cil’s Rapid Global Geological Events special topic
‘Anatomy of a Source Rock’. A complete descrip-
tion of the core is given by Morgans-Bell et al.
(2001). Eighteen samples were taken, at approxi-

mately 20 cm intervals, from 241.7m to 245.7m
depth (Table 1) including the Blackstone Band
interval (Fig. 1). In a package of OM-rich shales
that straddle Bed group 42 (the Pectinatites wheatl-
eyenesis—Pectinatites hudlestoni zonal boundary;
Morgans-Bell et al., 2001) the Blackstone forms
the most prominent bed. It is a dark brown, lami-
nated, highly OM-rich, weakly fissile mudstone con-
taining pyritic nodules and shelly material (Fig. 1).
In contrast, directly above it rests a series of olive-
grey organic rich, coccolithic mudstones (weakly
laminated in part) and below lies a bed rich in pyr-
itized specimens of the planktonic cinoid Sacco-
coma. The sediments were freeze dried and stored
frozen (—20 °C) prior to use.

2.2. Extraction and fractionation

The Soxhlet extractions, asphaltenes removal and
separation of the maltene fractions into saturated
hydrocarbon, aromatic hydrocarbon and polar
fractions were performed as described previously
(van Kaam-Peters et al., 1998), and a mixture
of four standards (3-methyl-5,5-d,-heneicosane, 2,
3-dimethyl5-(1’,1’-d,-hexadecyl)thiophene, 2-methyl-
2-(4,8,12-trimethyltridecyl)chroman, 2,3-dimethyl-5-
(1’,1’-dy-hexadecyl)thiolane) was added to the total
extract for quantitative analysis (Kohnen et al.,
1990). Further cleaning of the saturated hydrocarbon
fractions was performed with column chromatogra-
phy using a column (5cmx1cm) packed with
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Table 1

Depth, TOC, 5"3Croc, carbonate concentration and XRF data for samples

Sample Depth (m) TOC (%) 03 Croc (%) Carbonate (%) Al,O3 (%) SiO, (%) TiO; (%) Ni (ppm)
KCF1 241.7 13.1 —23.1 24.7 13.5 34.1 0.59 82
KCF2 241.9 5.0 -25.0 21.3 16.0 43.7 0.73 55
KCF3 242.1 3.8 -25.6 19.0 16.8 45.5 0.78 56
KCF4 242.4 4.5 —24.5 13.1 15.8 52.1 0.84 48
KCF5 242.7 44 —24.4 14.7 15.6 52.5 0.86 48
KCF6 242.9 39 -24.5 133 15.3 51.8 0.84 46
KCF7 243.2 4.7 -25.1 15.8 16.2 49.3 0.83 50
KCF8 243.5 13.5 -23.9 18.1 15.0 38.9 0.71 72
KCF9 243.7 15.9 —23.5 17.4 13.5 349 0.60 94
KCF10 243.9 31.1 -22.9 153 9.0 23.5 0.43 66
KCFI11 244.1 33.1 -21.3 24.8 5.9 15.5 0.31 64
KCF12 244.3 33.6 -21.1 32.6 4.0 10.0 0.20 68
KCF13 244.5 28.7 -21.9 27.8 7.3 19.6 0.37 66
KCF14 244.7 5.9 -25.0 40.5 10.1 30.9 0.51 57
KCF15 244.9 5.5 -25.7 224 13.9 45.7 0.75 50
KCF16 245.3 5.4 -26.0 19.3 13.9 48.8 0.78 53
KCF17 245.5 9.7 —26.2 20.1 14.4 42.6 0.74 80
KCF18 245.7 12.0 -26.8 16.3 16.2 39.2 0.69 124

Ag'-impregnated silica by elution with hexane
(20 ml). The fractions obtained were analyzed using
gas chromatography (GC), gas chromatography—
mass spectrometry (GC/MS), and, in selected cases,
isotope-ratio-monitoring GC/MS (irm-GC/MS) as
described below. The residues after extraction were
dried and used for Curie-point pyrolysis-gas chroma-
tography/flame ionization detection (Py-GC/FID)
and Curie-point pyrolysis-gas chromatography/mass
spectrometry (Py-GC/MS).

2.3. Instrumental analysis

Carbonate contents were determined by weighing
the dry sediments before and after decalcification
(1 M HCI at room temperature). TOC contents were
determined with a Fisons Instruments NCS-1500
Elemental Analyzer using flash combustion at
1030 °C. The 6'*C values (vs. VPDB standard) were
measured on bulk sediments, after removal of the
inorganic carbonate with diluted 1 M HCI at room
temperature for 16 h on the same machine connected
to a Thermofinnigan Delta™* mass spectrometer via
a ConFlo Interface. CO, was used as the reference
gas. The standard deviation of replicate measure-
ments was always better than 0.29, vs. VPDB.

GC, GC/MS and irm-GC/MS were carried out
as described previously (van Kaam-Peters et al.,
1997). Py-GC/FID and Py-GC/MS were conducted
with a Hewlett-Packard 5890 gas chromatograph
using a FOM-5LX or FOM-4LX unit, respectively,

for pyrolysis. The powdered samples were pressed
on a flattened ferromagnetic wire with a Curie-point
temperature of 610 °C. The same conditions were
used as described previously (van Kaam-Peters
et al., 1997). In the case of the measurement of the
UCM of the flash pyrolysate the gas chromatograph
was programmed from 0°C (5min) to 300 °C
(20 min) at a rate of 6 °C/min.

The samples were ground and homogenized in an
agate ball mill prior to analysis by X-ray fluores-
cence (XRF) at the University of Oldenburg. Ca.
600 mg of the powder was mixed with 3.6 g of
Li,B40O7 and pre-oxidized at 500 °C for 5 h followed
by the addition of 1 g of NH4NO,4 and heating at
500°C for 4h. The samples were melted at
1200 °C in platinum crucibles and cooled in plati-
num disc moulds. The disks were analyzed with a
Philips PW 2400 X-ray spectrometer and analytical
precision was verified by preparation and analysis of
several in-house and international standards. Preci-
sion and accuracy were better than 2%.

2.4. Quantification

The most abundant n-alkanes, pristane and phy-
tane were quantified by comparing the peak areas in
the FID trace with that of the internal n-alkane
standard. The remaining n-alkanes and 3-isopropyl-
tetracosane (I; see Appendix for structures) were
quantified by integrating their peak areas in the
m/z 57 mass chromatogram and comparison with
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the peak area of the C,3 n-alkane with known con-
centration. The concentrations of the most abun-
dant derivatives of isorenieratene (II-XVI), Sa-
cholestane (XVII), 4-methyl-5a-steranes (XVII)
and the C;3,—C;; hopanes (XIX-XX) were deter-
mined as described previously (van Kaam-Peters
et al., 1998; Sinninghe Damsté et al., 2001a). The
C,9—Cj3¢ neohop-13(18)-enes (XXI-XXII) and Cys5—
C, aromatic hopanoids (XXIII-XXIV) were quan-
tified by integrating the peak areas in the m/z 191
(neohopenes), 328 (hopanoid XXIV) or 346 (hopa-
noid XXIII) chromatograms and comparison with
the C,3 n-alkane in the m/z 57 mass chromatogram.
The concentrations were corrected for the different
relative intensities of the fragment ions, using cor-
rection factors determined from mass spectra of
pure compounds.

The 2,3-dimethylthiophene to (1,2-dimethylben-
zene + n-non-1-ene) ratio (Eglinton et al., 1990),
the 2-methylthiophene to toluene ratio, the 2-ethyl-
thiophene + 2,5-dimethylthiophene to (2-ethylthi-
ophene + 2,5-dimethylthiophene + 2,4-dimethylthi-
ophene + 2,3-dimethylthiopene) and the ratio of
benzothiophenes to toluene in kerogen pyrolysates
were calculated as described by van Kaam-Peters
et al. (1998). The ratio of UCM over C;g to Cy; n-
alkanes and n-alkenes was calculated from the area
of the UCM corrected for bleeding of the stationary
phase from the capillary column and the peak areas
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of the C,5 to C,; n-alkanes and n-alkenes in the FID
trace.

3. Results
3.1. Bulk analysis

The TOC and carbonate content of the sediments
ranged from 4% to 34% (Fig. 2) and 15% to 41%,
respectively (Table 1). The TOC contents showed
a systematic variation with depth, peaking at
2443 m in the Blackstone Band (Fig. 2). The
03Croc values ranged from —219%, to —279%, with
the most '*C enriched values corresponding to peak
TOC values (Fig. 2). The Al,O3, SiO,, TiO, and Ni
contents are listed in Table 1 and all, except Ni,
showed minimum values at peak TOC content
(Table 1).

3.2. Extractable organic matter

3.2.1. Free acyclic hydrocarbons

The saturated hydrocarbon fractions were all
dominated by n-alkanes, pristane and phytane.
The concentration (normalized to TOC) of pristane,
phytane, 3-isopropyltetracosane (I), C5; and Cy3 n-
alkanes, as well as the summed concentration of
the C;6—Cjss (except C,y and C,3) n-alkanes, showed
a minimum in the 243.5-244.5 m interval (Fig. 2),

—8— phytane
—A— pristane

Y.C,4-C;5 n-alkanes
(except Cy; +Cy3)

3-isopropyl
tetracosane (I)

0 30 60 28 24 20 0 125
TOC (%) 813Croc (%0)

250 0 500 1000 O 125 250 0 20 40

ug/g TOC

Fig. 2. TOC, 6"*Croc value and concentration (pug/g TOC) of C,; and Cas n-alkanes, summed C;¢—Css (excluding C»; and Cy3) n-alkanes,

phytane, pristane and 3-isopropyltetracosane (I) vs. depth.
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exactly at peak TOC content. The n-alkane distribu-
tion showed distinct maxima at C,; and C,s, in
agreement with previous reports (Fig. 3; e.g., Wil-
liams and Douglas, 1980, 1983; van Kaam-Peters
et al., 1998). The o'°C values of the n-alkanes
showed the same pattern as reported by van
Kaam-Peters et al. (1997, 1998), i.e. with substan-
tially enriched values (2-16%,) for C,3 and C,; over
the C;6—Css n-alkanes (Fig. 3). The 013C values of
the weighted average of C,; and C,3 n-alkanes var-
ied from —17%, to —25%, and showed a similar
depth trend as the 03Croc values, with maximum
3C contents at the 243.5-244.5m depth interval
(Fig. 4). This trend was not observed, or was
relatively small, for the 6'*C values of pristane, phy-
tane, the other n-alkanes, or 3-isopropyltetracosane
(I, Fig. 4). This latter component was the most
3C-enriched saturated hydrocarbon biomarker,
with 0'°C values of ca. —17%,.

3.2.2. Steroids and hopanoids

Concentrations of Sa-cholestane (XVII) and 4-
methyl-Sa-cholestane (XVIII) varied between 3
and 35pugg ! TOC and 4 and 17pgg ' TOC,
respectively, with a minimum concentration at peak
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Fig. 3. Concentration (pg/g TOC) and 6'°C value (%,) of
individual n-alkanes in saturated hydrocarbon fractions.

TOC values (Fig. 5). The distribution of hopanoids
in the saturated hydrocarbon fractions was domi-
nated by C,9—C3o neohop-(13)18-enes (XXI-XXII),
(22R)-170,21B(H)-homohopane (XVII) and 170,21-
B(H)-hopane (XVIII). The summed concentration
of the two hopanes (XIX-XX) varied between 7
and 43 pgg ' TOC and showed a concentration
minimum at peak TOC values (Fig. 5). The summed
concentration of the C,o—Cso9 neohop-(13)18-enes
(XXI-XXII) varied between 10 and 76 pgg !
TOC. In the aromatic hydrocarbon fractions sub-
stantial amounts of C,s—C,¢ aromatic hopanoids
(XXIII-XXIV) were present and the summed con-
centration varied between 0.3 and 18 pgg~! TOC.
In contrast to the C;p—Cs; hopanes (XIX-XX), a
concentration maximum for the C,5—C,¢ aromatic
hopanoids (XXIII-XXIV) was observed for this
interval (Fig. 5).

3.2.3. Derivatives of isorenieratene

The aromatic hydrocarbon fractions all con-
tained abundant isorenieratene derivatives (II-
XVI), as reported previously by van Kaam-Peters
et al. (1997, 1998) and Sinninghe Damsté et al.
(2001b). Internal distributions of the derivatives
were similar in most of the sediments. In the major-
ity the dominant components were II, III, VI, VII
and XV. The summed concentrations of the isoren-
ieratene derivatives (II-XVI) were highly variable,
ranging from 35 to 410 pg g~' TOC, with a maxi-
mum at peak TOC values (Fig. 5).

3.3. Kerogen

All flash pyrolysates of the kerogen were charac-
terized by a series of n-alkanes and n-alkenes, alkyl-
ated thiophenes and benzothiophenes, and a series
of alkyl benzenes (Fig. 6; cf. van Kaam-Peters
et al., 1997, 1998; van Dongen et al., 2003b). Apart
from discrete peaks, a large, S-rich UCM was pres-
ent in all the kerogen pyrolysates (Fig. 6). Although
the same compound classes were present in all the
pyrolysates, their relative abundances differed sub-
stantially. The ratios of 2-methylthiophene to tolu-
ene, C;—C, alkylated benzothiophenes to toluene
and 2,3-dimethylthiophene to (1,2-dimethylben-
zene + n-non-1-ene) changed substantially with
depth (Fig. 7). All the ratios were higher in the peak
TOC interval. In addition, the (2-ethylthioph-
ene + 2,5-dimethylthiophene)/(2-ethylthiophene + 2,
5-dimethylthiophene + 2,4 dimethylthiophene + 2,
3-dimethylthiophene) ratio vs. depth showed sub-
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stantial changes (Fig. 7) and the highest values were
found at peak TOC levels. The ratio of the UCM
over C,3—C,; n-alkanes and n-alkenes also changed
substantially with depth and showed higher values
at peak TOC (Fig. 7).

4. Discussion
4.1. Organic carbon accumulation

The Blackstone Band section of the KCF is char-
acterized by high (up to 34%) TOC levels (Table 1;
Fig. 2). Such an enrichment can either be caused by
an increase in the OC accumulation rate (OCAR) or
by a decrease in the inorganic AR. A detailed age
model is available for these Jurassic rocks through
the recognition of obliquity (2-4 m wavelength)
and precession cycles in three independent variables
(Weedon et al., 2004). This allows determining

OCAR if a constant sedimentation rate over the
studied interval is assumed. However, such an
assumption is likely not valid (cf. Weedon et al.,
2004) since it would result in an up to five fold
decreased flux of Al- and Si-containing minerals
(which form a substantial part of the inorganic
matrix of these sediments, Table 1) at the time of
the peak TOC accumulation. In this situation, with
high levels of TOC, it is more likely that an
increased flux of OM resulted in a dilution of inor-
ganic minerals and a temporary increase in the sed-
imentation rate. Therefore, another approach was
used and TOC values were normalized to the Al
content to correct for the dilution by inorganic min-
erals other than clay. This ratio can be used as a
proxy for OCAR if the delivery of clay (the predom-
inant source for Al) from the continents surround-
ing the basin remained constant over time. Like
the TOC content (Fig. 2), the TOC/Al ratio
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(Fig. 8) shows a distinct maximum at 244.3 m depth.
This maximum is even more distinct than in the
TOC profile as the Al content in the TOC-rich inter-
val drops substantially (Table 1). This suggests that
the OCAR varied substantially.

This approach is strongly dependent on the
assumption that the Al flux remains constant over
time, which is probably not entirely realistic. It is,
however, unlikely that the substantial increase in
the TOC/ALI ratio is completely due to a decrease
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in Al flux. If the Si/Al ratio is plotted vs. depth a
distinct cyclicity is observed that is independent of
the TOC cycle (Fig. 9) and likely related to variation
in clay mineralogy, in particular the ratio of smec-
tite to illite. The observed cycle (wavelength ca.
2.6 m) most likely reflects the strong obliquity cycle
(38 ka) observed in the KCF (Weedon et al., 2004)
and allows calculation of an average sedimentation
rate of 6.8 cm ka !, in good agreement with the sed-
imentation rate of ca. 6 cm ka~' reported for the
complete wheatleyensis ammonite zone (Tyson,
2004). Ti is a tracer for dust input (Wehausen and
Brumsack, 2000) and the Ti/Al ratio shows the same
cyclicity as observed for Si/Al (Fig. 9). If we assume
that the variation in these cycles is entirely due to
variation in the Al flux, it has only varied by 25—
30%. Moreover, both these ratios show minimum
values at the time of the maximum in the TOC/Al
ratio. Therefore, it is highly unlikely that only vari-
ation in the Al flux caused the distinct maximum in
the TOC/AI ratio.

Based on the TOC/ALI ratio profile the core-sec-
tion can be divided in six different sub-sections

(A-F in Fig. 8). Sub-section C has the highest
TOC/Al values, sub-sections B and E the lowest val-
ues and sub-section D shows intermediate values.
This indicates that these sections comprise one com-
plete cycle, with sub-sections B and E corresponding
to the start and the end of the cycle, respectively.
The two remaining sub-sections, A and F, show
slightly enhanced values in TOC/Al ratio compared
to sub-sections B and E, and probably represent the
start and end of two adjacent cycles. As these two
sections are not part of the same Blackstone band
TOC cycle they are not included in further
discussions.

From the average TOC/ALl ratios of the different
sections (Table 2), an enrichment factor based on
the average values of sub-section B and E relative
to sub-section C can be calculated, showing that
the TOC/ALl ratio increases by a factor of 19 (Table
3). This suggests that an increase in OCAR was the
primary cause of the increased TOC values in this
single cycle. Assuming that the Al flux remained
constant, the average sedimentation rate (6.8 cm ky '
based on the observed obliquity cycle, Fig. 9) can
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Fig. 9. Ti/Al, Si/Al and TOC/AIl ratios vs. depth. The first two parameters show a distinct cyclicity independent of the TOC cycle.

be used, in combination with average Al concentra- can be calculated assuming an average dry bulk den-
tions, to calculate the sedimentation rate in each sity for organic material and inorganic material of
sub-section (Table 4). With these estimates, OCAR 1.25 (Hartgers et al., 1995) and 2.7 gcm > (Kuhnt



1062 B.E. van Dongen et al. | Organic Geochemistry 37 (2006) 10521073

Table 2
Average TOC/AI ratio and 6'>C value of TOC and biomarkers
for sub-sections of Blackstone Band TOC cycle

Sub-section ~ TOC/Al  TOC o13C (%)  3-Isopropyl-
ratio phytane tetracosane

B 0.9 -25.6 -325 —16.2

C 10.1 -21.8 -31.5 —16.6

D 2.0 —23.5 -31.8 —16.7

E 0.4 -24.8 -32.7 —16.8

Table 3

Enrichment of TOC and biomarkers in sub-section C relative to
sub-sections B and E

Ratio (vs. Al) Enrichment
factor®
TOC 19
Pristane 7
Phytane 9
Zderivatives of isorenieratene (II-XVI) 41
2 C530—C3; hopanes (XIX-XX) 12
2Cy9 + C30 neohop-(13)18-enes (XXI-XXII) 53
2Cys + Cye aromatic hopanoids (XXIII-XXIV) 75
4-Methyl-5a-cholestanes (XVIII) 28
Sa-Cholestane (XVII) 9
C,; n-alkane 10
C,3 n-alkane 11
C,9 n-alkane 6
3-Isopropyltetracosane (I) 11

 (average of sub-section C)/(average of sub-section B/E).

Table 4
Estimated sedimentation rate and OCAR in different sub-sections
of KCF interval studied

Sub-section Sedimentation OCAR (gCm2y™")
rate (cm ky 1)

B 5.0 7.1

C 12.8 78

D 4.8 17

E 39 4.3

et al., 1990), respectively. The calculated OCARs
(Table 4) vary from 4 gCm >y 'in section E to
78 gCm 2y ' at the TOC peak (section C), an
almost twenty fold increase. These values compare
favourably with estimates of ca. 10 gCm 2y~ ' for
average OCARs in complete ammonite biozones
(Tyson, 2004) and for complete obliquity cycles
(Weedon et al., 2004) in this part of the KCF. The
high value of the Blackstone Band (78 gCm 2y )
is remarkable but it should be realized that this is
one of the beds richest in TOC in the KCF. High
values of up to 58 gCm 2y ' for OCARs have
been reported for present-day shelf sea settings
(Tyson, 1995).

4.2. What is the cause of the large variation in
8" Croc?

Besides a cyclicity in TOC content, the Black-
stone Band of the KCF is also characterized by rel-
atively high 0"*Croc values (up to —21%,), also
showing a cyclicity (Table 1; Fig. 2). When the
TOC/AL ratios are plotted against the '>Croc val-
ues, the samples are distributed along two lines
(Fig. 10). For sediments with a TOC/AI ratio
<1.7, 6Croc seems to be independent of the
TOC/AI ratio (line I in Fig. 10). However, for the
OM-rich sediments (TOC/ALI ratio >1.7, i.e. sedi-
ments with a TOC content >6%) there is a linear
relationship between the TOC/Al ratio and ¢"*Croc
with higher 6"*Croc at higher TOC/ALl ratios (line
II in Fig. 10).

High 6'C values can result from an enrichment
in 13C of the dissolved inorganic carbon (6"*Cpyc)
in the palacowater column or the phytoplankton
carbon source, or from increased primary produc-
tivity, which may result in a decreased isotopic frac-
tionation during photosynthesis (Laws et al., 1995;
Popp et al., 1998). In both cases a similar shift as
observed for the 0'*Croc would be expected for
the 6'*C values of biomarkers derived from primary
producers. As a general biomarker for primary pro-
ducers, phytane, likely derived from the side chain of
chlorophyll a in photoautotrophic organisms (Volk-
man and Maxwell, 1986), can be used. In contrast to
the 6"*Croc, the 6'3C value of phytane ((513Cphytane)
shows no substantial shift with increased TOC/Al
ratio (Fig. 10). In addition, the ¢'3C values for
3-isopropyltetracosane (I; 5'° Cisoprop; Table 2), a bio-
marker with a very specific structure but of unknown
marine origin (Schouten et al., 1998a), also remain
constant with increasing TOC/Al values. This indi-
cates that a shift in 6'*Cpc of surface waters as well
as a substantially increased primary production,
resulting in reduced isotopic fractionation during
photosynthesis, cannot be the primary cause for the
observed shift in 8"*Croc.

An alternative explanation could be that the
changes in 83Croc at TOC/AI ratios >1.7 are
caused by a mixing of marine and terrestrial OM.
In present day systems terrestrial OM is relatively
depleted in '*C (between 49, and 129%,; Tyson,
1995) compared to marine OM. However, the differ-
ence between 6'°C values of terrestrial and marine
OM in Jurassic times was quite different: terrestrial
OM was not substantially depleted but slightly
enriched in '*C (Tyson, 1995). For instance, Jurassic
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wood has 6'°C values around —25%, (Hesselbo
et al., 2000, 2002). This value is approximately 3%,
enriched relative to the estimated 6'°C value around
—28%, of Jurassic marine OM, derived from
513Cphytane and the typical 49, offset between
8" Cphytane and 8"*Croc (Collister et al., 1992; Scho-
uten et al., 1998b). This indicates that the differences
in 6"3C values between terrestrial and marine
derived material are relatively small and cannot
account for the observed shifts in 6'*Croc. In addi-
tion, analysis of kerogen pyrolysates of all samples
showed only minor contributions of compounds of
terrestrial origin (Fig. 6). These observations are
confirmed by microscopic observations of compara-
ble KCF sediments, which also reveal a low contri-
bution of terrestrial OM (e.g., Huc et al., 1992;
Boussafir et al.,, 1995; van Kaam-Peters et al.,
1998; Tyson, 1989). This indicates that the observed
3-49, enrichment in 6'>Croc in sub-section C
(Table 2) must be due to variation in the marine
component of the sedimentary OM and is not the
result of varying contributions of terrestrially-
derived OM.

The changes in §'*Croc value can potentially be
caused by a shift in the relative contribution of

marine sources with different isotopic compositions.
Specifically, an increased contribution of an isotopi-
cally enriched source in the TOC-rich part of the
TOC cycle would then be expected. A large range
of 8'3C values is apparent for the marine biomark-
ers in the KCF, with two distinct '*C enriched
sources. The first group of '*C-enriched biomarkers
are the derivatives of isorenieratene (II-XVI), origi-
nating from Chlorobiaceae (green sulfur bacteria;
Koopmans et al., 1996) with 6'°C values of ca.
—17%, (van Kaam-Peters et al., 1997, 1998). Their
enriched §'°C values result from the distinct bio-
chemical inorganic carbon fixation pathway of
Chlorobiaceae, i.e. the reversed tricarboxylic acic
cycle (Sirevag and Ormerod, 1970; Summons and
Powell, 1986; Sinninghe Damsté et al., 1993b; van
der Meer et al., 1998; van Breugel et al., 2005).
Another *C-enriched biomarker is 3-isopropyltetr-
acosane (I), also with 6'°C values around —179%,
(Fig. 4). Tt originates from an unidentified marine
organism (Schouten et al., 1998a). In addition,
enriched 8'>C values for the C,; and C,; n-alkanes
were also observed, with the most '*C-enriched val-
ues at peak TOC (Fig. 4). Schouten et al. (1998a)
postulated on biochemical and isotopic grounds
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that these n-alkanes also derive from the unknown
marine organism responsible for the 3-isopropyltetr-
acosane (I). Consequently, the n-alkanes from this
source would have 6'>C values around —179%,. Both
n-alkanes as well as the other n-alkanes would also
originate from photoautotrophs with 6'*C values
around —309%,. A mixed input from both sources
is thus the most likely explanation for the observed
shifts (Fig. 4).

An enhanced contribution of cell material from
these '*C-enriched marine organisms could explain
the enrichment in 6'*Croc values If this were the
case, an enhanced input of their biomarkers would
be expected. To verify this, the enrichment factors
for the ratios of the individual biomarkers over Al
(Fig. 8) were determined in an identical way as
described for the TOC/Al enrichment factor (Table
3). These enrichment factors were compared with
the enrichment factor for TOC as well as for phy-
tane, a general biomarker for non ')C-enriched
photoautotrophs. The 3-isopropyltetracosane (I),
as well as the C,; and C,; n-alkanes, shows enrich-
ment factors which are a factor 2 lower than that
of TOC but comparable to that of phytane (Table
3). This suggests that the contribution to biomass
from the unidentified organism responsible for these
relatively '*C-enriched biomarkers remains rela-
tively constant compared to the input of photoauto-
trophic OM and so cannot be responsible for the
shift in 6'*Croc. In contrast, the enrichment factor
for isorenieratene derivatives (II-XVI) was approxi-
mately 4-5 times higher than for phytane and ca. 2
times higher than for TOC (Table 3), suggesting that
an increased contribution of biomass originating
from Chlorobiaceae could cause the enrichment in
13C of TOC. In that case, large amounts of cell mate-
rial from Chlorobiaceae would be preserved and this
should be revealed by the composition of the kero-
gen pyrolysates. Hartgers et al. (1994a,b) showed
that kerogen pyrolysates of sediments anomalously
enriched in derivatives of diaromatic carotenoids
contain 1,2,3,4-tetramethylbenzene (TMB) as the
dominant constituent. This product is formed by
thermal breakdown of macromolecularly-bound
diaromatic carotenoids in the kerogen. However,
isotopic considerations indicated that even those
sediments contain no other preserved biomass from
these green sulfur bacteria (Hartgers et al., 1994a).
In the KCF sediments the abundance of TMB in
the kerogen pyrolysates is substantially smaller than
in the sediments studied by Hartgers et al. (1994a);
Fig. 6. This suggests that preservation of large

amounts of biomass of Chlorobiaceae did not occur
and indicates that it is unlikely that preservation of
3C-enriched biomass from marine OM with an
enriched 8'3C signature is the primary cause for
the shift in 6"*Croc.

Since a shift in marine sources seems not to be
the origin of the observed shift in 6'*Croc values,
it is possible that it was caused by a change in
the relative preservation of different, isotopically
distinct, compound classes. Clues for such a shift
are obtained from the flash pyrolysates of the ker-
ogen (Fig. 6), which reveal a marked change in
composition with increasing TOC/AI ratio. Specifi-
cally, the relative contribution of OSCs, i.e. the
short-chain alkylated thiophenes and benzothioph-
enes and the S-rich UCM, substantially increase in
sediments with TOC/Al >1.7 (Fig. 11). The
summed OSCs and the S-rich UCM can make up
the major fraction of the GC-amenable part of
the kerogen pyrolysate and, thus, the OM. It was
shown that the short chain alkylated thiophenes
as well as the S-rich UCM in pyrolysates of KCF
kerogen were relatively enriched in '*C compared
to the lipid derived OC (van Kaam-Peters et al.,
1998; van Dongen et al., 2003b). This suggests that
a relative increase in the contribution of their pre-
cursors to the kerogen would cause a substantial
enrichment in the 0"Croc value. It has been
shown that these short chain alkylated thiophenes
(as well as the S-rich UCM) originate from carbo-
hydrates, which became incorporated into kerogen
during early diagenesis by reaction with reduced
inorganic species (i.e. sulfurization) instead of being
remineralized (van Kaam-Peters et al., 1998; Sin-
ninghe Damsté et al., 1998; van Dongen et al.,
2003a,b). Kok et al. (2000b) showed that labora-
tory sulfurization of fresh algal biomass resulted
in the formation of sulfurized material that, upon
pyrolysis, yielded alkylated thiophenes and an S-
rich UCM and concomitantly showed a drop in
the yield of hydrolysable carbohydrate monomers
from 35 to 14 wt%. Carbohydrates can be substan-
tially enriched in '*C, up to 16%,, compared with
lipids within single organisms (Sinninghe Damsté
et al., 2001b; van Dongen et al., 2002); this explains
the '*C-enriched §'°C values for the short chain
alkylated thiophenes and the S-rich UCM (van
Kaam-Peters et al., 1998; van Dongen et al.,
2003b). Thus, the more '*C-enriched 6'*Croc val-
ues at peak TOC/Al values (Fig. 10) can be
explained by an increased contribution of sulfu-
rized carbohydrate carbon.
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Carbohydrates, which may form a large part (up
to 70%) of the OM produced during photosynthesis
by primary producers in the upper part of the water
column (Romankevich, 1978; Benner et al., 1992;
Pakulski and Benner, 1992; Skoog and Benner,
1997), are generally rapidly mineralized to a large
degree under oxic (e.g., Hernes et al., 1996; Hedges
et al., 1999) and even under anoxic conditions
(Arnosti et al., 1994; Arnosti and Repeta, 1994;

Arnosti, 1995). However, if, for some reason, carbo-
hydrates could be preserved to a high degree, this
would not only cause an enrichment in BCroc
value but also result in a substantial increase in
OCAR. The varying degree in relative preservation
of carbohydrates could thus explain the observed
relationship between 03 Croc values and TOC/Al
ratios (Fig. 10; line II), while primary production
rates remained more or less constant as suggested
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by the almost constant 6'°C values of algal bio-
markers (Fig. 4; Table 2). This does not, however,
exclude the possibility that a small increase in pri-
mary production could have triggered a much
increased preservation of OM through the creation
of a higher oxygen demand in the water column,
resulting in anoxia.

4.3. Relative preservation of lipid and carbohydrate
carbon

Because on average only 5% of the total carbon
in the OM of marine primary producers is present
as lipid material (Romankevich, 1978), the large
increase in OCAR estimated for sub-section C
(ie. up to almost 80gCm Zy ! Table 4), in
combination with the relatively minor changes in
primary production, could not have been caused
only by the preservation of diagenetically resistant
lipid material (e.g., lipid biopolymers; for a review
see de Leeuw and Largeau, 1993) but ‘labile’ cell
material, like carbohydrates or proteins, must also
be involved. In contrast to the evidence for the
preservation of carbohydrate carbon (see above),
no indications at the molecular level were
obtained for preservation of OM derived from
proteins. The C/N ratios for the kerogen and
UCM in the kerogen pyrolysate of the Blackstone
Band are 40 and 98, respectively (van Dongen
et al., 2003b) and, thus, also do not seem to point
to an important contribution of proteins, which
would require lower C/N ratios. It should be
noted, however, that for some other ancient sedi-
ments indications exist for preservation of labile
OM derived from proteins (Riboulleau et al.,
2002) and that this material would likely also be
3C-enriched relative to the lipid fraction. There-
fore, in the following discussion we refer to this
labile carbon pool as ‘“‘carbohydrate carbon” but
we do not fully exclude some contribution from
proteins.

In order to estimate the increase in preservation
of lipid and carbohydrate carbon, the proportion
of these two different carbon pools to the TOC
was calculated. Assuming that lipid and carbohy-
drate carbon are the main contributors to the sed-
imentary OM, the contribution of both carbon
pools to the TOC was calculated using the 8"3Croc
and a two end member mixing model, consisting of
the 8'°C of lipid carbon (6"’ Cypiq) and the 6'°C
value of carbohydrate carbon (513Ccarbohydrate).
For (313C1ipid a value of —28%, is inferred, based

on an average 6'°C value of lipid carbon measured
on n-alkanes and n-alkenes in the kerogen pyroly-
sates (van Kaam-Peters et al.,, 1998). The
513Ccarbohydme is estimated by assuming a difference
in 0'3C value between 513C1ipid and 513Ccarbohydme
of 7429, The 7%, estimate is the most realistic
since it is the average difference observed between
lipids and carbohydrates within single organisms
(Sinninghe Damsté et al., 2001b; van Dongen
et al., 2002). Using the average 0'°Croc value of
the sub-sections (Table 2), the proportions of lipid-
and carbohydrate-derived carbon in sub-sections B
and E (using an average) and sub-section C were
calculated. In sub-section C, the calculation shows
that a substantial part (up to almost 90%) of the
OC originates from carbohydrate carbon (Table 5),
depending on the assumed value for o3 Cearbohydrate-
For sub-sections B and E with reduced TOC con-
tent, a substantial part (31-76%) of the OC may still
originate from carbohydrate carbon, with a roughly
equal part (24-69%) originating from lipid carbon
(Table 5). The relatively high proportion of carbo-
hydrate carbon in sections B/E may seem surprising
but it should be realized that these sections still have
high TOC values (>4%) and were deposited under
anoxic conditions. In addition, kerogen pyrolysates
from sections B and E reveal the presence of sub-
stantial amounts of short chain alkylated thioph-
enes as well as an S-rich UCM, thereby also
pointing to a substantial contribution of carbohy-
drate carbon.

On average, approximately 40% of the total OM
of a marine primary producer is present as carbohy-
drate and only 5% as lipid (Romankevich, 1978), i.e.
carbohydrates are a factor 8§ more abundant than
lipids. With the calculated proportion of carbohy-
drate and lipid carbon, this ratio was calculated
for sections B/E and C for the different assump-
tions with respect to 513Ccarbohydrate (Table 5).
This shows, for the most realistic assumption for
0" Cearbohydrate (i-6. —21%,), that in the TOC-leanest
section the ratio is 0.7, i.e. lipids are a factor >10
better preserved than carbohydrates. In strong con-
trast, the value is 7.7 for the TOC-rich section, indi-
cating almost no selective preservation of lipids
relative to carbohydrates. This latter value is
strongly dependent on the assumed 513Ccarb0hydrate;
for 513Ccarbohydrate = —199%, it drops to 2.2 (Table
5). These calculations indicate that a substantial
increase in the preservation of carbohydrate carbon
can explain the shift in 6"*Croc and at the same
time result in substantially increased OM burial
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Table 5

1067

Calculated proportion of lipid and carbohydrate carbon in sub-sections B/E and C for different assumed 513Cmbohydme values and

resulting carbohydrate C/lipid C ratio

Sub-section B/E* C B/E* C B/E* C
513Ccarbohydrate (%o): —23 —21 =19
Proportion of lipid carbon 0.24 Na® 0.60 0.11 0.69 0.31
Proportion of carbohydrate carbon 0.76 Na® 0.40 0.89 0.31 0.69
Carbohydrate C/lipid C 1.3 Na® 0.7 7.7 0.5 2.2

% Average of sub-section B and E.

® Na = not applicable because isotopic difference between carbohydrate and lipid carbon not large enough to allow to calculation.

flux, without the need to substantially increase pri-
mary productivity.

4.4. What caused the enhanced carbohydrate
preservation?

Our data seem to indicate that the KCF Black-
stone Band TOC cycle can be explained by a sub-
stantial increase in OCAR (Table 4) through a
substantial increase in the preservation of carbohy-
drates. This can be visualized in a theoretical
model in which three depositional stages can be
distinguished (Fig. 12). In the first (Fig. 12A) there
are no anoxic bottom waters and sedimentary pore
waters are oxic in the surface sediment. Under
these conditions [i.e. a long oxygen exposure time
(OET) — the time that OM is exposed to oxygen
in both the water column and sediment (Hartnett
et al., 1998)] by far the largest fraction of the car-
bohydrates produced in the upper water column
would be mineralized and mineralization could
continue in the anoxic part of the sediment
(Arnosti, 1995; Arnosti et al., 1998). In the second
stage of the model (Fig. 12B), there is bottom
water euxinia, resulting in substantially reduced
OET for settling OM. This, in combination with
the relatively shallow water column (only ca.
75 m; Weedon et al., 2004), results in the delivery
of substantially increased amounts of carbohydrate
material at the sediment/water interface, although
most of the carbohydrate is still probably mineral-
ized during transport through the predominantly
oxic water column (Hernes et al., 1996). Recent
work has demonstrated, however, that anoxic con-
ditions considerably decrease and even shut down
the breakdown of labile OM, including carbohy-
drates (Moodley et al., 2005). The enhanced euxi-
nic  conditions would thus allow the
carbohydrates that do reach the sediment/water
interface to become sulfurized through reaction
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Fig. 12. Depositional model, illustrating influence of anoxic
depositional conditions on preservation of carbohydrate carbon.
(A) Stage l: Oxic conditions in water column and oxic pore
waters in surface sediment; no preservation of carbohydrates
through sulfurization. (B) Stage 2: Euxinic conditions in bottom
waters; increased preservation of carbohydrate through sulfuri-
zation. (C) Stage 3: photic zone euxinia; relatively great preser-
vation of carbohydrate through sulfurization.

with reduced inorganic sulfur species during early
diagenesis (Kok et al., 2000b; van Dongen et al.,
2003a). Sulfurization of OM is a relatively slow
process that takes hundreds to thousands of years
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to be completed (Werne et al., 2000; Kok et al.,
2000a; Sinninghe Damsté et al., 2006) but the sub-
stantially reduced mineralization of carbohydrates
under anaerobic conditions would allow a substan-
tial fraction of the carbohydrate to become sulfu-
rized. When carbohydrate becomes sulfurized,
anaerobic bacteria are probably no longer able to
use it as a source of carbon and energy, although
this remains to be experimentally verified. Sulfuri-
zation of carbohydrates is therefore likely to result
in preservation rather than mineralization of car-
bohydrate carbon. In the third stage of the model
(Fig. 12C) euxinic conditions extend into the pho-
tic zone of the water column, resulting in photic
zone euxinia (PZE). These conditions further
decrease the OET of settling OM, resulting in a
substantially greater fraction of carbohydrate car-
bon reaching the sediment floor and being avail-
able for sulfurization.

In the sediments of the Blackstone Band cycle,
substantial amounts of the derivatives of isoreni-
eratene (II-XVI) are present (Fig. 5). These bio-
markers reveal the presence of green sulfur
bacteria, which require both light and sulfide, and
so provide evidence that PZE occurred (Sinninghe
Damsté et al., 1993b; Hartgers et al., 1994b; Koop-
mans et al., 1996). In addition, substantial amounts
of Cy9—C39 neohop-13(18)-enes (XXI-XXII) and
C,5—Cy¢ aromatic hopanoids (XXIII-XXIV) were
present (Fig. 5), possibly originating from bacteria
dwelling at or below the chemocline, again pointing
to a more stratified water column (Sinninghe
Damsté, 1997). The presence of these PZE indica-
tors throughout the section indicates that the third
stage of the model was common. However, the
ratios of the summed concentration of the deriva-
tives of isorenieratene (II-XVI)/Al, the Cy—Cs
neohop-13(18)-enes (XXI-XXII)/Al and the C,s-
C,4 aromatic hopanoids (XXIII-XXIV)/Al, all have
a distinct maximum coinciding with peak TOC/Al
ratios (Fig. 8). In addition, the enrichment factors
were substantially higher than the phytane/Al ratio
(Table 3). This indicates that, during deposition of
the Blackstone Band the occurrence of PZE (the
third stage in the model; Fig. 12) was more fre-
quent or that the PZE periods lasted longer than
those represented by the under- and overlying
strata. This is confirmed by the substantially
increased levels of trace elements (Co, Cr, Cu, Ni
and V) normalized against Al levels which occur
in section C along with peak TOC values (e.g.,
Ni/Al ratio in Fig. 8). Scavenging of these elements

is optimal when the water column is anoxic (cf.
Nijenhuis et al., 1999).

Consequently, during the whole TOC cycle alter-
nations between the second and third stage
occurred, but the duration of the third stage during
deposition of sediment with a lower TOC/AI ratio
was relatively shorter. These alternations may even
have occurred on a seasonal basis (cf. Kenig et al.,
2004). The longer duration of the third stage during
deposition of the Blackstone Band most likely
caused the preservation of more carbohydrate car-
bon through sulfurization and thus resulted in
enhanced TOC values and '*C-enrichment of the
OM (line II in Fig. 10).

In contrast to the Blackstone Band, Morgans-
Bell et al. (2001) showed that under- and overlying
strata are less laminated and are in some places bio-
turbated. This probably indicates that occasional
short-lived oxygenation events occurred in these
sections. Such oxygenation events would substan-
tially increase the OET of the deposited OM, which
in turn could reduce the relative amount of pre-
served carbohydrate, causing a shift in 6" *Croc
towards lower values. This could potentially be an
explanation for the observed shifts in 8'*Croc val-
ues for TOC/A1 <1.7 (line I in Fig. 10). In addition,
such oxygenation events would also lower the Rock-
Eval hydrogen index, which is reduced substantially
at lower TOC contents in the KCF (e.g., Huc et al.,
1992).

The occurrence of PZE can be caused by a cli-
matically-induced increase in primary productivity,
for instance by a slight increase in the run-off from
the mainland, supplying more nutrients to the basin.
This would cause a slightly enhanced productivity
and consequently a higher oxygen demand in the
water column. This higher oxygen demand would
result in a shallowing of the chemocline which
would minimize the OET. This would cause an
increase in the amount of carbohydrates that
reaches the sediment/water interface, resulting in
optimal conditions for the preservation of carbohy-
drate carbon through sulfurization, TOC accumula-
tion and '*C-enrichment of OM. Another possibility
is that the chemocline shifted to shallower depths
due to changes in the physical conditions in the
water column, for instance by an increased influx
of denser or colder water. Such water masses would
push up the original bottom water, causing a shal-
lowing of the chemocline. In this way, nutrients
“locked” below the chemocline would be advected
to the photic zone, resulting in enhanced primary
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productivity. In addition, a shift in the chemocline
would minimize the OET, causing an increase in
the amount of OM that reached the sediment/water
interface, resulting in optimal conditions for preser-
vation of carbohydrate through sulfurization and
consequently enhanced TOC values and '*C-enrich-
ment of OM.

4.5. Implications for the KCF and other sedimentary
environments

Although the TOC cycle comprising the Black-
stone Band is the cycle in the KCF which reaches
the highest TOC content, there are numerous other
TOC cycles in the KCF that are characterized by
substantially enhanced 03Croc values (Morgans-
Bell et al.,, 2001). Huc et al. (1992) and van
Kaam-Peters et al. (1998) also observed a signifi-
cant correlation between TOC and 6"°Croc for a
set of sediments covering a stratigraphically greater
part of the KCF. In sediments deposited in other
TOC cycles, substantial amounts of PZE markers
as well as high amounts of preserved carbohydrate
carbon (short chain alkylated thiophenes and S-
rich UCM) have also been observed (van Kaam-
Peters et al., 1998). In addition, Boussafir et al.
(1995) concluded, on the basis of transmission elec-
tron microscopic observations, that OM sulfuriza-
tion played an important role in another TOC
cycle. Pancost et al. (2005) also reported, for the
lower hudlestoni ammonite biozone of the KCF,
a strong correlation between TOC content and
the abundance of the sulfur-rich UCM in kerogen
pyrolysates. Thus, the process proposed here for
the TOC cycle comprising the Blackstone Band
most likely played an important role in intervals
throughout the KCF, albeit not as extreme as in
the Blackstone Band. This suggests that the preser-
vation of carbohydrates through sulfurization
could exert an important primary control on the
TOC cyclicity in the KCF.

Short chain alkylated thiophenes and an S-rich
UCM have been commonly observed in other kero-
gen pyrolysates, especially from shallow, sedimen-
tary environments (e.g., Sinninghe Damsté and de
Leeuw, 1992; Sinninghe Damsté et al., 1992,
1993a, 1999; Hartgers et al., 1995; van Kaam-Peters
and Sinninghe Damsté, 1997; Mongenot et al., 1999;
Riboulleau et al., 2000, 2003). In addition, substan-
tial changes in 6"*Croc are commonly observed
without a concurrent shift in 4'*C value of the bio-
markers from primary producers, for instance in the

Peterborough Member of the Oxford Clay (Kenig
et al., 1994). In these cases, it is also likely that car-
bohydrate carbon preservation through sulfuriza-
tion played an important role in the accumulation
of TOC, especially in the case of elevated organic
S content. Thus, the process could play a much
more important role in the preservation of OC than
recognized till now, especially in shallow euxinic
shelf seas.

5. Conclusions

The enhanced TOC contents in the Blackstone
Band cycle of the KCF are probably caused by an
increase in the OCAR and not by a decrease in
the accumulation rates of inorganic matter. The cal-
culated relative preservation factors suggest that
enhanced preservation of carbohydrates through
sulfurization, and not an increase in primary pro-
duction, exerts the primary control on OCAR and
0*Croc values in this TOC cycle. The enhanced
preservation is most likely caused by a longer dura-
tion of photic zone euxinia in the depositional envi-
ronment, conditions which foster the preservation
of labile carbohydrate carbon through minimal oxy-
gen exposure times and optimal conditions for sul-
furization of OM. Enhanced preservation of
carbohydrate carbon through sulfurization is prob-
ably a dominant control for OC accumulation in the
KCF and could play a more important role than
recognized till now in the preservation of OC in
marine sediments, especially in shallow euxinic shelf
seas.
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