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Abstract

A limited suite of C,7, Cy9 and Csp rearranged hopenes identified as neohop-13(18)-enes have
been reported in immature Recent and ancient marine/lacustrine sediments and their presence has been
explained by dehydration and isomerisation of ubiquitous hopanols or hopenes. Here we investigated the
source and fate of neohop-13(18)-enes in a range of recent and ancient sediments. The analysis of §"°C
values of hop-17(21)-ene and neohop-13(18)-ene in Arabian Sea surface sediments, in the Monterey
Formation and in immature Cenomanian black shales show that they differ by 2-3%o, suggesting that the
Cso neohop-13(18)-ene has a source different from those of the non-rearranged Csy hopenes. A new
member of the family of neohop-13(18)-enes, the C,s hopene 28,30-dinorhop-13(18)-ene, was identified
based on comparison of its mass spectral data with that of other members of the family of neohopenes. Its
occurrence explains the formation of a series of orphan aromatic hopanoids bearing an ethyl group at C-21,
known to occur in high concentrations in some organic-rich ancient sediments. Circumstantial evidence
for this formation pathway is provided by identical 8"°C values for the Cpg 28,30-dinorhop-13(18)-ene and
two aromatic hopanoids in two Cretaceous black shales. Relatively abundant Cys 28,30-dinorhopene and
related aromatic derivatives were present in ancient sediments where the distribution of other biomarkers
(i.e. isorenieratene derivatives) indicated a stratified palaco water column. Therefore, it is suggested that
these compounds are derived from bacteria dwelling at or below the chemocline and may be used as
indicators of stratified water bodies in the past. 28,30-Dinorhop-13(18)-ene may also be a precursor of the
unusual Cyg desmethylhopane 28,30-dinorhopane found in high concentrations in anoxic sediments and a
limited suite of crude oils, which is consistent with the proposal that it too ultimately derives from bacteria
living at the oxic-anoxic interface.
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1. INTRODUCTION

Hopanoids occur ubiquitously in sediments and oils and are widely applied as biomarkers for
bacteria. An important source for sedimentary hopanoids are the Css bacteriohopanepolyol derivatives
(Rohmer et al., 1980), which upon diagenesis result in the formation of hopanols, hopanoic acids,
hopenes and hopanes. Bacteriohopanepolyols occur in the membrane of aerobic bacteria such as
cyanobacteria, and heterotrophic and methanotrophic bacteria (e.g., Talbot et al., 2008; Rezanka et al.,
2010). 2-Methyl hopanoids seem to be characteristic for cyanobacteria (Summons et al., 1999) although
other sources are now known (Doughty et al., 2009). In addition to the extended hopanoids like the
bacteriohopanepolyols, some bacteria also produce hopanoids without an extended chain at C-22. These
include the Csy hopanoids, diplopterol (hopan-22-ol) and diploptene (hop-22(29)-ene), which are
biosynthesized by quite a number of bacterial species (Rohmer et al., 1980). Hopanoids predominantly
occur in aerobic bacteria in oxic environments and have only rarely have been found in facultatively
anaerobic bacteria. However, in the last decade various anaerobic bacteria have also been shown to
contain a range of hopanoid lipids including hop-22(29)-ene and hop-21-ene (Sinninghe Damsté et al.,
2004; Fischer et al., 2005; Hartner et al., 2005).

The neohop-13(18)-enes are part of a special group of hopanoids; the so-called rearranged
hopanoids (Moldowan et al., 1991; Farrimond and Telnaes, 1996). The carbon skeleton of these
components is identical to that of the hopanes except that the methyl group normally at position C-18 is
at position C-17. The presence of Cs, (I; see Appendix for structures) and demethylated Cyg (11) and Cy;
(1) neohop-13(18)-enes in Recent and ancient marine and lacustrine sediments has been noted for
many years (e.g. Brassell and Farrimond, 1986; Comet et al., 1981; McEvoy et al., 1981; Thompson et
al., 1982; Stein et al., 1988; Rullkétter et al., 1984; van Kaam-Peters et al., 1997, 1998; van Dongen et
al., 2006a,b). It has been proposed that these components have been formed from ubiquitous hopanols or
hopenes through dehydration and isomerisation reactions.

Here we examine the distribution of these compounds in a range of sediments and use 5"°C data
to examine their likely origins. We show that a direct biological production of some neohopenes is likely
and that a novel C,g dinorhop-13(18)-ene (1V) is the precursor of a well-known series of orphan
aromatic hopanoids (V-VIII) and probably of 28,30-dinorhopane.

2. EXPERIMENTAL

2.1. Sample material

Sediments from a wide variety of sources were used in this study. These include Holocene
sediments from the Arabian Sea, Miocene sediments from the Monterey Formation (USA),
Maastrichtian black shales from the Ghareb Formation (Jordan), Cenomanian/Turonian black shales
from the proto North Atlantic Ocean, and sediments from the Jurassic Kimmeridge Clay Formation

(UK). Details on sampling and sediment characteristics have been described in other published studies
(see Tables 1-3).

2.2. Extraction and fractionation

Typically, powdered samples (15 to 30 g) were Soxhlet extracted with dichloromethane
(DCM)/methanol (7.5:1, v/v) for 24 h. An aliquot (ca. 250 mg) of the extract to which a mixture of four
standards was added for quantitative analyses (Kohnen et al., 1990), was separated into an apolar and a
polar fraction using a column (20 x 2 cm) packed with alumina (activated for 2.5 h at 150 °C) by elution
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with hexane/DCM (9:1, v/v; 150 ml) and methanol/DCM (1:1, v/v; 150 ml), respectively. When visible
amounts of elemental sulfur were present, activated (i.e. pretreated with 6 M HCI) copper powder was
added to the apolar fractions dissolved in DCM and the resulting slurries were stirred for 12 h at room
temperature to remove elemental sulfur. Apolar fractions (ca. 10 mg) were further separated by
argentation thin layer chromatography (TLC) as described in Kohnen et al. (1990). Four to six fractions
were scraped off the TLC plate and extracted with ethyl acetate using ultrasonication (x3). For
measurement of the 8'°C values of hopenes, the most apolar TLC fractions were further separated where
appropriate.

2.3. Analytical methods

Gas chromatographic (GC) analyses were performed using a Hewlett-Packard 5890 instrument,
equipped with an on-column injector and a flame ionization detector. A fused silica capillary column (25
m x 0.32 mm) coated with CP-Sil 5 (film thickness 0.12 um) was used with helium as carrier gas. The
samples were dissolved in ethyl acetate and injected at 70 °C. Subsequently the oven was programmed
to 130 °C at 20 °C/min and then at 4 °C/min to 320 °C where the temperature was maintained for 20
min. GC-MS was performed using a Hewlett-Packard 5890 gas chromatograph interfaced to a VG
Autospec Ultima Q mass spectrometer operated at 70 eV with a mass range m/z 50-800 and a cycle time
of 1.8 s (resolution 1000). The column conditions and temperature program were the same as described
above for GC analyses. Concentrations for hop-13(18)-enes were determined by integration of mass
chromatograms of m/z 176, 190, 204, and 218 for the C,;-C3p neohop-13(18)-enes, respectively, and m/z
83 for the internal standard. Response factors were determined by analyzing fractions containing
neohopenes in high abundance co-injected with the mixture of standards and quantifying the appropriate
peak areas in both the FID chromatogram and the specific mass chromatograms. The aromatic hopanes
were determined by integration of mass chromatograms m/z 364, 346, and 328 for the mono-, di-, and
triaromatic hopanoids, respectively, and m/z 107+147 for the internal standard using response factors for
the different components. The presence of 170,18a,213(H)-dinorhopane was established by a positive
co-injection experiment on two different stationary GC phases using an authentic standard (Chiron).

Compound-specific 8"°C analyses were performed using a Finnigan Delta C isotope ratio
monitoring-gas chromatography-mass spectrometry (irm-GC-MS) system. A Hewlett-Packard 5890 gas
chromatograph was used with the same column conditions and temperature program as described above
for GC analyses. The 8"°C values for individual compounds are reported in the standard delta notation
against the VPDB standard and are the means of duplicate runs with a reproducibility of typically
<0.5%o unless otherwise specified. The biomarkers for which 8"°C values are reported were sufficiently
resolved by GC to be analysed by irm-GC/MS.

3. RESULTS

3.1. Occurrence of neohop-13(18)-enes

The distribution of neohop-13(18)-enes was determined in a large suite of sediments ranging in
age from Recent to Jurassic (Tables 1-3). These compounds were identified on basis of their
characteristic mass spectra (Fig. 1) and relative retention time data in comparison with those of authentic
standards and literature data (e.g., Howard et al., 1984; Ageta et al., 1987; Douka et al., 2001). In all
cases where neohopenes were encountered the Cso neo-13(18)-hopene (1) is present, sometimes together
with the Cy9 member (11), in other cases with the C,; member (I11), and sometimes with both (Tables 1-
3). The Cy3 member of this series was not observed in any of these sediments nor did we find any
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examples of neohop-13(18)-enes having more than 30 carbon atoms. Typical distributions in Holocene
and Cretaceous sediments are shown in Figs. 2 and 3, respectively.

A new member of the family of neohop-13(18)-enes, 28,30-dinorhop-13(18)-ene (1V), was
identified in Cenomanian (93.5 Ma old) black shales from the proto North Atlantic Ocean (Table 1) and
in the Miocene Monterey Formation (Table 2). Its identification is based on comparison of its mass
spectral data with those of the other members of the family (Fig. 1). The characteristic fragment ions
containing the DE-ring part of 28,30-dinorhop-13(18)-ene (Table 4) are all shifted 14 Da to higher m/z
values relative to those of the C,7 neohop-13(18)-ene and 14 Da to lower m/z values relative to those of
the C,9 neohop-13(18)-ene. The M"*-29 fragment ion (Fig. 1b) indicates that the C,5 28,30-dinorhopene
contains an ethyl group like the C,9 neohopene. This indicates that, in comparison with the Cyg
neohopene, the C,g hop-13(18)-ene is missing either the C-27 or the C-28 methyl group. Loss of C-27
would, however, significantly affect the mass spectral fragmentation through ring C, the most important
mass spectral fragmentation pathway of the neohopenes (Table 4). Therefore, the C,3 neohopene is
identified as 28,30-dinorhop-13(18)-ene (1V). Its exact stereochemical configuration (i.e. at C-17 and C-
21), however, remains undetermined. Note that this neohopene is formally not a rearranged hopanoid
since it does not bear a methyl group at C-17.

The C,s 28,30-dinorhopene is sometimes the most abundant neohopene: e.g., in some
Cenomanian black shales deposited in the southern part of the proto North Atlantic Ocean (Fig. 3; Table
1). In other sediments the Cys hop-13(18)-ene cannot be detected (Table 1-3; Fig. 2), even though other
hop-13(18)-enes are present, implying that there are specific environmental features and/or a specific
source related to the occurrence of this compound. In the studied section of the Santa Barbara-Ventura
Basin (Table 2) it occurs in some (but not all) rocks of the Miocene Monterey Formation but not in the
underlying Rincon Shale and overlying Sisquoc Formation.

To determine potential diagenetic relationships the 8'°C values of the series of neohop-17(21)-
enes and hop-17(21)-ene (1X) were measured for a selection of sediments and are reported in Table 5.
Hopenes often elute in complex clusters of biomarkers (e.g., see the mass chromatograms of m/z 191 in
Figs. 2 and 3), which hampers accurate determination of 8"°C values. Therefore, fractionation of apolar
fractions of the extracts by preparative TLC and other clean-up techniques were required to obtain the
values reported in Table 5. Values range from -16 to -27%o.

3.2. Occurrence of aromatic hopanes

A series of potentially related aromatic hopanoids (V-VII) previously identified by Greiner et al.
(1976, 1977), all containing an ethyl side chain, were detected in relatively high concentrations in the
same sediments that were analyzed for neohopenes (Tables 1-3), except for the two Holocene Arabian
Sea sediments. These components are sometimes the most abundant peaks in the total ion
chromatograms of aromatic hydrocarbon fractions (e.g. Fig. 4). The tetra-aromatic hopanoid VIII
(Greiner et al., 1976, 1977) was not detected in these fractions. To determine potential diagenetic
relationships, the 5"°C values of the series of aromatic hopanes were measured for a selection of
sediments and are reported in Table 5. Values range from -16 to -26%.

The concentration of the aromatic hopanoids was also quantified in artificially matured
sediments of the Maastrichtian Ghareb Formation using hydrous pyrolysis at temperatures in the range
200-300°C for three days (Table 6). This revealed an increase in concentration of almost an order of
magnitude at 200°C, whilst concentrations started to decrease at temperatures >260°C. The triaromatic
hopanoid (V1) becomes relatively more abundant at higher temperatures.
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3.3. Occurrence of 28,30-dinorhopane

Concentrations and 8"°C values of 28,30-dinorhopane (DNH) were previously reported for
sediments of the Monterey Formation (Schouten et al., 2002a,c). Here we report the concentration of
17a,180,21B(H)-28,30-DNH (X) and 8"°C values for Cenomanian/Turonian black shales from the
Tarfaya coastal basin. DNH was detected in sometimes high concentrations (up to 400 pg.g Corg '; Table
7) in the sediments deposited during Oceanic Anoxic Event-2 (OAE-2) and younger ones but not before
OAE-2. The 8"C value of DNH varies from —22 to —28 %o (Table 7).

4. DISCUSSION

4.1. Biological sources of neohopenes

Neohopenes have been reported in a small number of microbes and ferns. Bottari et al. (1972) in
their review of hydrocarbons in ferns noted that a few contain small amounts of neohop-13(18)-ene in
addition to a range of hopenes and fernenes. In bacteria, neohop-13(18)-ene has been reported as a trace
constituent of Alicyclobacillus acidocaldarius (Ageta et al., 1994) and in the purple non-sulfur
bacterium Rhodomicrobium vannielii together with hop-17(21)-ene (1X), fern-7-ene and fern-9(11)-ene
(Howard et al., 1984). Hop-17(21)-ene, neohop-13(18)-ene and diploptene (XI) have been found as
trace constituents of Frankia sp. (Rosa-Putra, 1998). Douka et al. (2001) identified neohop-13(18)-ene
together with hop-17(21)-ene, neohop-12-ene, fern-8-ene, diploptene and hop-21-ene (IX) in the
bacterium Zymonas mobilis. There is no example thus far where the abundance of neohop-13(18)-ene is
particularly high relative to other hopenes and so a direct contribution from bacteria cannot account for
the high amounts of neohop-13(18)-ene found in some sediments. Moreover, there appear to be no
reports of bacteria containing neohop-13(18)-enes having other than a Csy carbon number so the C,7 and
Cy9 neohop-13(18)- enes must be produced in the sediment. It is also unlikely that all members of the
neohopene series could have the same origin since their 8'°C values differ by up to 6% in the sediments
examined here (Table 5).

4.2. Possible formation of neohopenes through isomerisation of hopanoids

It has been proposed that neohopenes are formed from ubiquitous hopanols or hopenes through
dehydration and isomerisation reactions (e.g., Moldowan et al., 1991). Ageta et al. (1987) reported that
neohop-12-ene was readily converted to neohop-13(18)-ene by mild acid and that the conversion could
also occur on alumina. Moreover, neohop-13(18)-ene () is formed when hopenes are isomerised under
strong acidic conditions (Berti and Bottari, 1968). Ensminger (1977) also reported the formation of
neohop-13(18)-ene (I) from refluxing diploptene (hop-22(29)-ene; XI) in the presence of the clay
mineral montmorillonite for one hour, although at room temperature only hop-17(21)-ene (1X) and hop-
21-ene (XI1) were formed after 7 days. This suggests that the isomerisation of diploptene to hop-17(21)-
ene is relatively facile, but that harsher reaction conditions or longer times are required for the
subsequent isomerisation to neohop-13(18)-ene (Fig. 5). Note, however, that Moldowan et al. (1991)
added diploptene to dried montmorillonite and after agitation for just 1 h at 25 °C the diploptene was
completely converted to hop-17(21)-ene and 17a-methyl-28-norhop-13(18)-ene (i.e. neohop-13(18)-ene)
in a 3:1 ratio. These data also show that C,7-C,9 neohopenes may be formed by isomerisation of other
C,7-Cy9 hopenes in sediments, which is plausible since such components have been reported (e.g.,
22,29,30 trisnorhop-17(21)-ene; Thompson et al., 1982), although they are much less common than the
Cso hopanoids.
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One way to test a possible formation of neohopenes from isomerisation of hopanoids is to
compare their carbon isotopic compositions since &°C values of biomarkers are not likely to change
during diagenetic reactions such as isomerisation and aromatisation (e.g., Freeman et al., 1990; Koopmans
et al., 1996; Sinninghe Damsté et al., 1999). Therefore, the 8"°C values of hop-17(21)-ene (1X) and its
inferred isomerisation product neohop-13(18)-ene (l) were determined in sediments where both
components co-occur (Table 5). In a Recent Arabian Sea surface sediment from within its oxygen-
minimum zone the 8"°C values of hop-17(21)-ene and neohop-13(18)-ene differ by 3.5%o. In a sediment
from the Miocene Monterey Formation they differ by 5.5%o. In an immature Cenomanian black shale
the difference is relatively small: only 1.8%o. These data clearly indicate that in these sediments neohop-
13(18)-ene cannot have been formed solely by isomerisation of hop-17(21)-ene (Fig. 5) and thus likely
has a source different from those of non-rearranged Cso hopenes as also suggested by Farrimond and
Telnaes (1996). However, Koster et al. (1998) reported distinct, depleted 5" values (-43.5%o) for both
hop-17(21)-ene and neohop-13(18)-ene in a black shale from the Oligocene Menilite Formation
(Poland), suggesting that in this case there was a clear diagenetic relationship. Alternatively, both
components in this specific case may have originated from one organism.

4.3. An independent source for Cyg 28,30-dinorhop-13(18)-ene

Although neohop-13(18)-ene, and to a lesser extent, the C,; and Cy9 neohopenes, are fairly
common (Tables 1-3; Fig. 2), the occurrence of the Cyg28,30-dinorhop-13(18)-ene is much more limited;
it was detected only in some sediments of the Monterey Formation and Cretaceous black shales but it
was not detected in the Kimmeridge Clay Formation (Tables 1-3). The 8"°C value of C,3hop-13(18)-ene
in a black shale from the Cape Verde Basin (DSDP Site 367) differs by 6%o from that of the C3pneohop-
13(18)-ene (Table 5). This, together with its more limited occurrence, suggests that the C,g hop-13(18)-
ene is derived from an independent specific biological source. Cyg 28,30-dinorhop-13(18)-ene only
occurs in sediments deposited in the southern part of the proto North Atlantic Ocean during the
Cenomanian/Turonian Oceanic Anoxic Event-2 (OAE-2), but it is absent in black shales deposited
outside this area (Fig. 6). This is exactly the area that was previously characterized by the occurrence of
photic zone euxinia (i.e. the base of the photic zone was comprised of anoxic, sulfide-containing water)
by the relatively high abundance of derivatives of isorenieratene, the characteristic carotenoid of
photosynthetic and anoxygenic brown coloured green sulfur bacteria (Sinninghe Damsté and Koster,
1998). This implies that the occurrence of the Cys 28,30-dinorhop-13(18)-ene may be related to the
strong stratification of the ocean at that time and one could speculate that it is produced by bacteria
residing at the chemocline although it has, to the best of our knowledge, not yet been reported in
present-day stratified systems, such as the Black Sea and the Cariaco Basin. Further circumstantial
evidence for this hypothesis is obtained from biomarker analyses of the OAE-2 section of DSDP Site
367, right in the core of the area characterized by photic zone euxinia (Fig. 6). Sediments deposited at
this abyssal site are organic-rich, i.e. with a TOC content often >10% with values as high as almost 40%
(Fig. 7a). Previous analyses revealed substantial variations in the concentrations of sulfur-bound
isorenieratene (Fig. 7b; Kuypers et al., 2002) and our current analyses reveal that the concentration
profile of the Cys28,30-dinorhop-13(18)-ene (Fig. 7c) shows some correspondence with that of sulfur-
bound isorenieratene. This is consistent with an origin for the C,g 28,30-dinorhop-13(18)-ene from
bacteria residing at the chemocline. Analyses of an OAE-2 section from Site 603B in the northern part
of the proto North Atlantic revealed the absence of the C,g28,30-dinorhop-13(18)-ene (Table 1), in line
with the reported absence or relatively low abundance of isorenieratene derivatives in these black shales
(Kuypers et al., 2004).
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4.4. Aromatisation of C,g 28,30-dinorhop-13(18)-ene

The C,s 28,30-dinorhop-13(18)-ene (IV) is a possible precursor of a series of orphan aromatic
hopanes bearing an ethyl group at C-21 (V-VIII). The Cy4 tetra-aromatic and C,s triaromatic members
of this series were identified in relatively high concentrations in the Messel oil shale (Greiner et al.,
1976, 1977) and have subsequently been found, together with the C,¢ diaromatic and C,7 monoaromatic
members (V-VI), in many other, often thermally immature, organic matter-rich sediments (e.g., Barnes
et al., 1979; Comet et al., 1981; Simoneit, 1981; Rullkotter et al., 1984; van Kaam Peters et al., 1997;
van Dongen et al., 2006a). Their structures suggest a diagenetic sequence of successive aromatization
reactions from ring D through rings C, B, and A (Greiner et al., 1976, 1997) (Fig. 8). The presence of an
ethyl side-chain in V-VIII and the absence of homologues possessing an isopropyl group were
enigmatic at the time since this suggested an unknown 30-norhopanoid precursor (Greiner et al., 1976,
1977).

The C,s 28,30-dinorhopene IV identified here seems to be a logical precursor of aromatic
hopanoids V-VIII since it already possesses a double bond in ring-D and only one methyl group (C-27)
has to be removed in the first aromatisation reaction leading to V (Fig. 8) in contrast to two methyl
groups in the case of neohopenes I-111. Circumstantial evidence for this formation pathway comes from
the tentative identification of the intermediate X111 in this reaction pathway (Fig. 8). The mass spectrum
(Fig. 9) of this intermediate indicates that it is probably 28,30-dinorhop-13(18),16-diene. It is
characterized by a molecular ion at m/z 380, 2 Dalton less than that of the Cyg 28,30-dinorhopene (Fig.
1b), and a large M"™*-29 fragment ion. The relatively high abundance of this latter fragment ion suggests
that the additional unsaturation is a 16(17)-double bond, which facilitates the loss of the ethyl side-chain
through B-cleavage. This component was identified in an extract of a Cenomanian black shale from the
Demarara Rise (DSDP Site 144). This black shale also contains its presumed precursor and products, the
Cas 28,30-dinorhopene 1V (Table 1) and the aromatic hopanoids V-VII (Fig. 3).

More direct evidence for the proposed precursor-product relationship comes from the identical
8'"°C values of the aromatic hopanoids V and VI and their proposed precursor IV in two immature
Cenomanian black shales (Table 5). In the black shale from the Demarara Rise all three components
have 8"°C values of ca. —26%o, whereas in the black shale from the Cape Verde Basin these values are
also identical (ca. —15.5%o; Table 5). It seems that only the C,528,30-dinorhopene acts as a precursor of
V-VII, since in the set of thermally immature OAE-2 black shales only the sediments containing the Cog
28,30-dinorhopene 1V also contain the aromatic hopanoids V-VII in substantial amounts (Fig. 6). The
relationship between IV and the aromatic hopanoids is also evident from the OAE-2 section from DSDP
Site 367 (Fig. 7), although sediments that do not contain IV still contain relatively low, and sometimes
even higher, concentrations of the aromatic hopanoids. This latter observation is most evident for the
sediments of the S13 borehole in Morocco; they do contain substantial amounts of isorenieratene
derivatives and aromatic hopanoids but the C,g 28,30-dinorhopene IV is absent (Table 1; Fig. 6). This
may be due to the higher level of thermal maturity (i.e. the B hopane isomerisation index is 0.15,
whereas for most OAE-2 black shales it is ~0.7; Table 1); it is expected that the Cys 28,30-dinorhopene
IV is rapidly converted into aromatic hopanoids V-VII, whereas neohopenes I-11l remain unaffected.
This is also seen for the two black shales from DSDP Site 368. These sediments are affected by a
diabase intrusion (Simoneit et al., 1981). The sediment at 952.65 mbsf was apparently not affected by
the diabase sill (B3 hopane isomerisation index of 0.85) and has a neohopene distribution similar to that
of other black shales in this area (Fig. 6), whereas the sediment at 979.20 mbsf was clearly affected by
the diabase sill (B hopane isomerisation index of 0.00) and does not contain IV but contains substantial
amounts of the aromatic hopanoids VI and VII.
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The rapid conversion of the C,g 28,30-dinorhopene IV into aromatic hopanoids V-VII is
consistent with the composition of the thermally more mature sediments of the Jurassic Kimmeridge
Clay Formation. They do contain the Cy9 and Csy neohopenes | and 11 but not IV, which, in combination
with sometimes high abundances of the aromatic hopanoids V-VII (Table 3; Fig. 4b), suggests a
complete conversion of IV. In a section of the Kimmeridge Blackstone Band, a ca. 1 m thick interval
reaching C,, levels of over 40% (Fig. 10a), the concentration of the aromatic hopanoids (normalized on
Corg) clearly maximizes in this interval (Fig. 10c). This is consistent with the idea that the Cyg 28,30-
dinorhopene 1V and, thus, its diagenetic derivatives V-VII, can be used as stratification markers since it
is well established that the Blackstone Band was deposited in a stratified, euxinic shelf sea (van Kaam-
Peters et al.,, 1997, 1998; van Dongen et al., 2006a) as is also evident from increased levels of
isorenieratene derivatives (Fig. 10b). With the assumption that the C,g 28,30-dinorhopene IV is
quantitatively converted into VI andVII, the original neohopene distribution can be calculated; the Cog
28,30-dinorhopene clearly shows the highest abundance in the Blackstone Band (Fig. 10d).

An intriguing observation remains that the concentrations of the aromatic hopanoids V-VII are
almost always substantially higher than that of Cyg 28,30-dinorhopene IV (Tables 1-3); quantitative
conversion would be expected to give rise to concentrations never exceeding ca. 30 ug.g Corg'1 (highest
concentration measured), whereas the concentration of the aromatic hopanoids V-VII is often
substantially higher, especially in thermally more mature sediments (Tables 1-3). This suggests some
kind of sequestration of the C,s hopane skeleton in high-molecular-weight fractions (e.g. kerogen). This
is confirmed by mild artificial maturation experiments (hydrous pyrolysis at temperatures of 200-300°C)
of an organic-rich limestone from the Upper Cretaceous Ghareb Formation (Koopmans et al., 1998).
Heating at 200°C for 72 h resulted in a seven-fold increase in the concentration of the aromatic
hopanoids V-VII (Table 6). At higher temperatures the concentration remained more or less constant
with a substantial decrease at 280°C and higher (Table 6). Whether this is due to conversion into VIII is
not clear since this tetra-aromatic hopanoid was not detected in the apolar fractions studied. These
artificial maturation experiments also suggest that the degree of aromatization increases with increasing
level of thermal maturity (Table 6), in line with the proposed reaction pathway (Fig. 8). In general this is
also consistent with the data on the natural sediments; the immature OAE-1 black shales contain a
relatively high abundance of the monoaromatic hopanoid V (Table 1), whereas the more thermally
mature Jurassic Kimmeridge Clay sediments only contain the di- and triaromatic hopanoids VI and VII
(Table 3). However, within specific sections (e.g. Fig. 7e¢) marked changes can be seen, clearly
indicating that factors other than thermal maturity also affect the distribution of the aromatic hopanoids.

4.5. Conversion of neohopenes to hopanes

The presence of rearranged hopanes in crude oils has been known for many years and it has been
established that they are more stable than non-rearranged hopanes (Moldowan et al., 1991). It is
generally accepted that they are formed from unrearranged hopanoid natural products through chemical
mechanisms during diagenesis (Moldowan et al., 1991). For example, the C,; rearranged hopane
18a(H)-22,29,30-trisnorneohopane (Ts; XIV) is more stable than 17a(H)-22,29,30-trisnorneohopane
(Tm; XV) giving rise to the widely used maturity parameter Ts/Tm. Hydrogenation of the double bond
in Cy7 neohop-13(18)-ene readily affords Ts and this is consistent with the fact that environmental
factors such as Eh and pH are also known to affect the Ts/Tm ratio (Moldowan et al., 1986). Similarly,
the C,9 norneohop-13(18)-ene is a logical precursor of the C,9 pseudohomologue of Ts (i.e. 18a(H)-170-
methyl-28,30-DNH) which was nicknamed CyTs by Moldowan et al. (1991) who confirmed its
structure. Of interest is that there have been no reports of the C;p pseudohomologue of the 18a(H)-
neohopane series (Moldowan et al., 1991), while this could be potentially be produced from neohop-
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13(18)-ene by reduction of the double bond.

Seifert et al. (1978) and Moldowan et al. (1984) identified three unusual C,sHag-pentacyclic
hopanes in Monterey shale as 17a,180,21B(H)-28,30-bisnorhopane (X), 178,18a,21B(H)-28,30-
bisnorhopane, and 17f,18a,21a(H)-28,30-bisnorhopane using X-ray crystallography. Note that these
compounds are now referred to as DNHs rather than bisnorhopanes. The epimer present in thermally
immature sediments is 17a,18a,21B(H)-DNH, while the 178,18a,21a(H) isomer is abundant in a limited
suite of crude oils (e.g., Monterey oils; Peters et al., 2008). Schoell et al. (1992) demonstrated by
compound specific isotope analysis that 17f3,18a,21a(H)-28,30-DNH is a thermal product of
170,180,21B(H)-28,30-DNH.

Our identification of the Cpg 28,30-dinorhopene IV raises the question if this hopene would be a
plausible precursor of 17a,180,213(H)-DNH. The carbon skeleton is identical (both components are
characterized by the uncommon ethyl substitution of the cyclopentane ring) and only hydrogenation of
the double bond would be required to form this DNH from IV. However, we did not determine the exact
stereochemistry of dinorneohopene IV and are, thus, unable to predict if hydrogenation of the 13,18-
double bond would indeed result in formation of 17a,18a,21B3(H)-DNH, which has an unusual
stereochemistry compared to most hopanoids present in immature black shales. To test a potential
relationship their 3"°C values should be compared. Unfortunately, none of the studied sediments
contained both components in sufficient amounts for 8°C values to be measured with confidence.
However, in the Miocene Monterey Formation, some sediments contained both DNH XI, and the related
trinorhopane (which lacks a methyl at C-25), and the triaromatic hopanoid VII (likely derived from Cyg
dinorhopene). For sediment KG10, the 8" °C values of these compounds are identical (Table 5),
supporting a relationship. However, for KG1, where DNH is anomalously depleted in °C (Fig. 11b),
they are different (Table 5). However, when we compare the concentration profiles of DNH and the Cyg
dinorhopene for this section (Figs. 11c and d) a clear correspondence is observed, suggestive of a
precursor-product relationship. The profile of the summed concentration of the aromatic hopanoids V-
VIl (Fig. 11e) shows a less clear correspondence to those of DNH and the C,g dinorhopene (cf. Figs.
11c and d). Perhaps this is caused by the fact that the C,s dinorhopene is converted into both DNH and
the aromatic hopanoids V-VII and that under certain depositional conditions one of these two pathways
may be favoured.

For the Cenomanian/Turonian black shales it was noted that in the southern part of the proto
North Atlantic Ocean characterized by strong anoxic conditions only the sediments of the Tarfaya Basin
did not contain the C,s 28,30-dinorhopene (Fig. 6). Remarkably, however, these sediments do contain
relatively high amounts of 17a,180,213(H)-DNH (Fig. 12c), suggesting that their higher level of thermal
maturity (Table 1) has resulted in complete conversion of the Cys dinorhopene into DNH and aromatic
hopanoids V-VII. Comparison of the DNH concentration profile with that of isorenieratene derivatives
again shows a good correspondence, suggestive that the precursor of DNH is associated with anoxic
conditions (cf. Figs. 12¢ and 12d). The 5"°C record of DNH (Fig. 12b) shows quite some variation.
However, most of this variation is also observed for algal-derived steranes and C,, in general (Fig. 12b)
and is related to the positive isotope excursion associated with OAE-2 (Kuypers et al., 2002; Sinninghe
Damsté et al., 2008). In comparison with the Monterey Formation (Fig. 11b) DNH in the Tarfaya Basin
is more enriched and is even more enriched in '*C than Corg.

Several authors have associated the presence of C,3 DNH in sediments and oils with production
by anaerobic bacteria in an anoxic depositional environment (e.g., Grantham et al., 1980; Katz and Elrod,
1982; Mello et al., 1988, 1989; Schoell et al., 1992; Nytoft et al., 2000). High contents of the C,3 DNH
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occur in pelagic carbonates deposited in the Lower Cambrian Sinyaya Formation together with smaller
amounts of the C,7-Cs, homologues (Parfenova et al., 2010). Peters et al. (2008) attributed the presence
of 28,30-DNH in Monterey oils to suboxic to anoxic marine conditions during source rock deposition.
Schoell et al. (1992) showed from 8'°C data that all three 28,30-DNH isomers in a Monterey crude oil
must have the same source, which is different from the extended hopanes and postulated that they were
derived from chemoautotrophic bacteria living at the oxic/anoxic layer in the water columns and
sediments. Since the DNHs only occurred in the free hydrocarbon fraction, they suggested that any
functional group in the precursor lipid must be shielded and thus proposed either 28,30-dinorhop-17-ene
or 28,30-dinorhop-13(18)-ene (1V) as possible candidates. Schouten et al. (2000a) showed for an
outcrop section at Naples Beach (USA) that the laminated sediments from the Monterey Formation
contained high abundances of 28,30-DNH (and 25,28,30-trinorhopane), but that the more oxic sediments
of the underlying Rincon Shale and overlying Sisquoc Formation contained only traces of these
components (Fig. 11¢). A high resolution study of sediments of the Monterey Formation from a core
from the Santa Maria Basin showed that the relative abundance of DNH on a meter scale is highly
variable (Curiale and Odermatt, 1989). This is consistent with our data of the Tarfaya Basin (Fig. 12c¢),
which also shows a large variation in concentration, probably depending on specific conditions in the
(anoxic) depositional environment.

These data and those reported here support the contention that the Cpg 28,30-dinorhop-13(18)-
ene and 28,30-DNH might both be derived from a functionalized C,g hopanoid associated with bacteria
that thrive at the oxic/anoxic boundary in low-oxygen, marine depositional environments. The §"°C
values varied over a considerable range (-21 to -31 %o), whereas those of other biomarkers were less
variable (Fig. 11b; Schouten et al., 2000c). The observed high variability in 3"°C values of DNH (e.g.
Schoell et al., 1992; Koster et al., 1998; Schouten et al., 1997, 2000c; Figs. 11b and 12b) and 28,30-
dinorhop-13(18)-ene and its aromatic derivatives (Table 4) would be consistent with a niche at the
chemocline since there is a steep gradient in 8"°C of dissolved inorganic carbon at chemoclines (e.g.,
van Breugel et al., 2006), which likely results in carbon isotope variability in the lipids of
(chemo)autotrophic bacteria residing at the chemocline.

5. CONCLUSIONS

C,7-C30 hopenes having a double bond at 13(18) (neohop-13(18)-enes) are present in a number of
thermally immature sediments and seem to be most abundant in sediments where clay-catalyzed double
bond isomerisation occurs. A plausible sequence of transformations from hop-22(29)-ene to hop-21-ene
to hop-17(21)-ene to neohop-13(18)-ene can be envisaged but differences in the 8'°C values suggests
that this cannot explain the distributions in all sediments and that other sources must be involved.
Relatively abundant Cys 28,30-dinorhopene and related aromatised counterparts V-VI1I are present in a
few sediments where the distribution of other biomarkers (e.g., isorenieratene derivatives) indicates a
stratified palacowater column. Therefore, it is suggested that the C,g 28,30-dinorhopene is derived from
lipids of bacteria dwelling at or below the chemocline and may be used as an indicator of stratified water
bodies in the past and by extension, its diagenetic product, the Cys 28,30-DNH, is also an indicator of
these conditions.
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Fig. 1. Mass spectra (background subtracted) of (a) 22,29,30-trisnorneohop-13(18)-ene (I11), (b) 28,30-
dinorneohop-13(18)-ene (1V), (¢) 30-norneohop-13(18)-ene (I1), and (d) neohop-13(18)-ene (). The
characteristic fragmentation is indicated; further information is provided in Table 4.
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Fig. 2. Partial mass chromatograms of m/z 191 of the saturated hydrocarbon fraction (obtained by Ag™-TLC)
of extracts of sediments (0-100 cm) from (a) Netherlands Indian Ocean Program (NIOP) Site 451 (23
40’53’ N, 66 02’97 E, water depth 542 m) and (b) NIOP Site 453 (23 15 30°’ N, 65 44’50’ E, water
depth 1556 m). NIOP Site 451 and 453 are, respectively, within and below the oxygen minimum zone of
the Arabian Sea. Peaks representing neo-13(18)-hopenes are black and hopanes are indicated by a
shorthand notation indicating the stereochemistry at the C-17 and C-21 positions and total number of
carbon atoms.
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Fig. 3. Partial mass chromatograms of m/z 191 of the saturated hydrocarbon fraction (obtained by Ag'-TLC)

of Cenomanian black shales from the southern proto North Atlantic Ocean from (a) DSDP Site 367
(12°29.20°N 20°02.08’W, palacowater depth 3700 m; 41-367-18-2 88-91 cm, 638.38 mbsf) and (b) DSDP
Site 144 (09°27.23’N 54°20.52°W, palacowater depth 3000 m; 14-144-04-2 0-30 cm, 214.60 mbsf). Peaks
representing neo-13(18)-hopenes are black and hopanes are indicated by a shorthand notation indicating the
stereochemistry at the C-17 and C-21 positions and total number of carbon atoms.

18



Sinninghe Damsté et al. (2014) Geochim. Cosmochim. Acta 133, 402-421

DSDP Site 144 . O one a
or”
%, V

IS

(D
58

100

Relative intensity (%)

100 7

Kimmeridge Clay . b
] (KC12)
] l viI

. . isorenieratane
isorenieratane

derivative

501 IS

Relative intensity (%)

0

500 1000 1500 2000
Scan number

Fig. 4. Total ion current (TIC) trace of the aromatic hydrocarbon fractions of extracts of (a) a
Cenomanian black shale from DSDP Site 144 (09°27.23’N 54°20.52°W, palaeowater depth 3000 m; 14-
144-04-2 0-30 cm, 214.60 mbsf) and (b) a calcareous mudstone (D12; van Kaam-Peters et al., 1998) of
the Kimmeridge Clay Formation outcropping at the coast of Dorset (UK). IS denotes internal standard.

diploptene (XI) hop-21(22)-ene (XII) hop-17(21)-ene (1X) neohop-13(18)-ene (1)

Fig. 5. Scheme showing the proposed isomerisation of diploptene (XI) to neohop-13(18)-ene (1) (after
Ensminger, 1977).
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Fig. 6. Palaecogeographical map of mid Cretaceous (~93 My) North Atlantic showing the position of the
Cenomanian black shales studied and concentrations of selected biomarkers as bar plots. Light grey
regions represent continental plates (from GEOMAR map generator;
www.odsn.de/odsn/services/paleomap/paleomap.html). Dark grey shaded regions represent land
(Scotese and Golonka, 1992). The concentration of summed isorenieratene derivatives (black bars) is
from Sinninghe Damsté and Koster (1998); they only occur in the dark grey coloured area between the
South American and African continental plates characterized by photic zone euxinia. The concentration
data of the Cyg 28,30-dinorhop-13(18)-ene (1V; white bars) and the summed aromatic hopanoids (V-VII;
grey bars) are from Table 1. For site S13 (Tarfaya, Morocco) the average values of the three samples in
Table 1 are used. Note that the concentrations of the hopanoids 1V-VII are 1-3 orders of magnitude
higher in the area characterized by photic zone euxinia. All biomarkers concentrations are normalized on
Corg.
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Cape Verde Basin (DSDP Site 367) - Cenomanian/Turonian black shale section
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Fig. 7. Biomarker data for a Cenomanian/Turonian (OAE-2) black shale section from DSDP Site 367
(12°29.20°N 20°02.08’W, palacowater depth 3700 m) in the southern proto North Atlantic Ocean. (&) Corg
content (%) and concentrations of (D) isorenieratane released from the desulfurized polar fraction (see
Kuypers et al., 2002 for details), (C) the Cp528,30-dinorhop-13(18)-ene (1V), (d) the summed aromatic

hopanoids (V-VII), and (e) the relative abundance of the monoaromatic hopanoid V relative to the sum
of V-VII.

>
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Fig. 8. Diagenetic scheme showing the possible formation of aromatic hopanoids V-VIII from the Cy
28,30-dinorhop-13(18)-ene (1V) through aromatisation starting in ring D (modified from Greiner et al.,

1976, 1977). The tentatively identified intermediate XI1 was identified in a black shale from the Demerara
Rise (DSDP Site 144).
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Fig. 9. Mass spectrum (background-subtracted) of 28,30-dinorhop-13(18),16-diene (XIII) tentatively
identified in a black shale from Demerara Rise (09°27.23’N 54°20.52°’W, DSDP Site 144; 14-144-04-2 0-
30 cm, 214.60 mbsf). XIII is a potential intermediate in the conversion of the C,g 28,30-dinorhop-13(18)-
ene (IV) into the aromatic hopanoids V-VIII (see Fig. 8).
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Fig. 10. Biomarker data for the Blackstone Band section of the Jurassic Kimmeridge Clay from the
Swanworth Quarry 1 borehole [SY 9675 7823], South Dorset, UK. (a) Co, content (%) and concentrations
of (b) isorenieratene derivatives (see van Dongen et al., 2006a for details), (C) the summed aromatic
hopanoids (V-VII), and (d) the calculated relative abundance of the C,g 28,30-dinorhopene relative to
total neohopenes. A complete description of the core is given by Morgans-Bell et al. (2001).
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Fig. 11. Biomarker data for Miocene (ca. 6-19 Ma) black shales from the Naples Beach outcrop section
of the Santa Barbara-Ventura Basin (California, USA). The depth is relative to the bentonite bed at the
base of the Monterey Formation (see Isaacs et al, 2000). (a) Core content (%) profile (from Schouten et
al., 2002a) of the sediments used for biomarker investigations. (b) 8" Corg (%0) (open circles), Cy7 sterane
(open diamonds; composite record of free and sulfur-bound Sa-cholestane), and 17a,18a,213(H)-28,30-
DNH (closed triangles) (data from Schouten et al., 2002a). Concentrations of () 17a,180,21p(H)-28,30-
DNH (d) Cys 28,30-dinorhop-13(18)-ene, and (€) summed aromatic hopanoids. A stippled line indicates
missing data points.
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Fig. 12. Biomarker data for Cenomanian/Turonian (OAE-2) black shales from borehole S13 in the
Tarfaya Atlantic Coastal Basin (Morocco). (a) High resolution C,r, content (%) profile (from Kuhnt et
, 1997) and Cor content (black dots; Kuypers et al., 2002) of the sediments used for biomarker
mvestlgatlons (b) 813C values (%0) of Corg and Cy7 (Sa- cholestane) and Cyg (24-methyl-5a-cholestane)
steranes (data from Kuypers et al., 2002) and 17a,180,213(H)-28,30-DNH. (c) Concentrations of C,;
and Cog steranes and 17a,18a,21B(H)-28,30-DNH. (d) Concentrations of isorenieratene derivatives (data
from Kuypers et al., 2002). This represents the summed concentrations of sulfur-bound isorenieratene
and isorenieratene derivatives in the aromatic hydrocarbon fraction.
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Table 1: Concentration and distribution of hop-13(18)-enes and aromatic hopanoids in Cenomanian/Turonian black shales.

DSDP/ . oot 17p.21p . .
Sample O'DP Location Interval (m) Coy Hopane Neohop-13(18)-enes I-1V Aromatic hopanoids V-VII
Site Isom.
(%) ﬁfg‘}; oy YCn %Cx %Cw  %Cy 8;; C.y omono Ydi  %ui
Ié?)lﬁrrlental 105 SFSITIN oy 05.0.3 123128 em 29023 113 0.84 5.5 17 0 7 76 07 66 40
Rise Hill 69°10.40°W
11-105-9-4 74-80 cm 291.24 7.7 0.88 17 22 5 18 56 n.d. n.a na na
gfsr;‘erara 144 gzgggga 14-144-042 030 cm 21460 68  0.75 15 19 40 0 41 68 44 35 21
\Clzlr)(je 367 12029'20:N 41-367-17-3 68- 74 cm 619.68 16.5 1.3 17 0 0 83 n.a n.a n.a n.a
e 20°02.08°'W
41-367-17-474-80cm  621.24  13.9 27 0 0 0 100 40 5 63 3l
41-367-18-1 120-124 cm 637.20  38.6 60 0 19 0 g1 75 30 25 45
41-367-18-2 6-9 cm 637.56 234 65 0 48 0 52 na 54 2 24
41-367-18-259-62 cm  638.09  25.4 51 0 520 48 375 48 16 36
41-367-18-288-91cm 63838 260 0.73 59 2 50 0 48 181 49 17
41-367-18-2 121125 cm 63871 25.1 33 0 40 0 60 178 56 20 24
41-367-18-339-42cm 63939 19.4 15 0 0 100 119 ) 1 47
41-367-18-3 111-114cm  640.11  32.0 6.3 0 0 100 28 39 27 34
41-367-18-440-43 cm 640.90  27.9 39 8 17 0 75 36 63 20 17
41-367-18-479-83cm 64129  19.7 9.9 0 0 0 100 54 61 14 25
41-367-18-4 121-125cm 64171 183 76 6 22 0 66 140 65 13 2
41-367-18-524-30cm 64224 22 1 30 0 70 20 77 15 7
41-367-18-5 100-106 cm~ 643.00  19.0 8.5 0 0 100 na. 53 14 33
41-367-18-5 137-142cm 64337 4.1 54 30 0 67 41 45 15 40
41-367-19-1 143-147cm 645.93 7.1 28 0 32 o0 5§ 38 58 39
41-367-19-2 14-18 cm 646,14 10.5 36 9 510 39 168 49 14 37
41-367-19-289-94 cm  646.89 4.4 6.3 31 0 0 13 48 16 36
41-367-19-343-47cm  647.93 8.8 6.5 0 0 100 na. ) 15 43
41-367-19-462-66cm  649.62 5.5 0.0 na na na  na 68 39 18 43
368 gg?éz‘on 41-368-60-3 1520 cm  952.65 64  0.85 oy) 0 7 7 77 2 2 44 34
41-368-63-3 120-125cm 97920 119 000 0 na na na  na 56 0 27 M
iﬁg:;ils 417 égggf‘éi\i} 2 ;8'417])'17'3 141-185 35071 58 087 0 na. na na na 6 18 62 20
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Table 2: Concentration and distribution of DNH, hop-13(18)-enes and aromatic hopanoids in Miocene black shales”.

Sample  Depth®  Formation Coe DNHX  Neohop-13(18)-enes I-1V Aromatic hopanoids V-VII

(m) %) ﬁf’;; o ﬁl(:g‘};'cm) %Cy;  %Cas %Cr  %Cao ﬁfg}; C,, Ymono  %di i
KG-12 407 Sisquoc 06 0 19 21 0 0 79 0.0 nat na.  na.
KG-13 401 Sisquoc 07 10 3.9 0 0 0 100 03 0 0 100
KG-7 342 Monterey 38 53 12 16 0 0 84 0.2 0 0 100
KG-8 341 Monterey 54 24 44 100 0 0 0 0.3 0 0 100
KG-5 305 Monterey 32 84 34 9 43 0 48 0.3 0 0 100
KG-6 296 Monterey 44 22 10 40 0 0 60 0.8 0 0 100
KG-1 211 Monterey 104 52 15 21 25 0 54 8.7 51 15 35
KG-4 203 Monterey 17 18 14 40 0 66 5.0 25 15 60
KG-2 184 Monterey 193 33 18 2 25 0 53 28 47 10 43
KG-11 33 Monterey 28 68 n.dJd nd.  nd  nd nd 35 79 21 0
KG-10 35 Monterey 43 80 31 29 4 0 29 10 34 9 56
KG9 47 Rincon Shale 39 ¢ 30 29 0 0 71 23 46 19 36
KG-3 -70 Rincon Shale 68 ¢ 19 12 0 0 88 7.8 20 14 65

* see Isaacs et al. (2000) for a general description of these rocks of the Santa Barbara-Ventura Basin outcropping at Naples Beach (California, USA)
®relative to the bentonite bed at the base of the Monterey Formation. (Isaacs et al, 2000)

“n.a. = not applicable

4 1n.d. = not determined
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Table 3: Concentration and distribution of hop-13(18)-enes and aromatic hopanoids in Kimmeridgian black shales.

Sample Depth  Pectinatites Lithology Core.  Neohop-13(18)-enes I-1V Aromatic hopanoids V-VII

(m)  biozone* %) (Cu‘g}; C.y %Cm %Cx %Cx %Cu ﬁl‘;}; C.y mono %di
Outcrop®
Dl 0 pectinatus laminated coccolith-rich limestone 4.5 74 0 0 24 76 164 0 91
D2 19.3 hudlestoni tabular cementstone 0.6 45 0 0 62 38 3 0 100
D3 42.4 hudlestoni coccolith-rich limestone 7.0 55 0 0 36 64 83 0 10 90
D4 42.6 hudlestoni oil shale 24.1 36 0 0 52 48 40 0 5 95
D5 43.7 hudlestoni bituminous mudstone 18.2 80 0 0 45 55 42 0 14 86
D6 443 hudlestoni mudstone, undifferentiated 62 66 0 0 55 45 44 0 91
D7 45.6 hudlestoni coccolith-rich limestone 2.1 62 0 0 52 48 90 0 98
D8 459 hudlestoni coccolith-rich limestone 10.7 69 0 0 37 63 214 0 98
D9 50.6 wheatleyensis oil shale (Blackstone Band) 52.1 49 0 0 26 74 32 0 94
D10 51.4 wheatleyensis  bituminous mudstone 48 87 0 0 58 42 9 0 22 78
DIl 532 wheatleyensis oil shale 10.8 74 0 0 49 51 16 0 13 88
D12 53.7 wheatleyensis  calcareous mudstone 3.7 74 0 0 60 40 16 0 19 81
D13 57.2 wheatleyensis  calcareous mudstone 74 73 0 0 55 45 560 0 0 100
Core SY 9675 7823°
KCF1  241.65 wheatleyensis 174 44 0 0 48 52 1.8 0 31 69
KCF2  241.88 wheatleyensis 6.4 54 0 0 58 42 1.9 0 2179
KCF3  242.11 wheatleyensis 47 70 0 0 63 37 1.8 0 16 84
KCF4  242.43  wheatleyensis 52 40 0 0 68 32 0.8 0 20 80
KCF5  242.68 wheatleyensis 45 76 0 0 66 34 0.4 0 20 80
KCF6 24291 wheatleyensis 51 43 0 0 42 58 2.8 0 24 76
KCF7 2432  wheatleyensis 56 28 0 0 54 46 0.8 0 38 62
KCF8  243.45 wheatleyensis 164 19 0 0 57 43 4.6 0 94
KCF9  243.67 wheatleyensis 193 24 0 0 37 63 8.5 0 91
KCF10 243.88 wheatleyensis oil shale (Blackstone Band) 36.8 45 0 0 44 56 15.7 0 10 90
KCF11 244.1  wheatleyensis oil shale (Blackstone Band) 439 46 0 0 38 62 16.4 0 6 94
KCF12 24432 wheatleyensis oil shale (Blackstone Band) 49.9 46 0 0 42 58 6.9 0 1 88
KCF13 244.47 wheatleyensis oil shale (Blackstone Band) 398 46 0 0 47 53 18.2 0 6 94
KCF14 244.65 wheatleyensis 99 10 0 0 61 39 1.3 0 10 89
KCF15 244.93 wheatleyensis 71 47 0 0 55 45 22 0 13 87
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KCF16 24526 wheatleyensis 6.7 18 0 0 79 21 0.9 37 63
KCF17 24552 wheatleyensis 12.1 42 0 0 55 45 0.5 22 78
KCF18 245.72 wheatleyensis 143 3 0 0 54 46 0.3 47 53

*according to Cox and Gallois (1981)
® data from van Kaam-Peters et al. (1998)
¢ data from van Dongen et al. (2006a); detail on core in Morgan-Bells et al. (2001)
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Table 4: Characteristic mass spectral fragment ions of C,7-C3y neohop-13(18)-enes

Neohopene | Mass spectral ion (m/z)
M"™ Fragmenta Fragmentb Fragmentc Fragmentd Fragment e
CioinHioon CizinHooon CramHoiion

Ca7 (I11; n=0) [368 191 205 163 176 187
Cas (IV; n=1) |382 191 205 177 190 201
Cy (I1;n=2) 396 191 205 191 204 215
Cs (1;n=3) 410 191 205 205 218 229
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Table 5: 8"3C (%o) values® for neohop-13(18)-ene and related compounds identified in this study.

Biomarker Origin
Arabian Sea’ Monterey® Monterey’ Monterey® Cape Verde Basin® Demerara Rise®
(NIOP 451)  (SB-1) (KG1) (KG10) (DSDP 367) (DSDP 144)
C,7 Neo-hop-13(18)-ene (111) n.d. -26.0+£0.2 n.d. -26.7
Cy5 28,30-Dinorhop-13(18)-ene (IV) n.a.f n.a. -16.6 -26.5
Cs0 Neohop-13(18)-ene (1) -20.7£1.3 -22.240.2 -22.6 n.d.
Hop-17(21)-ene (1X) -24.2+0.4 -27.8+0.5 -20.8 n.d.
Monoaromatic hopanoid (V) n.d. n.d. -16.6+0.2 -25.9+0.1
Diaromatic hopanoid (V) n.d. n.d. -15.9+0.1 -25.8+0.2
Triaromatic hopanoid (V1) -22.9404  -21.6+0.6
17a,18a,21B(H)-28,30-DNH (X) n.a. -29.240.2 -21.940.3 n.a. n.a.
Trinorhopane n.a. -30.840.2 -22.7£0.6 n.a. n.a.
C,s HBI -23.2 -27.6 -22.0+£0.5 n.d. n.a. n.a.
C3oHBI -26.7 n.a. n.a. n.a. n.a.
Lycopane -23.5 -25.440.3  -27.5+1.5 -32.6+1.0 n.d. -28.0
Isorenieratane” n.a. n.a. n.a. n.a. -13.5+0.3 -17.7£1.2
C3s hopane” -29.540.8 -27.0+0.8 -22.7+0.3 -29.4+0.6
Phytane" -26.3+0.2  -254404 -23.4+0.1 -24.4+0.3 -31.0+£0.4

*where appropriate errors indicate the standard deviation from 2-4 measurements; large errors typically indicate high background.

® all data except for hopenes reported by Schouten et al. (2000b)

¢ all data except for hopenes reported by Schouten et al. (1997)

4 all data except for triaromatic hopanoid reported by Schouten et al. (2000c)

¢ all data except for hopenes and aromatic hopanoid reported by Sinninghe Damsté and Koster (1998) and Sinninghe Damsté et al. (2008)
" n.d.=not determined because of low concentration or co-elution with another component

£ n.a. = not applicable, i.e. component is not present

" released by desulfurisation of polar fraction
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Table 6: Concentration of aromatic hopanoids V-VII and their distribution in an organic-rich limestone from the Ghareb Formation and in rocks
artificially matured at temperatures in the range 200-300°C using hydrous pyrolysis®.
Concentration V. VI VII

(ug/g TOC) (%)

Original 33 65 35 0

200°C 222 20 8 72
220°C 217 24 8 68
240°C 234 229 70
260°C 237 23 17 60
280°C 103 42 17 40
300°C 46 0 0 100

? Details of the experiments can be found in Koopmans et al. (1998)
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Table 7: 8"C (%) values® and concentrations of 20R 5a,14a, 170(H)-steranes and 170,18a,21B(H)-28,30-DNH in Cenomanian/Turonian black shales from the
Tarfaya Basin (core S13)".

depth  Cop  8"C (%0) Concentration (Ug g Corg ')

(m) (%) Corg C,7 sterane C,g sterane DNH C,7 sterane C,g sterane DNH ffgﬁigi?\tggene
50.0 6.3 -27.5 -31.3+0.5 -33.4+0.2 -27.4+0.1 11 11 64 14
82.5 9.2 -28.3 -31.8+0.2 -32.8+0.2 -26.4+0.1 33 31 153 48
100.5 7.5 -28.4 -32.24+0.3 -33.2+0.2 nal 21 23 0 37
1193 10.0  -27.8 -32.0+0.1 -32.8+0.2 -26.3+0.2 114 147 401 29
123.0 6.0 -27.9 -33.2+1.5 -34.1£0.7 -27.5+0.1 60 65 183 131
131.5 9.8 -27.8 -31.1+0.6 -32.0+0.8 n.a. 79 81 0 3.7
140.7 10.3 -27.4 -29.0+0.3 -29.3£1.0 -24.0+0.4 74 45 106 100
1533 7.5 -26.4 -30.4+0.9 -31.2+0.3 -25.6+0.6 121 91 105 87
159.2 159  -26.2 -30.020.1 -30.8+0.2 -24.34+0.2 150 110 158 14
165.4 11.9  -244 -30.6+1.3 -29.940.5 -23.340.5 86 54 215 n.d.
167.9 126 253 -29.3+0.4 -29.9+0.1 -24.0+0.1 69 45 99 31
183.7 4.0 -25.5 -28.1+0.7 -28.7+0.7 -22.5+0.5 57 46 49 7.1
185.7 164  -26.7 -30.7+0.2 -31.0£0.1 -24.7+0.1 66 66 114 46
186.6 8.2 -26.8 -30.3+0.2 -30.9+0.3 -24.6+0.1 117 128 194 5.1
188.8 5.2 -27.8 -31.9+0.4 -32.320.1 -26.9+0.1 103 118 265 45
190.3 9.6 -27.8 -32.6+1.2 -32.8+0.7 n.a. 51 53 0 6.5
197.5 4.7 -28.4 -32.9+0.6 -33.8+£0.9 n.a. 88 99 0 21
208.1 9.2 -28.3 -32.940.5 -34.1£0.2 n.a. 31 31 0 1.6
214.1 5.1 -28.3 -31.8+0.2 -33.3+0.3 n.a. 45 55 0 3.7

*errors indicate the standard deviation from 2 measurements; large errors typically indicate high background.

® background data, isotopic composition of steranes, and concentration of isorenieratene derivatives previously reported by Kuypers et al. (2002).
‘ n.a. = not applicable

4 n.d. = not determined
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