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Over the past 10 years, the membrane lipids of archaea, particular glycerol dialkyl glycerol
tetraethers (GDGTs) have been recognised as significant components of marine sediments
and as potentially powerful tools in palaeoclimate reconstruction. However, relatively little
is known about their preservation and, in particular, their incorporation into macromolec-
ular organic matter fractions. Here, we examine abundances, distributions and stable car-
bon isotope ratio (8'3C) values of GDGTs and the diether archaeol in sediments from the
Benguela Upwelling Region [Ocean Drilling Program (ODP) Site 1084] and a Mediterranean
sapropel (S5). These are compared with distributions of biphytanes released from the ker-
ogen (solvent-extracted residue) fraction using hydropyrolysis (Hypy). GDGTs, likely
derived from pelagic crenarchaeota, are amongst the most abundant extractable compo-
nents in both Benguela and S5 sediments, but are an order of magnitude more abundant
in the former. Moreover, the Benguela sediments have far greater concentrations of the
acyclic GDGT than expected; consistent with the presence of methane in core 1084, co-
occurring archaeol and variable GDGT 8'3C values, the excess acyclic GDGT probably arises
from a contribution from sedimentary methanogens. Hypy-released biphytanes have sim-
ilar abundances in Benguela and sapropel sediments, and represent a significant proportion
of the total tetraether lipid pool at the latter site; however, the distributions of Hypy-
released biphytanes, especially in Benguela sediments, do not always match those of the
free GDGTs. At both sites, Hypy-released biphytane §'3C values are relatively invariant,
consistent with a single source, again likely to be pelagic crenarchaeota. These observations
suggest that GDGTs can be incorporated into sedimentary geomacromolecules relatively
rapidly, with those derived from pelagic crenarchaeota more likely to be incorporated than
those derived from sedimentary methanogens. It is likely that this bias arises from a lack of
reactive substrates, i.e. oxygen radicals, in deeper anoxic sediments, consistent with an
important role for oxidative cross linking in kerogen formation.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Archaeal lipids are common in marine sediments, with
the glycerol dialkyl diether lipid, archaeol, being wide-
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(GDGTs) being apparently ubiquitous (e.g. Schouten et al.,
2000). GDGTs tend to be the most abundant archaeal lipids
in marine sediments and waters, with the largest contribu-
tion from either crenarchaeol or the acyclic glycerol dialkyl
glycerol tetraether; other GDGTs tend to be present in
much lower abundance (e.g. Schouten et al., 2000). Simi-
larly, in the analysis of tetraether lipids as biphytanes gen-
erated by chemical cleavage of the ether bonds, the acyclic
biphytane is normally the most abundant biphytane;
monocyclic biphytane is the least abundant and there are
typically approximately equal amounts of bicyclic and tri-
cyclic biphytanes (e.g. King et al., 1998; DelLong et al.,
1998; Schouten et al., 1998; Pearson et al., 2001).

Sedimentary archaeal lipids can derive from either ar-
chaea living in the water column or those living within
the sediment. It now seems clear that the preponderance
of GDGTs derive from the ubiquitous pelagic crenarchaeota
(Hoefs et al., 1997; DeLong et al., 1998; Schouten et al.,
2000; Sinninghe Damsté et al., 2002). In contrast, archaeol
in marine sediments has been attributed to either anaero-
bic methanotrophs (Parkes et al., 2007) analogous to those
found at cold seeps (e.g. Hinrichs et al., 1999; Pancost et al.,
2001b) or methanogens (e.g. Boot et al., 2006). Potentially,
archaeal lipids can be used as tracers for changes in past
microbial communities (e.g. Kuypers et al., 2001), in a
manner analogous to how methylhopanes have been used
to study past changes in cyanobacterial populations
(Brocks et al., 1999; Kuypers et al., 2004; Xie et al., 2005)
and methanotrophic bacterial activity (Brocks et al.,
2003). Perhaps even more useful is the application of GDGT
distributions as a tool for studying past sea surface temper-
atures (TEXgg ratio values; Schouten et al., 2002). Indeed,
the TEXgg SST (sea surface temperature) proxy has already
been applied to sediments ranging in age from the Creta-
ceous (e.g. Jenkyns et al., 2004) to the Holocene (Huguet
et al., 2006), making important contributions to palaeoce-
anographic investigations.

Despite the considerable interest in these compounds,
there have been only a few studies providing insight into
their preservation and incorporation into macromolecular
sedimentary organic matter (Michaelis and Albrecht,
1979; Schouten et al., 2004; Kuypers et al, 2002). In the
marine environment, diagenetic reactions between lipids
and other compounds or inorganic species (e.g. HS™ or free
radicals) convert organic constituents into highly cross-
linked, insoluble geopolymers (e.g. de Leeuw et al., 2006).
The transformation is initially mediated by microbial activ-
ity in shallow sediments, with functional groups remaining
on the residual OM reacting to form the polycondensed
structures. Ultimately, insolublisation of the polycon-
densed material occurs, eliminating the hydrophilic func-
tional groups and rendering the OM progressively more
and more insoluble (Tissot and Welte, 1984; de Leeuw
et al., 2006). Through these processes, much of the organic
biomarker pool becomes chemically bound as macromo-
lecular material and is not released by standard solvent-
extraction procedures. Critically, the work of Michaelis
and Albrecht (1979), Schouten et al. (2004) and Kuypers
et al. (2002) has shown that pelagic archaeal lipids, includ-
ing GDGTs, are not immune to this process and can be
abundant components of sedimentary macromolecules.

Because solvent-extractable biomarkers are not neces-
sarily representative of the total biomarker pool, especially
in immature sediments, complete characterisation re-
quires that biomarkers be chemically or thermally cleaved
from the macromolecular material, using a method that re-
sults in minimal molecular alteration. Hydropyrolysis
(Hypy) is a method that enables the release of cova-
lently-bound biomarkers, in intact form with minimal
alteration of structure or stereochemistry, from macromo-
lecular organic material (Love et al., 1997; Maroto-Valer
et al,, 1997). It has been used to study the macromolecular
structure of kerogen in petroleum source rocks (Maroto-
Valer et al., 1997, Love et al., 1998) and to release kero-
gen-bound biomarker alkanes, particularly hopanes and
steranes, for oil-source correlation purposes (Murray
et al,, 1998). Some investigations using the technique have
shown that there are differences in the yields and distribu-
tions of biomarkers between the solvent-extractable and
kerogen-bound fractions. For example, in the Goyniik oil
shale, C,g to C33 hopanes are between 3 and 10 times more
abundant in the Hypy-released fraction than in the
solvent-extractable fraction and retain the biologically
inherited, thermodynamically unstable 1783,21B(H) config-
uration (Love et al., 1995, 1997); moreover, C33 to C3s
hopanes were only detected in the Hypy-released frac-
tions. The method has also been applied to more recent
sediments, releasing hopanes from Priest Pot lake and
Framvaren Fjord sediments, with the bound hopanoids
representing 22-30% and 50-86%, respectively, of the total
hopanoids (Farrimond et al., 2003).

However, it has not been applied to the investigation of
macromolecularly-bound archaeal lipids. To explore how
the abundances, distributions and carbon isotopic compo-
sitions of archaeal lipids differ between the bound and
extractable fractions in marine sediments, we have per-
formed Hypy on sediments from the Benguela upwelling
system (ODP Site 1084) and the Mediterranean sapropel
S5. These data are used to interpret potential sources of
bound vs. free GDGTs, evaluate mechanisms of biomarker
incorporation into kerogen and to explore the implications
of such conclusions for the use of GDGTSs in palaeoenviron-
mental investigations.

2. Sample sites
2.1. Benguela upwelling system

The Angola-Benguela current system is one of the
world’s five largest upwelling regions. The Benguela
upwelling system (BUS) extends over the western margins
of Congo, Angola, Namibia and South Africa, with upwell-
ing being centred on the inner shelf and at the shelf edge.
The upwelling forms filaments of cold, nutrient-rich water
between the BCC and the Benguela oceanic current (BOC)
that have been detected up to 600 km offshore. Remnants
of these filaments form a zone of intermediate productivity
via mixing with the low productivity ocean water (Lutjeh-
arms and Stockton, 1987). The Benguela coastal upwelling
is strongly seasonal (Shannon and Nelson, 1996), but sea-
sonal effects differ between the northern Benguela region
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(NBR) and the southern Benguela region (SBR), separated
by the Liideritz boundary (the site of maximum upwelling
intensity; 26° to 27°S). Site 1084 (Leg 175) lies within the
NBR, where a high rate of primary productivity is persis-
tent (> 180 gC/m?/yr; Wefer et al., 1998) and accumulation
rates of phytoplankton-derived organic matter in the
underlying sediments are high (Brown et al., 1991). Maxi-
mum total organic carbon (TOC) concentrations occur in
the sediments of the inner shelf belt of diatomaceous ooze
off Walvis Bay (Bremner, 1983; Rogers and Bremner,
1991), but the sediments from Core 1084A are still among
the most organic-rich collected by the ODP (occasion-
ally > 15% TOC; Shipboard Scientific Party, 1998b). Deeper
sediments are characterised by well-expressed cycles of
organic carbon (as well as diatoms and coccoliths) via cyc-
lic variation in primary production (Little et al., 1997).
Twelve samples from Site 1084 [Northern Cape Basin, off
Liideritz Bay (25°30.8345'S, 13°1.6668'E) were studied.
These span two of the high and low productivity cycles,
coming from two of the conspicuous decimetre thick inter-
vals of dark, organic-rich, carbonate-poor, clay layers: five
sediments from 123 to 127 m below sea floor (mbsf; 0.74-
0.76 My: 14H5 65-67 cm and 142-144 cm; 14H6 99-
101 cm; 14H7 9-11 and 34-36 cm) and seven from 211
to 219 mbsf (1.09-1.16 My: 25X1 85-87 cm; 25X3 84-
86 cm; 25X4 20-22 and 125-127 cm; 25X5 20-22 cm;
25X6 20-22 and 85-87 cm), with TOC content ranging
from 6% to 17% (Fig. 2; Robinson et al., 2002).

The organic matter in these Benguela sediments is
mostly derived from marine organisms, with only minor
contributions from terrestrial organic matter. Thus, pela-
gic crenarchaeota are likely sources of sedimentary
GDGTs. However, there is also evidence for CH,4 cycling
in Leg 175 cores. When the cores were collected, there
were relatively high concentrations of headspace CH,,
H,S and CO; in the sub-bottom sediments of the major-
ity of the Leg 175 boreholes. The high CH4/CHg (C1/C)
values and absence of high molecular weight hydrocar-
bon gases indicate a biogenic origin for the CH4 (Ship-
board Scientific Party, 1998a,b). This likely occurs at
shallow depth; within 5 m of the sediment-water inter-
face, sulfate is completely consumed and CH4 and CO,
concentrations rapidly increase to high values, in the
region of 10° ppmv (Niewshner et al., 1998; Shipboard
Scientific Party, 1998b).

2.2. Mediterranean sapropel S5

The Mediterranean Sea contains a series of sapropelic
sediments deposited during periods of elevated organic
matter accumulation (Shipboard Scientific Party, 1996).
They are generally TOC-rich (up to 30%), carbonate-poor
(<20%) and sulfur/pyrite-rich (up to 18% S; Struck et al.,
2001; Bouloubassi et al., 1999). Sapropel S5 is an organ-
ic-rich, dark brown to black sediment laid down during
the Eemian interglacial period (123-128 kya), marine iso-
tope stage 5e (Verynaud-Grizzini et al., 1977; Shipboard
Scientific Party, 1996). The samples are from borehole
KS205 situated off the southern tip of Italy (38°11.86'N,
18°08.04’E) and collected as part of Vicomed. At this loca-
tion, the sapropelic S5 sediments are situated between

4.82 and 5.06 mbsf and accumulated at an estimated rate
of 4.7 cm/kyr (Rohling et al., 2002). TOC content ranges
from 0.2% to 0.3% outside of the sapropel (‘background’ val-
ues) but from 1.5% to 6.2% within the sapropel, which is
intercalated with organic-poor, yellowish brown to light
grey foraminifera-rich nanofossil ooze.

3. Methods
3.1. Extraction and fractionation

Ca. 1.5 g of sediment was freeze dried and extracted
(24 h) using a Soxhlet apparatus [2:1 dichloromethane
(DCM):MeOH]. Varian or Phenomenex aminopropyl
(NH;) Bond Elut solid phase extraction columns
(100 mg sorbent bed) were used to separate the total li-
pid extract into neutral, acid and polar/phospholipid frac-
tions. The columns were conditioned with MeOH and 2:1
DCM:iso propanol, immediately prior to use. An aliquot
(5 mg) of the extract was loaded onto the column in a
small volume of 2:1 DCM:iso propanol and eluted
sequentially using 12 ml of 2:1 DCM:iso propanol (neu-
trals), 12ml of 2% (v/v) acetic acid in diethyl ether
(acids), and 12 ml of methanol (polars). Subsequently,
100 pg of 1,2-di-O-hexadecyl-rac-glycerol were added
as internal standard and the neutral fraction was sepa-
rated into apolar (9:1 hexane:DCM) and polar (2:1
MeOH:DCM) fractions using flash column chromatogra-
phy (0.75 g extracted alumina).

In some cases, urea adduction was used to separate
straight chain hydrocarbons from branched and cyclic
components. An aliquot was transferred to a 4 ml vial, to
which 200 pl each of hexane, acetone and urea (10% in
MeOH) were added. The sample was placed in a freezer
for 30 min, until urea adduct crystals formed. Solvent
was removed under a stream of N, and the urea extracted
(x3) with n-hexane (branched/cyclic fraction). The crystals
were then dissolved in 500 pl MeOH and 500 pl water and
the adducted n-alkanes extracted (x3) with hexane. The
adduction procedure was repeated on the adduct fraction
twice more to ensure all non-adduct material was
removed.

3.2. Ether bond cleavage

For subsequent carbon isotopic analysis, the neutral po-
lar fraction was subjected to chemical cleavage with HI to
release archaeal biphytanes from tetraether lipids. An ali-
quot in the minimum volume of MeOH was refluxed
(120°C, 4 h) in 2 ml HL. The mixture was extracted with
hexane (3-4 ml) to obtain the alkyl iodides, with the sub-
sequent fraction cleaned of HI by adding 3 ml Na,S,05
solution (5%). The sample was separated into polar and
apolar fractions using an alumina column as described
above. The alkyl iodides in the apolar fraction were re-
duced using LiAlH4; the sample was dissolved in 3 ml
1,4-dioxane and 0.05 g LiAlH4 added. The mixture was re-
fluxed (120°C, 1h) and the LiAlH; quenched with 2 ml
ethyl acetate. Water (5 ml) was added and the resulting
solution extracted (x3) with DCM.
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3.3. Hydropyrolysis (Hypy)

Hypy is pyrolysis assisted by high H, pressure, with a
dispersed sulfided Mo catalyst (Love et al., 1995, 1997). It
is an open-system method, in which a continuous flow of
H, sweep gas removes products from the reactor bed,
ensuring that generated volatile products have short resi-
dence time, in the order of seconds, in the heated reactor
zone. A temperature programme controls reactor heating,
so that the bound biomarkers are cleaved at the lowest
possible reaction temperature (which depends on how
strongly bound they are to the host matrix), thereby ensur-
ing that the Hypy products are highly representative of ac-
tual bound biomarker assemblages. Resistive heating is
achieved by passing a high electrical current between
two electrical contacts on the reactor tube, providing a uni-
form temperature along the Hypy zone of the reactor tube.
The temperature is monitored with a thermocouple in the
sample bed. High pressure H, and a sulfided Mo catalyst
serve as the reaction medium. The pyrolysate collects in
a dry ice-cooled, silica-filled trap.

The samples were loaded with the catalyst
[(NH4);Mo00,S,)], which rapidly decomposes to catalyti-
cally active oxysulfide Mo species at about 200 °C as the
reactor heats up (Snape et al., 1989), being reduced further
to MoS, at about 400 °C (Love et al., 1997). The catalyst
was washed in DCM and n-hexane to remove any trace
impurities and dissolved in a few ml aqueous MeOH by
heating at 40-50°C (5 min). Samples were impregnated
with the aqueous MeOH solution of the catalyst to give a
nominal molybdenum loading of 3 wt.% (i.e. catalyst
weight = 0.03 x total sediment weight). The sediment, cat-
alyst and 20-30 ml aqueous MeOH were added to a round-
bottomed flask and agitated for 30 min. The aqueous
MeOH solution was rotary evaporated, before freeze-dry-
ing the sediment and scraping it into a vial. Due to the fine
nature of the solvent-extracted sediment residue, it was
necessary to mix the sediment sample with an equal
amount of coarse silica to create voids/adequate porosity
and to prevent plugging of the reactor during HyPy.

The samples were pyrolysed with resistive heating from
50 to 250 °C at 300°C min~! and from 250 to 500 °C at
8°Cmin~!, under a H, pressure of 15MPa. A H, sweep
gas flow of 51 min~', measured at ambient temperature
and pressure, ensured that the products were quickly re-
moved from the reactor vessel. The pyrolysate was ab-
sorbed on to a column of silica held in a trap constructed
from 0.635 cm 316 stainless steel (0.457 cm i.d.), designed
to hold ca. 0.75 g silica (Meredith et al., 2004). To ensure
that there was no contamination of the products, the silica
used for trapping (35-70 mesh) was pre-extracted in a
Soxhlet apparatus with n-hexane (24 h) and DCM:MeOH
(93:7 v/v; 48 h) and heated in a muffle furnace at (600 °C
4 h). After Hypy, the pyrolysate was extracted from the
trapping silica using a 3:1 azeotrope of DCM:MeOH.

3.4. Analysis
All gas chromatography (GC) based techniques were

performed after appropriate derivatization of polar compo-
nents. GC was performed with a Carlo Erba HRGC 5300

Mega Series instrument fitted with flame ionization detec-
tion (FID) and a fused silica column (50 m x 0.32 mm i.d.)
coated with CP Sil-5CB (dimethylpolysiloxane equivalent)
phase (0.12 um film). Samples were injected on-column
at 70 °C and eluted using H; as carrier gas; the temperature
programme was: 70 °C (1 min) to 130°C at 20 °C min~ ",
130-320 °C at 4 °C min~! (hold 20 min). For GDGT charac-
terization and quantification, we adapted the high temper-
ature gas chromatography (HT-GC) methodology of
Nichols et al. (1993); this approach has yielded robust re-
sults for GDGT analysis of peat, where HT-GC and high per-
formance liquid chromatography-mass spectrometry (LC-
MS) gave similar results (Weijers et al., 2006a). As with
standard GC analysis, neutral polar samples are derivatised
with N,0-bis(trimethylsilyl)trifluoroacetamide (BSTFA).
Aliquots in ethyl acetate were analysed using a Hewlett
Packard 5890 Series II gas chromatograph, equipped with
FID, and using H, as carrier gas at a head pressure of
1.5 psi. An SGE HT5 (5% phenyl equivalent, polycarborane
siloxane), 6 m x 0.53 mm i.d., aluminium clad column
was used with the following temperature programme:
50°C (1 min) to 140°C at 20°C/min and 140-420 °C
(10 min) at 7 °C/min. The HT-GC system could not be cou-
pled to a mass spectrometer due to the high flow rates;
compounds were identified on the basis of comparison
with a suite of samples with known GDGT distributions,
as determined from LC-MS analysis (e.g. Hopmans et al.,
2000).

GC-mass spectrometry (GC-MS) was performed using a
Thermoquest Finnigan TRACE chromatograph interfaced to
a Thermoquest Finnigan TRACE spectrometer operated
with electron ionization at 70 eV and scanning a range of
m/z 50-650 with a cycle time of 1.7 scans s~'. The interface
was set to 300 °C and the ion source at 200 °C. GC condi-
tions were as for GC analysis, except that He was the car-
rier gas.

Gas chromatography-combustion-isotope ratio mass
spectrometry (GC-C-IRMS) was conducted using a Thermo-
quest Finnigan TRACE chromatograph connected to a Ther-
moquest Finnigan Delta PLUS XP spectrometer, or a
Hewlett Packard 6890 chromatograph connected to a Ther-
moquest Finnigan Delta plus XL spectrometer, via a GC III
combustion interface (comprising Cu, Pt and Ni wires
within a fused alumina reactor at a constant temperature
0f 940 °C). GC conditions were as for GC and GC-MS. Dupli-
cate or triplicate analyses were conducted for each sample,
with values are reported in standard delta (%.) notation
relative to Vienna Pee Dee Bee Belemnite (V-PDB); errors
are < +0.5%.. For derivatized samples, i.e. alcohols as tri-
methylsilyl ethers, standard mass balance correction pro-
cedures were used.

4. Results
4.1. The Benguela upwelling system

4.1.1. Extractable lipids

The neutral fraction of all ODP Site 1084 sediments con-
tains a range of algal, bacterial and archaeal biomarkers
with subordinate abundances of higher plant biomarkers
(Bouloubassi, Meyers and Pancost, unpublished data).
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Phytoplankton biomarkers include phytol, cholesterol
(mixed sources; Volkman, 1986), dinosterol (dinoflagel-
lates; Withers, 1983), C37, C3g and a minor amount of Czg,
alkenones (haptophyte algae; Marlowe et al., 1984), and
C32 1,16-(:“01, C30 1,15-di0], ng 1,14-d101 and C25 ],12 and
1,13-diols (from eustigmatophyte algae and diatoms;
Volkman et al., 1999; Sinninghe Damsté et al., 2003). The
algal lipids all have similar and relatively invariant carbon
isotopic compositions. The §'3C values of Cs;., alkenone,
cholesterol and dinosterol all are ca. —22%.. Probable sed-
imentary bacterial biomarkers include glycerol dipentade-
cyl diethers, which have been attributed to sulfate
reducing bacteria (SRB; Pancost et al., 2001a). Compared
to photoautotroph lipids, diethers of inferred SRB origin
are relatively depleted in '3C, with an average §'>C value
of —32.6%o. (although values of —40%. were obtained for
2.5 Ma sediments from Site 1083).

Also present are homologous series of n-alkanols, rang-
ing from Cyg to C3; with an even/odd predominance. These
co-eluted with other compounds in the neutral lipid frac-
tion; consequently, their carbon isotopic compositions
were determined as n-alkanes, after conversion from alco-
hols during HI treatment. The Cog and C3o n-alkanols are
depleted in 3C, consistent with a terrestrial higher plant
origin (despite potential contributions from diols).

To characterise archaeal lipids, neutral lipid fractions
were analysed using HT-GC (Fig. 1) and GC-MS. HT-GC
analysis revealed that archaeal GDGT abundances are high,
up to 98 ng/g sediment, and that these tetraether lipids are
of comparable or greater abundances than the algal and
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terrestrial biomarkers. The acyclic GDGT concentrations
range from 1.3 to 55 pug/g dry sediment; the 0:1 GDGT
ranges from 0.1 to 8.3 pg/g dry sediment, the 1:1 GDGT
from 0.05 to 2.5 pg/g dry sediment and crenarchaeol from
0.8 to 32 pg/g dry sediment. In all of the Benguela samples,
the acyclic GDGT and crenarchaeol (2:3 GDGT) are the
most and second most abundant lipids, respectively. Site
1084 sediments also contain archaeol (0.6-12.0 pg/g sedi-
ment), the most common archaeal diether, and acyclic to
tricyclic biphytane diols. Soil bacterial GDGTs, character-
ised by methyl-branched alkyl rather than biphytanyl
components (e.g. Hopmans et al.,, 2004; Weijers et al.
2006a), were not detected, consistent with the lack of sig-
nificant terrigenous inputs.

The Site 1084 samples were subjected to HI cleavage
and LiAlH4 reduction to release the biphytane moieties
from the tetraether structures, allowing GC-C-IRMS analy-
sis. The average 8'3C values for the tricyclic and the acyclic
biphytane are —21%0 and —23%., respectively. Archaeal tri-
cyclic biphytane 5'3C values exhibit little variation, ranging
from —19.7%0 to —21.7%., whereas acyclic biphytane §'3C
values range from —21%o to —26%o. (Fig. 2).

4.1.2. Hypy products

The solvent-extracted sediments were subjected to
Hypy, with the released hydrocarbons being separated
using urea adduction into straight chain and branched/cyc-
lic hydrocarbons. Under the optimised HyPy conditions
used here, high conversions (typically >85 wt.% as soluble
tar plus volatiles) of pre-oil window type I-III kerogens
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Fig. 1. Partial high-temperature gas chromatogram of typical (A) S5 sapropel and (B) Benguela (Site 1084) sediments, showing relatively high abundances
of GDGTs. The numbers above the GDGTs refer to the number of cyclic moieties in the two biphytanyl components (i.e. the two biphytanyl components of

the 2:3 GDGT have 2 and 3 rings).
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In panel C, the acyclic GDGT to Crenarchaeol ratio in the Hypy-released component is the ratio of acyclic biphytane to the summed abundance of bicyclic
and tricyclic biphytane. In panel E, '*C values of free GDGT components (determined after HI cleavage) are solid symbols, whereas those of Hypy-released

components are shown as open symbols.

are routinely achieved (Love et al., 1995, 1997, 1998), with
a significant proportion of the products (typically
>60 wt.%) recoverable as DCM-soluble tar. It is highly unli-
kely then that a significant proportion of the hydrocarbons
released by Hypy were simply derived from reductive con-
version of any residual free lipids that escaped solvent
extraction, since these would have been swamped by the
much larger pool of hydrocarbon skeletons released from
fragmentation of the kerogen. The straight chain hydrocar-
bons are dominated by a homologous series of n-alkanes
ranging from C;g to C35 (data not shown). In general, there
is a subtle even/odd predominance, with Cp; and C;4, dom-
inant, and each n-alkane peak preceded by a corresponding
minor n-alk-1-ene peak. A variety of steranes, sterenes and
hopanes are present in the branched/cyclic hydrocarbon
fraction, but the fraction is dominated by a large
unresolved complex mixture (UCM; Fig. 3). Cholestane,
cholestene, 24-methylcholestane, 24-ethylcholestane and
24-ethylcholestene are the most abundant of the steroids,
but are still present in very low abundance. The hopanes
are dominated by the Cyg9 to C3s 17BH,21p isomers, fol-
lowed by the C3q to C35 Ba-hopanes. As with the steranes

and sterenes, even the most abundant hopanes occur as
only very small peaks amongst the total alkane products.

A range of biphytanes (acyclic, monocyclic, bicyclic and
tricyclic) was also released by Hypy of the extracted resi-
dues. The acyclic biphytane is the most abundant of the
biphytanes (0.24-1.55 pg/g dry sediment); tricyclic biphy-
tane and bicyclic biphytane are the next most abundant,
with the two compounds having similar abundances rang-
ing from 0.10 to 0.96 pg/g dry sediment; monocyclic
biphytane is consistently the least abundant biphytane,
with concentration between 0.03 and 0.18 pg/g dry sedi-
ment. Not only are these abundances much greater than
those of hopanes and steranes, they are comparable to
those of pristane and phytane (and their unsaturated
equivalents) and the n-alkanes. This predominance of
archaeal lipids relative to lipids from other sources, and
especially n-alkanes, is an unusual characteristic of Hypy
analysis. All of the Hypy-released biphytanes have similar
stable carbon isotopic composition, with total downcore
variation being less than 3%o (—19.1%. to —21.7%o); in each
sample, the acyclic and tricyclic §'3C values are the same
within error margins.
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Fig. 3. Partial gas chromatograms showing Hypy-released hydrocarbons (urea non-adduct) released from typical (A) Benguela (Site 1084) and (B) S5

sapropel sediments.

4.2. Mediterranean sapropel S5

4.2.1. Extractable lipids

There have been a number of biomarker studies of
sapropel sediments, including sapropel S5. These have
shown that the organic matter is dominantly derived from
marine sources, with terrestrial sources being more signif-
icant before and after sapropel events (Sutherland et al.,
1984; Bouloubassi et al., 1999). The algal biomarkers in
the KS205 S5 sediments include C,; to Csg sterols, Cyg,
C3p and Cs3; mid-chain diols and ketols, and long chain
alkenones. Iso and anteiso fatty acids and B-hydroxy fatty
acids represent the bacterial contribution. The relatively
minor terrestrial signal includes higher plant wax derived
n-alkanes and n-alcohols (Bouloubassi et al., 1999) but also

non-isoprenoidal GDGTs derived from soil bacteria
(Hopmans et al., 2004).

Archaeal GDGTs dominate the sapropel S5 sediment
biomarker suite. Crenarchaeol is the most abundant lipid
in the neutral fraction, ranging from 1.1 to 3.2 pug/g dry
sediment, followed by the acyclic GDGT, which ranges in
abundance from 0.9 to 2.2 pg/g dry sediment (Fig. 2). As
in the Benguela sediments, other GDGTs are present but
in much lower concentration, with the 1:1 GDGT being
slightly more abundant (0.2-0.5 pg/g dry sediment) than
the 0:1 GDGT. Archaeol is present in only trace abundances
in the neutral polar fractions, but non-isoprenoidal soil
bacterial GDGTs were observed (Fig 1A). For carbon isoto-
pic determination, HI cleavage and LiAlH,4 reduction were
used to cleave biphytanes from the archaeal tetraether
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lipids; all of the generated biphytanes had §!3C values of
ca. —20.5%o.

4.2.2. Hypy products

Five post-extraction sediment residues from sapropel
S5 were subjected to Hypy and separated using urea
adduction into straight chain and branched/cyclic frac-
tions. The aliphatic hydrocarbon fraction contains numer-
ous n-alkanes, with the C;; to Csg homologues
predominant, but with no even/odd or odd/even predomi-
nance. A minor n-alk-1-ene peak precedes each n-alkane
peak. The branched/cyclic hydrocarbon fraction contains
steranes, sterenes, hopanes and numerous small aromatic
compounds, but is dominated by a large UCM. The steroi-
dal compounds include cholestane, cholestene, 24-methyl-
cholestane, 24-ethylcholestane and 24-ethylcholestene,
but these are minor. The hopanes are also present in very
low abundance and include the C,; and Cyg to C35 BB-ho-
panes, C3;1 to C3s5 Bo-hopanes and C3; to C33 af-hopanes,
with the C3; to C35 BB-hopanes being predominant.

The most abundant Hypy biphytanes are the acyclic and
bicyclic biphytanes (0.19-1.9 pg/g and 0.15-1.3 pg/g dry
sediment, respectively). In all sediments, acyclic and bicy-
clic biphytanes are present in similar abundances. The tri-
cyclic biphytane is the next most abundant of the
biphytanes (0.08-0.72 pg/g dry sediment) and is always
approximately half the concentration of the bicyclic biphy-
tane. The monocyclic biphytane is the least abundant
biphytane released by HyPy (0.08-0.42 pg/g dry sedi-
ment). Biphytane §'3C values range from —19.4% to
—22.4%0, +1%o (Fig. 2), with all biphytanes having similar
values. Despite the presence of soil bacterial GDGTs in
the free fractions, methyl-branched alkanes were not de-
tected in the Hypy-released fractions.

5. Discussion

5.1. Predominance of archaeal biomarkers in Benguela and
Sapropel sediments

Archaeal GDGTs are the most abundant biomarkers in the
neutral lipid fractions in both the sapropel S5 and (espe-
cially) the Benguela sediments, despite the high production
and preservation of algal biomarkers in these settings.
Archaeal lipids are more abundant than algal and bacterial
lipids in other marine sediments, such as Lido Rossello and
Indian Ocean sediments (Hoefs et al., 1997; Schouten et al.,
1998); in other sediments, such as the Monterey Formation,
they vary substantially in abundance relative to algal lipids
(Hoefs et al., 1997; Schouten et al., 1998).

Archaeal GDGTs are more abundant in the Benguela
sediments (up to 54.5 pg/g dry sediment) than in the
sapropel sediments (up to 3.2 ng/g dry sediment). This en-
hanced abundance of archaeal lipids in the Benguela sedi-
ments could be related to the elevated TOC content;
however, even when TOC content is taken into account,
archaeal tetraethers are still more abundant in the Bengu-
ela sediments, with TOC-normalised abundances being an
order of magnitude greater than in the sapropel sediments
(up to 0.4 mg/g TOC in Benguela sediments and 0.06 mg/g

TOC in sapropel S5 sediments). This suggests that the
archaeal biomarker input was greater in the Benguela
upwelling system, perhaps indicating that either (i) archa-
eally-mediated nitrification (e.g. Wuchter et al., 2006) is an
important component of nutrient cycling there or (ii) the
higher productivity in the Benguela region fuels an archa-
eal community that is partially sustained by a heterotro-
phic ecology (e.g. Ingalls et al., 2006).

The Benguela and sapropel sediments also exhibit dif-
ferent GDGT distributions. In the ODP Site 1084 sediments,
the acyclic GDGT is far more abundant than crenarchaeal,
but the opposite is observed for the S5 sediments. The ex-
cess acyclic GDGT in the Benguela sediments could reflect
colder temperatures at that site. Schouten et al. (2002)
showed that the weighted average number of cyclopentyl
moieties in GDGTs is related to sea surface temperature
(SST), with more cyclopentyl moieties in the membrane
lipids of crenarchaeota growing in warmer waters. As our
study focusses on ancient sediments, we cannot compare
our GDGT distributions to directly measured SSTs but we
can compare them to SSTs generated by the alkenone-
based U‘3(7 index (e.g. Brassell et al., 1986; Prahl and Wake-
ham, 1987). Such SSTs range from 15 to 22 °C for the BUS
sediments and from 21 to 24 °C for the sapropel sediments.
However, the lower BUS temperatures are not low enough
to account for the observed high acyclic GDGT concentra-
tions (Fig. 4A).

Alternatively, differences in distributions could reflect
different sources of archaeal lipids in the sediments. For
example, there could be additional contributions of the
acyclic GDGT from either soils (Weijers et al., 2006b) or
from pelagic euryarchaeota (Turich et al., 2007). However,
neither explanation is satisfactory. The low abundance of
terrigenous biomarkers in general and soil bacterial GDGTS
in particular indicates that terrigenous inputs were low;
and upwelling regions are thought to be characterised by
relatively low rather than higher abundances of eur-
yarchaeota compared to epipelagic settings (Turich et al.,
2007).

Instead, it is likely that the excess acyclic GDGT in
Bengulea sediments derives from methanogens (e.g. Koga
et al., 1993); in fact, for this reason, Schouten et al.
(2002) argued that the aforementioned weighted average
of GDGT cyclopentyl moieties should not be used as a
SST proxy and instead proposed the TEXgg index, which ex-
cludes the acyclic GDGT. As discussed in the site descrip-
tions, there is abundant evidence for methanogenesis in
all of the Leg 175 BUS cores, including Site 1084. Moreover,
archaeol, an archael lipid that has not been found in cre-
narchaeota, but which could derive from sedimentary
methanogens, is abundant in Site 1084 sediments. Further
evidence for a partial methanogen source for the acyclic
GDGT comes from its stable carbon isotopic composition.
In general, archaeal biphytane 8'3C values - either gener-
ated from GDGTs via HI/LiAlH4 or from the solvent-ex-
tracted residue with Hypy - are similar, varying only
from —19%. to —22%. across all samples and sites. These
relatively high and invariant values are similar to those
measured by previous workers (Hoefs et al., 1997; Scho-
uten et al., 1998; Kuypers et al., 2001) and are consis-
tent with evidence that pelagic crenarchaeota directly
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assimilate dissolved inorganic carbon (Wuchter et al.,
2003) using a carbon assimilation pathway other than
the Calvin cycle (e.g. Menendez et al.,, 1999). In contrast,
ODP Site 1084 acyclic GDGT &'3C values have a larger
and slightly more '3C-depleted range (—21%0 to —26%).
Archaeol §'3C values in the Benguela sediments range from
—30%0 to —32%o; thus, the wider range of acyclic GDGT
513C values is consistent with a partial and variable meth-
anogen contribution of ca. —31%e.. A similar interpretation
was made by Schouten et al. (1998), who also observed
that the biphytanes cleaved from acyclic GDGTs in a range
of marine sediments are slightly depleted in '3C relative to
exclusively crenarchaeal-derived biphytanes, and the de-
gree of depletion corresponds to the amount of excess acy-
clic GDGT (e.g. Fig. 4B).

5.2. Macromolecular organic matter characterised using
Hypy

As expected, a range of n-alkanes was released from all
solvent-extracted sediment residues of the Benguela
upwelling system and sapropel S5. The n-alkane distribu-

tions differ significantly between the two sites, with an
even/odd predominance in the BUS Hypy n-alkanes that
is absent from the sapropel. The even/odd predominance
could arise from a higher plant contribution to the macro-
molecular organic matter, possibly originally as carboxylic
acids or alcohols incorporated via oxidative polymerisation
mechanisms (e.g. de Leeuw et al., 2006; Gupta et al., 2006,
2007a,b). Particularly striking is the relatively large size of
the UCM, perhaps also suggestive of early diagenetic poly-
merisation reactions. Hopanes and steranes were also de-
tected in the Hypy-released fraction, but are of low
abundance relative to total products.

5.2.1. Archaeal lipids released using Hypy

This is the first study in which Hypy has been used to
examine archaeal lipids; Hypy of both BUS and sapropel sed-
iments generated acyclic, monocyclic, bicyclic and tricyclic
archaeal biphytanes (Fig. 3). The TOC-normalised, Hypy-re-
leased biphytane abundances for Site 1084 sediments range
from 0.001 to 0.013 g/g TOC, whereas the S5 sediments
range from 0.001 to 0.047 g/g TOC. These concentrations
are far greater than those of Hypy-released steranes and ho-
panes, which are present in only small amounts in the total
ion current (TIC) traces. In fact, total biphytane abundances
are comparable to those of the total recovered n-alkanes,
with the ratio of biphytanes to n-alkanes ranging from 0.1
to 40. This suggests, like some of the early work by Michaelis
and Albrecht (1979), that archaeal lipids can represent a sig-
nificant component of some kerogens. Our Hypy analysis
also reveals that the proportion of free to ‘bound’ archaeal
lipids can be highly variable. In sapropel sediments, abun-
dances of free GDGTs are comparable to those of biphytanes
released with Hypy, whereas in Benguela sediments, free
GDGTs are as much as fifty times more abundant than
Hypy-released biphytanes. This is primarily due to the much
larger quantities of free GDGTs in the Benguela samples, as
Hypy-released biphytane abundances are comparable. This
cannot reflect a greater degree of incorporation over time
as the age of the sapropel sediments is nearly an order of
magnitude younger than those examined from Benguela
(ca. 100 kyr vs. 1 Myr).

Previous work has focussed on kerogen-bound archaeal
lipids analysed using thermal and chemical degradation
techniques. The first observation that archaeal lipids are
incorporated into kerogen was based on HI cleavage of
ether moieties in Messel shale kerogen (Michaelis and
Albrecht, 1979), which released phytane as well as a range
of biphytanes with zero, one or two cyclopentyl moieties.
Inferred archaeal isoprenoid alkanes and alkenes were re-
leased from the kerogen of Albian OAE1b black shales
(Kuypers et al., 2001, 2002) - flash pyrolysis released Cg
to Cy5 isoprenoid alkanes/alkenes and RuO,4 treatment re-
leased 2,6,10,15,19-pentamethylicosane  (PMI) and
2,6,15,19-tetramethylicosane (TMI). However, no biphy-
tanes were released from the macromolecular component
even though GDGTs were present in the solvent-extract-
able fractions. Archaeal lipids were also released from ker-
ogen by HI/LiAlH, treatment of the Be’eri sulfur deposit
(Burhan et al., 2002); phytane (perhaps related to archae-
ol), monocyclic biphytane, two isomers of bicyclic biphy-
tane and a novel C4; biphytane, apparently bearing two
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cyclopentyl groups, were identified after HI/LiAlH, treat-
ment. Schouten et al. (2004) performed hydrous pyrolysis
on sediment samples from the Italian Geososso-solfifera
Formation to simulate artificial maturation and archaeal
GDGTs were released. The increase in GDGT abundance be-
tween temperatures of 160 and 220 °C was attributed to
release of GDGTs from the kerogen, as Koopmans et al.
(1996) had previously released biphytane carbon skeletons
using chemical degradation of kerogen from the Geososso-
solfifera Formation. Our work is consistent with these
studies, revealing not only that archaeal lipids have been
incorporated into sedimentary macromolecules, but that
archaeal lipids can be among the most abundant resolvable
components of the macromolecular fraction and that
incorporation can also happen relatively quickly
(<100 kyr).

However, the fact that comparable abundances of
GDGTs are released from both Benguela and sapropel sed-
iments, despite the free components being an order of
magnitude more abundant at the former site, suggests that
either Benguela GDGTs were less reactive or there is a fi-
nite capacity for the binding of GDGTs into kerogen. Archa-
eal lipids could be bound into the macromolecular fraction
via a variety of mechanisms. However, because the GDGT
core is relatively unreactive, it is likely that reactions oc-
curred at the polar head groups of the original biological
GDGT membrane lipids or the hydroxyl groups resulting
from their removal. This is consistent with the fact that in-
tact GDGTs were released in the hydrous pyrolysis experi-
ments of Schouten et al. (2004). Lipids can become sulfur-
bound during diagenesis by interaction of functional
groups (carbonyls or double bonds) with inorganic sulfides
(Sinninghe Damsté and de Leeuw, 1987). However, Kohnen
et al. (1992) detected archaeal ether lipids in the free
hydrocarbon fraction of five sulfur-rich immature sedi-
ments, but sulfur-bound archaeal lipids were not detected.
Thus, we propose that archaeal lipids have been incorpo-
rated via condensation and polymerisation reactions anal-
ogous to those proposed for the selective preservation of
leaf lipids (Gupta et al., 2007a,b), dinoflagellate casts (Vers-
teegh et al., 2004) and the unusual archaea of OAE1b (Kuy-
pers et al., 2001, 2002). If so, then depletion of reactive
oxidizing substrates with depth will impose limits on the
degree of GDGT incorporation into kerogen. Alternatively
or additionally, Mollenhauer et al. (2007) have shown that
there is considerable aging of crenarchaeol (and presum-
ably other GDGTs of pelagic origin) during transport across
the Namibian shelf; it is likely that, during transport, the
reactive polar head group was lost, rendering Benguela
GDGTs less reactive than those deposited in sapropels.
Consistent with this, we could find no evidence for incor-
poration of terrestrially derived GDGTs into kerogen,
although they are present in the extractable fraction of
the S5 sapropel.

5.3. Comparison of bound and free GDGT distributions

Assuming that the Hypy-released bicyclic and tricyclic
biphytanes both derive from crenarchaeol, and that the
acyclic biphytane dominantly derives from the acyclic
GDGT, then we can compare the GDGT distributions of

the macromolecular and solvent-extractable fractions
(Fig. 5). In the ODP Site 1084 sediments, the solvent-
extractable fraction contains abundant GDGTs, with the
acyclic GDGT being far more abundant than crenarchaeol
(0:0 > 2:3). In contrast, the sum of the Hypy-released cren-
archaeol biphytanes is greater than the Hypy-released acy-
clic biphytane (C40.0< Cg0:2 + C40:3), such that there is
proportionally less of the acyclic GDGT in the macromolec-
ular fraction than in the extractable fraction. This is not ob-
served in the S5 sediments, in which extractable
crenarchaeol is more abundant than the acyclic GDGT,
and the sum of Hypy-released crenarchaeal biphytanes is
correspondingly greater than that of acyclic biphytane.

As with the previously discussed differences between
the Benguela and sapropel free GDGT distributions, the dif-
ference between Benguela free and bound GDGTs could re-
flect different sources for the two different pools. If the
high abundances and low '3C values of acyclic GDGT are
due to methanogen input, then the lack of these character-
istics in the Hypy-released fractions suggests that incorpo-
ration into the macromolecular fraction is biased in favour
of the pelagic crenarchaeota. This could indicate that polar
head groups of pelagic crenarchaeal GDGTSs are more reac-
tive than those of methanogens; although this is possible,
it is unlikely in Benguela sediments, where there is evi-
dence that pelagic GDGTs are aged - with associated loss
of polar head groups - as they are transported across the
Namibian shelf (Mollenhauer et al., 2007). Instead, we sug-
gest that the lack of methanogen GDGT incorporation re-
flects limitation of the inorganic substrates involved in
condensation/polymerisation reactions in deeper sedi-
ments. Methanogens occur below the sulfate reduction
zone and where oxygen is absent (currently ca. 5 m depth
in Site 1084 sediments). Thus, incorporation of methano-
gen lipids via oxygen-mediated free radical mechanisms
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(Versteegh et al., 2004; Gupta et al., 2007b; de Leeuw et al.,
2006) would be limited. This is consistent with the mech-
anism invoked to explain why the ratio of macromolecular
to free GDGTs is so much lower in BUS sediments. Intrigu-
ingly, this observation could offer critical new insight into
the timing and mechanism of such reactions, suggesting
that they occur at relatively shallow depth, consistent with
relatively rapid rates of hopanoid incorporation into kero-
gen (Farrimond et al., 2003).

6. Conclusions

Archaeal GDGT lipids are the most abundant solvent-
extractable biomarkers in sediments from both the Bengu-
ela upwelling system and sapropel S5, dominating over
algal, bacterial and higher plant lipids. GDGT carbon isotopic
compositions and distributions suggest that they predom-
inantly derive from pelagic crenarchaeota, but there is also
evidence for a secondary methanogen source of acyclic
GDGT in the Benguela sediments. Free GDGTs have been
compared, with their distributions and abundances in the
macromolecular fraction characterised for the first time
using Hypy. Acyclic, monocyclic, bicyclic and tricyclic
archaeal biphytanes were released from the macromolecu-
lar fraction and are among the most abundant hydrocar-
bons generated. For the sapropels, Hypy-released
biphytanes have abundances and distributions similar to
those of free GDGTs. However, for BUS sediments, Hypy-
released biphytanes are less abundant than free GDGTs,
with proportionally less of the acyclic component. Both
these observations suggest that the mechanism by which
GDGTs are incorporated into the macromolecular fraction
was dependent on substrates not available in deeper (ca.
>5 m) sediments, such that only limited incorporation of
pelagic crenarchaeal lipids, and effectively no incorpora-
tion of methanogen lipids, occurred. Regardless of the
mechanism, our results indicate that archaeal biomass
could comprise a significant component of the macromo-
lecular organic pool, but that this contribution could derive
from archaeal assemblages different from those repre-
sented by the free GDGT distribution.

Acknowledgements

We thank I. Bull of the Bristol Node of the NERC Life Sci-
ences Mass Spectrometry Facility for analytical and techni-
cal support and NERC for funding the PhD Studentship of
JC. We also acknowledge the IODP and thank P. Meyers
for providing samples.

Associate Editor—E.A. Canuel

References

Boot, C.S., Ettwein, V.., Maslin, M.A.,, Weyhenmeyer, C.E., Pancost, R.D.,
2006. A 35,000 year record of terrigenous and marine lipids in
Amazon Fan sediments. Organic Geochemistry 37, 208-219.

Bouloubassi, I, Rullkétter, J., Meyers, P.A, 1999. Origin and
transformation of organic matter in Pliocene-Pleistocene
Mediterranean sapropels: organic geochemical evidence reviewed.
Marine Geology 153, 177-197.

Brassell, S.C., Eglinton, G., Marlowe, L.T., Pflaumann, U., Sarnthein, M.,
1986. Molecular stratigraphy - a new tool for climatic assessment.
Nature 320, 129-133.

Bremner, .M., 1983. Biogenic sediments on the South West African
(Namibian) continental margin. In: Thiede, J., Suess, E. (Eds.), Coastal
Upwelling: Its Sediment Record (Pt B): Sedimentary Records of
Ancient Coastal Upwelling. NATO Conference Series IV. Marine
Science, pp. 73-103.

Brocks, ].J., Logan, G.A., Buick, R., Summons, R.E., 1999. Archean molecular
fossils and the early rise of eukaryotes. Science 285, 1033-1036.
Brocks, J.J., Love, G.D., Snape, C.E., Logan, G.A., Summons, R.E., Buick, R.,
2003. Release of bound aromatic hydrocarbons from late Archean and
Mesoproterozoic kerogens via hydropyrolysis. Geochimica et

Cosmochimica Acta 67, 1521-1530.

Brown, P.C, Painting, SJ, Cochrane, KL, 1991. Estimates of
phytoplankton and bacterial biomass and production in the
northern and southern Benguela ecosystems. South African Journal
of Marine Science 11, 537-564.

Burhan, RY.P., Trendel, ].M., Adam, P., Wehrung, P. Albrecht, P,
Nissenbaum, A., 2002. Fossil bacterial ecosystem at methane seeps:
origin of organic matter from Be’eri sulfur deposit, Israel. Geochimica
et Cosmochimica Acta 66, 4085-4101.

de Leeuw, JW. Versteegh, GJM. van Bergen, P.F, 2006.
Biomacromolecules of plants and algae and their fossil analogues.
Plant Ecology 189, 209-233.

DeLong, E.F., King, L.L., Massana, R., Cittone, H., Murray, A., Schleper, C.,
Wakeham, S.G., 1998. Dibiphytanyl ether lipids in nonthermophilic
crenarchaeotes. Applied and Environmental Microbiology 64, 1133-
1138.

Farrimond, P., Love, G.D., Bishop, A.N., Innes, H.E., Watson, D.F., Snape,
C.E., 2003. Evidence for the rapid incorporation of hopanoids into
kerogen. Geochimica et Cosmochimica Acta 67, 1383-1394.

Gupta, N.S., Michels, R., Briggs, D.E.G., Evershed, R.P., Pancost, R.D., 2006.
The organic preservation of fossil arthropods: an experimental study.
Proceedings of the Royal Society B — Biological Sciences 273, 2777-
2783.

Gupta, N.S., Briggs, D.E.G., Collinson, M.E., Evershed, R.P., Michels, R., Jack,
K.S., Pancost, R.D., 2007a. Evidence for the in situ polymerisation of
labile aliphatic organic compounds during the preservation of fossil
leaves: implications for organic matter preservation. Organic
Geochemistry 38, 499-522.

Gupta, N.S., Michels, R., Briggs, D.E.G., Collinson, M.E., Evershed, R.P.,
Pancost, R.D., 2007b. Experimental evidence for the formation of
geomacromolecules from plant leaf lipids. Organic Geochemistry 38,
28-36.

Hinrichs, K.U., Hayes, ].M., Sylva, S.P., Brewer, P.G., DeLong, E.F., 1999.
Methane-consuming archaebacteria in marine sediments. Nature
398, 802-805.

Hoefs, M.J.L., Schouten, S., de Leeuw, J.W., King, L.L., Wakeham, S.G.,
Sinninghe Damsté, ].S., 1997. Ether lipids of planktonic archaea in the
marine water column. Applied and Environmental Microbiology 63,
3090-3095.

Hopmans, E.C., Schouten, S., Pancost, R.D., van der Meer, M.T.J., Sinninghe
Damsté, ].S., 2000. Analysis of intact tetraether lipids in archaeal cell
material and sediments by high performance liquid chromatography/
atmospheric pressure chemical ionization mass spectrometry. Rapid
Communications in Mass Spectrometry 14, 585-589.

Hopmans, E.C., Weijers, ].W.H., Schefuss, E., Herfort, L., Sinninghe Damsté,
J.S., Schouten, S., 2004. A novel proxy for terrestrial organic matter in
sediments based on branched and isoprenoid tetraether lipids. Earth
and Planetary Science Letters 224, 107-116.

Huguet, C., Kim, J.H., Sinninghe Damsté, ].S., Schouten, S. 2006.
Reconstruction of sea surface temperature variations in the Arabian
Sea over the last 23 kyr using organic proxies (TEXgs and U§7).
Paleoceanography 21 (Art. No. PA3003).

Ingalls, A.E., Shah, S.R,, Hansman, R.L., Aluwihare, L.I., Santos, G.M., Druffel,
ERM., Pearson, A, 2006. Quantifying archaeal community
autotrophy in the mesopelagic ocean using natural radiocarbon.
Proceedings of the National Academy of Sciences of the United States
of America 103, 6442-6447.

Jenkyns, H.C., Forster, A., Schouten, S., Sinninghe Damsté, ].S., 2004. High
temperatures in the Late Cretaceous Arctic Ocean. Nature 432, 888-
892.

King, L.L., Pease, T.K., Wakeham, S.G., 1998. Archaea in Black Sea water
column particulate matter and sediments - evidence from ether lipid
derivatives. Organic Geochemistry 28, 677-688.

Koga, Y., Akagawamatsushita, M., Ohga, M., Nishihara, M. 1993.
Taxonomic significance of the distribution of component parts of



1370 R.D. Pancost et al./Organic Geochemistry 39 (2008) 1359-1371

polar ether lipids in methanogens. Systematic and Applied
Microbiology 16, 342-351.

Kohnen, M.E.L,, Schouten, S., Sinninghe Damsté, ].S., de Leeuw, J.W.,
Merritt, D.A., Hayes, ].M., 1992. Recognition of paleobiochemicals by a
combined molecular sulfur and isotope geochemical approach.
Science 256, 358-362.

Koopmans, M.P., de Leeuw, J.W., Lewan, M.D., Sinninghe Damsté, ].S.,
1996. Impact of dia- and catagenesis on sulphur and oxygen
sequestration of biomarkers as revealed by artificial maturation of
an immature sedimentary rock. Organic Geochemistry 25, 391-426.

Kuypers, M.M.M., Blokker, P., Erbacher, ]., Kinkel, H., Pancost, R.D.,
Schouten, S., Sinninghe Damsté, ].S., 2001. Massive expansion of
marine archaea during a mid-Cretaceous oceanic anoxic event.
Science 293, 92-94.

Kuypers, M.M.M., Blokker, P., Hopmans, E.C., Kinkel, H., Pancost, R.D.,
Schouten, S., Sinninghe Damsté, ].S., 2002. Archaeal remains dominate
marine organic matter from the early Albian oceanic anoxic event 1b.
Palaeogeography, Palaeoclimatology, Palaeoecology 185, 211-234.

Kuypers, M.M.M., van Breugel, Y., Schouten, S., Erba, E., Sinninghe Damsté,
J.S., 2004. N,-fixing cyanobacteria supplied nutrient N for Cretaceous
oceanic anoxic events. Geology 32, 853-856.

Little, M.G., Schneider, R.R., Kroon, D., Price, B., Bickert, T., Wefer, G., 1997.
Rapid palaeoceanographic changes in the Benguela upwelling system
for the last 160,000 as indicated by abundances of planktonic
foraminifera. Palaeogeography, Palaeoclimatology, Palaeoecology
130, 135-161.

Love, G.D., McAulay, A., Snape, C.E., Bishop, A.N., 1997. Effect of process
variables in catalytic hydropyrolysis on the release of covalently
bound aliphatic hydrocarbons from sedimentary organic matter.
Energy and Fuels 11, 522-531.

Love, G.D., Snape, C.E., Carr, A.D., Houghton, R.C., 1995. Release of
covalently-bound alkane biomarkers in high yields from kerogen via
catalytic hydropyrolysis. Organic Geochemistry 23, 981-986.

Love, G.D., Snape, C.E., Fallick, A.E., 1998. Differences in the mode of
incorporation and biogenicity of the principal aliphatic constituents
of a type I oil shale. Organic Geochemistry 28, 797-811.

Lutjeharms, J.R.E., Stockton, P.L., 1987. Kinematics of the upwelling front
off southern Africa. South African Journal of Marine Science 5, 35-49.

Marlowe, L.T., Green, ].C., Neal, A.C., Brassell, S.C., Eglinton, G., Course, P.A.,
1984. Long-chain (n-C37;-Csg) alkenones in the Prymnesiophyceae -
distribution of alkenones and other lipids and their taxonomic
significance. British Phycological Journal 19, 203-216.

Maroto-Valer, M.M., Love, G.D., Snape, C.E., 1997. Close correspondence
between carbon skeletal parameters of kerogens and their
hydropyrolysis oils. Energy and Fuels 11, 539-545.

Menendez, C., Bauer, Z., Huber, H., Gad’on, N., Stetter, K.O., Fuchs, G., 1999.
Presence of acetyl coenzyme A (CoA) carboxylase and propionyl-CoA
carboxylase in autotrophic Crenarchaeota and indication for
operation of a 3-hydroxypropionate cycle in autotrophic carbon
fixation. Journal of Bacteriology 181, 1088-1098.

Meredith, W., Russell, C.A., Cooper, M., Snape, C.E., Love, G.D., Fabbri, D.,
Vane, C.H., 2004. Trapping hydropyrolysates on silica and their
subsequent thermal desorption to facilitate rapid fingerprinting by
GC-MS. Organic Geochemistry 35, 73-89.

Michaelis, W., Albrecht, P., 1979. Molecular fossils of archaebacteria in
kerogen. Naturwissenschaften 66, 420-422.

Mollenhauer, G., Inthorn, M., Vogt, T., Zabel, M., Sinninghe Damste, J.S.,
Eglinton, T.I,, 2007. Aging of marine organic matter during cross-shelf
lateral transport in the Benguela upwelling system revealed by
compound-specific radiocarbon dating. Geochemistry Geophysics
Geosystems 8, 9.

Murray, LP., Love, G.D., Snape, C.E., Bailey, N.J.L., 1998. Comparison of
covalently-bound aliphatic biomarkers released via hydropyrolysis
with their solvent-extractable counterparts for a suite of Kimmeridge
clays. Organic Geochemistry 29, 1487-1505.

Nichols, P.D., Shaw, P.M., Mancuso, C.A., Franzmann, P.D., 1993. Analysis
of archaeal phospholipid-derived diether and tetraether lipids by
high-temperature capillary gas-chromatography. Journal of
Microbiological Methods 18, 1-9.

Niewohner, C., Hensen, C., Kasten, S., Zabel, M., Schulz, H.D., 1998. Deep
sulfate reduction completely mediated by anaerobic methane
oxidation in sediments of the upwelling area off Namibia.
Geochimica et Cosmochimica Acta 62, 455-464.

Pancost, R.D., Bouloubassi, 1., Aloisi, G., Sinninghe Damsté, ].S., 2001a.
Three series of non-isoprenoidal dialkyl glycerol diethers in cold-seep
carbonate crusts. Organic Geochemistry 32, 695-707.

Pancost, R.D., Hopmans, E.C., Sinninghe Damsté, ].S., 2001b. Archaeal
lipids in Mediterranean cold seeps: molecular proxies for anaerobic

methane oxidation. Geochimica et Cosmochimica Acta 65, 611-
1627.

Parkes, RJ., Cragg, B.A., Banning, N., Brock, F., Webster, G., Fry, J.C,
Hornibrook, E., Pancost, R.D., Kelly, S., Knab, N., Jorgensen, B.B., Rinna,
J., Weightman, AJ., 2007. Biogeochemistry and biodiversity of
methane cycling in subsurface marine sediments (Skagerrak,
Denmark). Environmental Microbiology 9, 146-1161.

Pearson, A., McNichol, A.P., Benitez-Nelson, B.C., Hayes, J.M., Eglinton, T.I,
2001. Origins of lipid biomarkers in Santa Monica basin surface
sediment: a case study using compound-specific §'C analysis.
Geochimica et Cosmochimica Acta 65, 3123-3137.

Prahl, F.G., Wakeham, S.G., 1987. Calibration of unsaturation patterns in
long-chain ketone compositions for paleotemperature assessment.
Nature 330, 367-369.

Robinson, R.S., Meyers, P.A., Murray, RW., 2002. Geochemical evidence
for variations in delivery and deposition of sediment in Pleistocene
light-dark color cycles under the Benguela Current upwelling system.
Marine Geology 180, 249-270.

Rogers, J., Bremner, .M., 1991. The Benguela ecosystem 7. Marine-
geological aspects. Oceanography and Marine Biology 29, 1-85.

Rohling, E.J., Cane, T.R., Cooke, S., Sprovieri, M., Bouloubassi, 1., Emeis, K.C.,
Schiebel, R., Kroon, D., Jorissen, FJ., Lorre, A, Kemp, A.E.S., 2002.
African monsoon variability during the previous interglacial
maximum. Earth and Planetary Science Letters 202, 61-75.

Schouten, S., Hoefs, M.J.L., Koopmans, M.P., Bosch, H.J., Sinninghe Damsté,
J.S., 1998. Structural characterization, occurrence and fate of archaeal
ether-bound acyclic and cyclic biphytanes and corresponding diols in
sediments. Organic Geochemistry 29, 1305-1319.

Schouten, S., Hopmans, E.C., Pancost, R.D., Sinninghe Damsté, ].S., 2000.
Widespread occurrence of structurally diverse tetraether membrane
lipids: evidence for the ubiquitous presence of low-temperature
relatives of hyperthermophiles. Proceedings of the National Academy
of Sciences of the United States of America 97, 14421-14426.

Schouten, S., Hopmans, E.C., Schefuss, E., Sinninghe Damsté, ].S., 2002.
Distributional variations in marine crenarchaeotal membrane lipids:
a new tool for reconstructing ancient sea water temperatures? Earth
and Planetary Science Letters 204, 265-274.

Schouten, S., Hopmans, E.C., Sinninghe Damsté, |.S., 2004. The effect of
maturity and depositional redox conditions on archaeal tetraether
lipid palaeothermometry. Organic Geochemistry 35, 567-571.

Shannon, L.V., Nelson, G., 1996. The Benguela: large scale features and
processes and system variability. In: Wefer, G., Berger, W.H., Siedler,
G., Webb, DJ. (Eds.), The South Atlantic: Present and Past Circulation.
Springer-Verlag, Berlin, pp. 163-210.

Shipboard Scientific Party, 1996. Site 964. In: Emeis, K.-C., Robertson,
A.H.F., Richter, C, et al. (Eds.), Proceedings of the Ocean Drilling
Program, Initial Reports, 160. College Station, TX (Ocean Drilling
Program), pp. 85-123.

Shipboard Scientific Party, 1998a. Site 1083. In: Wefer, G., Berger, W.H.,
Richter, C., et al. (Eds.), Proceedings of the Ocean Drilling Program,
Initial Reports, 175. College Station, TX (Ocean Drilling Program), pp.
313-337.

Shipboard Scientific Party, 1998b. Site 1084. In: Wefer, G., Berger, W.H.,
Richter, C., et al. (Eds.), Proceedings of the Ocean Drilling Program,
Initial Reports, 175. College Station, TX (Ocean Drilling Program), pp.
339-384.

Sinninghe Damsté, ].S., de Leeuw, J.W., 1987. The origin and fate of
isoprenoid Cp9 and C;s sulphur compounds in sediments and oils.
International Journal of Environmental and Analytical Chemistry 28,
1-19.

Sinninghe Damsté, J.S., Rampen, S., Irene, W., Rupstra, C., Abbas, B.,
Muyzer, G., Schouten, S., 2003. A diatomaceous origin for long-chain
diols and mid-chain hydroxy methyl alkanoates widely occurring in
Quaternary marine sediments: Indicators for high-nutrient
conditions. Geochimica et Cosmochimica Acta 67, 1339-1348.

Sinninghe Damsté, ].S., Schouten, S., Hopmans, E.C., van Duin, A.C.T,,
Geenevasen, J.AJ., 2002. Crenarchaeol: the characteristic core glycerol
dibiphytanyl glycerol tetraether membrane lipid of cosmopolitan
pelagic crenarchaeota. Journal of Lipid Research 43, 1641-1651.

Snape, C.E., Bolton, C., Dosgh, R.G., Stephens, H.P., 1989. High liquid yields
from bituminous coal via hydropyrolysis with dispersed catalysts.
Energy and Fuels 3, 421-425.

Struck, U., Emeis, K.-C., Voss, M., Krom, M.D., Rau, G.G., 2001. Biological
productivity during sapropel S5 formation in the Eastern
Mediterranean Sea: evidence from stable isotopes of nitrogen and
carbon. Geochimica et Cosmochimica Acta 65, 3249-3266.

Sutherland, H.E., Calvert, S.E., Morris, R.J., 1984. Geochemical studies of
the recent Sapropel and associated sediment from the Hellenic outer



R.D. Pancost et al./Organic Geochemistry 39 (2008) 1359-1371 1371

ridge, Eastern Mediterranean-Sea. 1. Mineralogy and chemical-
composition. Marine Geology 56, 79-92.

Tissot, B.P., Welte, D.H., 1984. Petroleum Formation and Occurrence,
second ed. Springer-Verlag, Berlin. p. 699.

Turich, C., Freeman, K.H., Bruns, M.A., Conte, M., Jones, A.D., Wakeham,
S.G., 2007. Lipids of marine Archaea: patterns and provenance in the
water-column and sediments. Geochimica et Cosmochimica Acta 71,
3272-3291.

van Dongen, B.E., Talbot, H.M., Schouten, S., Pearson, P.N., Pancost, R.D.,
2006. Well preserved Palaeogene and Cretaceous biomarkers from
the Kilwa area, Tanzania. Organic Geochemistry 37, 539-557.

Versteegh, G.].M., Blokker, P., Wood, G.D., Collinson, M.E., Damste, ].S.S., de
Leeuw, J.W. 2004. An example of oxidative polymerization of
unsaturated fatty acids as a preservation pathway for dinoflagellate
organic matter. Organic Geochemistry 35, 1129-1139.

Verynaud-Grizzini, C., Ryan, W.B.F.,, Cita, M.B., 1977. Stable isotope
fractionation, climatic change and episodic stagnation in the eastern
Mediterranean during the late Quaternary. Marine Micropaleontology
2, 353-370.

Volkman, ].K., 1986. A review of sterol markers for marine and terrigenous
organic-matter. Organic Geochemistry 9, 83-99.

Volkman, ].K., Barrett, S.M., Blackburn, S.I, 1999. Eustigmatophyte
microalgae are potential sources of Cyg sterols, Cy;—-Cpg n-alcohols
and Cpg-C3 n-alkyl diols in freshwater environments. Organic
Geochemistry 30, 307-318.

Wefer, G., Berger, W.H., Richter, C., et al., 1998. In: Proceedings of the
Ocean Drilling Program, Initial Reports, 175. College Station, TX
(Ocean Drilling Program).

Weijers, J.W.H., Schouten, S., Hopmans, E.C., Geenevasen, J.A]J., David,
O.R.P,, Coleman, ].M., Pancost, R.D., Sinninghe Damsté, ].S., 2006a.
Membrane lipids of mesophilic anaerobic bacteria thriving in peats
have typical archaeal traits. Environmental Microbiology 8, 648-657.

Weijers, J.W.H., Schouten, S., Spaargaren, O.C., Sinninghe Damsté, |.S.,
2006b. Occurrence and distribution of tetraether membrane lipids in
soils: implications for the use of the TEXgs proxy and the BIT index.
Organic Geochemistry 37, 1680-1693.

Withers, N., 1983. Dinoflagellate sterols. In: Schuer, P.J. (Ed.), Marine
Natural Products: Chemical and Biological Perspectives, vol. 5.
Academic Press, New York, pp. 87-103.

Wuchter, C., Schouten, S., Boschker, H.T.S., Sinninghe Damsté, ].S., 2003.
Bicarbonate uptake by marine Crenarchaeota. Fems Microbiology
Letters 219, 203-207.

Wuchter, C., Abbas, B., Coolen, M..L, Herfort, L., van Bleijswijk, ].,
Timmers, P., Strous, M., Teira, E., Herndl, GJ., Middelburg, ]J.,
Schouten, S., Sinninghe Damsté, ].S., 2006. Archaeal nitrification in
the ocean. Proceedings of the National Academy of Sciences of the
United States of America 103, 12317-12322.

Xie, S.C.,, Pancost, R.D., Yin, H.F,, Wang, H.M., Evershed, R.P., 2005. Two
episodes of microbial change coupled with Permo/Triassic faunal
mass extinction. Nature 434, 494-497.



	Kerogen-bound glycerol dialkyl tetraether lipids released by hydropyrolysis of marine sediments: A bias against  incorporation of sedimentary organisms?
	Introduction
	Sample sites
	Benguela upwelling system
	Mediterranean sapropel S5

	Methods
	Extraction and fractionation
	Ether bond cleavage
	Hydropyrolysis (Hypy)
	Analysis

	Results
	The Benguela upwelling system
	Extractable lipids
	Hypy products

	Mediterranean sapropel S5
	Extractable lipids
	Hypy products


	Discussion
	Predominance of archaeal biomarkers in Benguela and Sapropel sediments
	Macromolecular organic matter characterised using Hypy
	Archaeal lipids released using Hypy

	Comparison of bound and free GDGT distributions

	Conclusions
	Acknowledgements
	References


