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INTRODUCTION
CLIMATE CHANGE AND CLIMATE RECONSTRUCTIONS.

It has been extensively documented that the Earth’s climate, decade after decade, is
undergoing drastic changes (IPCC Core Writing Team, 2007). Greenhouse gas con-
centrations in the atmosphere and temperatures increase, via a variety of feedback
cycles, many of which are not yet fully understood (Denman et al., 2007). These
climatic changes will, in different ways, affect all regions and countries on this planet.
To predict with precision the changes the Earth’s climate will undergo in the coming
years, decades and centuries, in order to anticipate and adapt to these changes is thus
one of science’s biggest challenges (Meehl et al., 2007). While analysis of recorded
climate conditions, biogeochemical measurements and modeling of feedback cycles
provide useful information, these approaches are limited. Temperature and weather
records, for example, do not stretch beyond the Anthropocene, and instrumental
records only go back to ca. 1850. The range of conditions in these short periods of
time is very small, hence it is difficult to make long-term projections just relying on
these values. In order to gain a larger perspective, it is thus very useful to observe
changes over longer time scales, at times in which the Earth has been subjected to
extreme, but also moderate conditions and at its responses to them, millions of years

before our time (Jansen et al., 2007).

The field of science investigating the Earth’s climate of the past, paleoclimatology,
relies on geological observations using, for example, isotopic compositions of differ-
ent elements found in rocks and marine sediments, assemblages of fossils of plants
and animals, and chemical fossils of microorganisms. These studies have led to some
surprising discoveries. One of them was that the transition from the Paleocene and
the Eocene, 55 million years ago, was not only characterized by a rapid temperature
rise due to an atmospheric CO, increase, caused by an injection of “C-depleted
carbon (Kennett and Stott, 1991), but that this was accompanied by a pronounced
acidification of the oceans (Zachos et al., 2005). The increase in temperature was
much stronger at high latitudes than at low latitudes, in fact, it was so pronounced
that it resulted in almost subtropical temperatures at both Poles (Sluijs et al., 2006;
Pross et al., 2012). Clearly, paleoclimatology can reveal details of past climate which
are highly relevant for climate modeling, which in turn can give valuable predictions

of how the Earth’s climate will change in the future.
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Figure 1.1. Biomarker lipids commonly used in molecular paleontology: Bacterial hopanoids
(a), triterpenoids (b), alkenones from haptophyte algae (c), bacterial and eukaryotic diester- (d),
archaeal dieether- (e) and tetraether lipids (f), with crenarchaeol, the specific tetraether lipid for

Thaumarchaeota (g).

BIOMARKER LIPIDS AND ORGANIC PROXIES.

One of the emergent fields within paleoclimatology is the application of biomarker
lipids for paleoenvironmental reconstruction. Microorganisms leave traces in the
form of recalcitrant biomarker molecules, which can, under favorable conditions,
be preserved for up to billions of years, making it possible to find evidence for their
existence, distribution, abundance, and even their biochemistry, in the past (Peters
et al., 2004 and references cited therein). Biomarkers are compounds which are
specific to a group of organisms, can be specific for an environmental condition or
a biogeochemical or biochemical process and are chemically stable enough to persist
over long — geological - timescales. Many biomarkers fall into the class of the lipids
(see examples in Fig. 1.1). These molecules were initially mainly being exploited
as indicative for geological periods and processes and evolutionary biology, their

research fueled by the added benefit of using them for dating of oil and source rock
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determination. For example, 2-methylhopanes have been used to constrain the onset
of oxygenic photosynthesis (2.5 Gyr; Brocks et al., 1999), and oleanane is used as an
indicator for the rise of angiosperms (150 Myr; Moldowan et al., 1994).

Besides their applications as biomarkers, organic microfossils specific for certain pa-
leoenvironmental conditions are now also increasingly used as proxies to quantify
past climate conditions. The first organic proxy was developed when a relationship
between distribution of long-chain unsaturated alkenones, lipids produced by hap-
tophyte algae, and growth temperature was found, called the U*, index (Brassell
et al., 1986; Prahl and Wakeham, 1987). Variations of this index are currently still
extensively used to determine past sea surface temperatures, by analyzing alkenone
lipids preserved in sediments over millions of years. A second organic temperature
proxy was reported in 2002 by Schouten et al. who revealed a correlation of the
distribution of different types of archaeal ether lipids in surface sediments with glob-
al sea surface temperature. Archaeal lipids and the temperature proxy based upon

them, the TEX,, are discussed in more detail below.
ARCHAEAL LIPIDS.

Archaea, long thought of as forming part of the kingdom of bacteria, are in fact bio-
chemically and genetically so fundamentally different from bacteria and eukaryotes,
that they now form the third domain of life (Woese and Fox, 1977). While bacterial
and eukaryotic membrane lipids consist of fatty acid chains linked to a glycerol moi-
ety (Fig. 1.1d), archaeal lipids are fundamentally different and their lipids consist of
isoprenoid chains linked to a glycerol moiety by ether bonds (Fig. 1.1¢). In addition
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Figure 1.2. Archaeal lipid membrane bilayers. Figure modified from Madigan et al. (2000).
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to diether lipids, consisting of two isoprenoid chains linked to the glycerol backbone,
also tetraether lipids, consisting of two glycerols linked together via longer isopren-
oid chains, or glycerol dibiphytanyl glycerol tetracther lipids (Fig. 1.1f; GDGTs),
have been discovered in Archaea (Langworthy, 1977).

These lipids represent so-called membrane — spanning lipids, as they can, by them-
selves, form a membrane “bilayer” (Fig. 1.2) by providing both glycerol heads and
one long apolar chain. The GDGTs do not possess only acyclic isoprenoid chains,
but can also consist of isoprenoid chains containing various ring structures — cy-
clopentyl and cyclohexyl moieties, which were assumed to have evolved as an ad-
aptation to different growth temperatures, similar to the function of double bonds
and branching in esterified fatty acids in eukaryotic membrane lipids (Gliozzi et al.,
1983). Many different molecules with ring structures were discovered and shown to
be widespread (Schouten et al., 1998; Macalady et al., 2004; Koga and Morii, 2005).
Sinninghe Damsté et al. (2002b) characterized the most widespread ring-containing
lipid, which possesses one biphytanyl chain with two cyclopentyl and one biphytanyl
chain with two cyclopentyl and one cyclohexyl moiety (Fig. 1.1g). This lipid received
the name crenarchaeol — after the archaeal phylum it was discovered in, the Crenar-
chaeota. It has, so far, only been found in a limited number of species, which are all
closely related and all possess the same metabolism— aerobic oxidation of ammonia
(Kénneke et al., 2005; Wuchter et al., 2006a; Eq. 1):

NH, + 1.50, = NO, + H,0 + H' (AG’= -235 kJ . mol").

(Eq. 1)
Their carbon metabolism is autotrophic (Hoefs et al., 1997; Wuchter et al,
2003; Konneke et al., 2005; Walker et al., 2010), using bicarbonate via the
3-hydroxypropionate/4-hydroxybutyrate pathway (Berg et al., 2007). Previously,
this group was called Marine Group I Crenarchaeota, however, it has recently been
re-classified and it is now believed to form a separate phylum, the Thaumarchaeota
(Brochier-Armanet et al., 2008; Spang et al., 2010). Crenarchaeol, the biomarker
for Thaumarchaeota, is ubiquitously found in present day sediments and soils and

also in ancient sediments, stemming from time periods as far back as the Cretaceous
(Kuypers et al., 2001) and the Jurassic (Jenkyns et al., 2012).

In live Thaumarchaeota, the GDGTs are present as intact polar lipids (IPL), with
polar head groups attached to the glycerol. These head groups comprise sugar- and
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phosphate moieties (Fig. 1.3a). The most commonly found IPL-GDGTs (Schouten
et al., 2008; Koga and Nakano, 2008; Pitcher et al., 2010; Pitcher et al., 2011)
contain one sugar moiety (monohexose, MH), two sugar moieties (dihexose, DH)
and two sugar and one phosphate group (hexose, phosphohexose, HPH). Degrada-
tion of these lipids upon cell death is thought to proceed via hydrolysis of the bond
with the polar head groups, leaving only the GDGT-core lipid (CL), followed by
complete degradation (Fig. 1.3b). These CL-GDGTs are transported from the upper
water column to sediments via fecal pellets and marine snow (Huguet et al., 2000).
By empirical observations, it has been shown that variations in the distribution of
these GDGTs in surface sediments were related to the sea surface temperature of the
overlying water column (Schouten et al., 2002) — a discovery resulting in the devel-

opment of the sea surface temperature proxy TEX, .
Tue TEX  PROXY.

The TEX,, is based on a sub-set of the lipids synthesized by Thaumarchacota, i.c.

GDGTs with 1, 2, or 3 cyclopentane moieties, and a regioisomer of crenarchaeol
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Figure 1.3. IPL-GDGTs most commonly found in Thaumarchaeota and the environment (a) and

an illustration of IPL-degradation (b).
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(GDGT-1, -2, -3 and Cren’; Fig. 1.4). The regioisomer was shown by chemical deg-
radation to contain the same biphytanyl chains as well as nearly identical chemical
shifts in NMR analysis (Schouten et al., 2013) and is thus thought to differ in rela-
tive orientation of the glycerol (parallel configuration, Fig. 1.4; Sinninghe Damsté et
al., 2002b). The lipids used in the TEX, are not as highly abundant as crenarchaeol
and GDGT-0, but similarly widespread (Schouten et al., 2000). The TEX, has been
defined as

[GDGT — 2] + [GDGT — 3] + [Cren’]
[GDGT — 1] + [GDGT — 2] + [GDGT — 3] + [Cren']

TEXB() =

(Eq. 2; Schouten et al., 2002)

and has been calibrated with globally distributed core-tops by Kim et al. (2008;

Fig. 1.4), resulting in
T =—10.78 + 56.2 * TEX,, .

(Eq. 3)

The core top data set was further expanded and calibration was refined by using the
log of the TEX_  (TEX, "; Kim et al., 2010)

86

T = 38.6 + 68.4 + log TEXg, .
(Eq. 4)

Experiments using mesocosms confirmed the relationship of TEX_, with tempera-
ture (Wuchter et al., 2004; Schouten et al., 2007). This correlation was investigated
further by analyzing suspended particulate matter in the water column and sediment
trap material and shown to be reflective of the surface annual mean sea surface tem-
perature (Wuchter et al., 2005; Wuchter et al., 2006b). The TEX,, is now extensively
applied for determining paleotemperature, alongside with other proxies (Schouten et

al., 2013 and references therein).

Some complications in the application of the TEX, were discovered. One of the prob-
lems encountered was the abundance of Thaumarchaeota in terrestrial ecosystems:
soils (Leininger et al., 2006), hot springs (Pitcher et al., 2009), and lakes (Schleper
et al., 1997). The input of soil organic matter, containing isoprenoid GDGTs used

in the TEX,, produced in soil and transported by rivers to the ocean, can affect the
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TEX,, substantially (Weijers et al., 2006). Another potential bias of the TEX, could
arise from Thaumarchaeota living deep in the water column. Thaumarchaeota are
not restricted to the photic zone as they are presumably chemoautotrophs and thus
dependent on inorganic carbon and ammonia, but not on sunlight. Thaumarchaeal
cells have been detected by FISH and DNA/RNA analysis also in the meso- and
bathypelagic ocean (Herndl et al., 2005; Turich et al., 2007; Reinthaler et al., 2010).
Radiocarbon analysis suggested that a substantial proportion of GDGTs encoun-
tered at depth is not produced in the surface (Pearson et al., 2001; Ingalls et al.,
2006; Shah et al., 2008). However, sedimentary GDGTs are thought to consist to
a large degree of GDGTs produced in the photic zone, as they are, due to its active
food web, efficiently transported from the upper 200 m to the seafloor by way of
inclusion in fecal pellets and marine snow (Wakeham et al., 2003; Huguet et al.,
2006). After deposition, GDGTs in the sediment can be affected by two processes
which could potentially bias the TEX_ : i) Preferential degradation of GDGTs, alter-
ing the GDGT distribution in such a way that it leads to changes in the TEX, , and,
ii) Production of GDGTs in surface and — potentially — deeply buried sediments by
sedimentary Thaumarchaeota (Vetriani et al., 1999; Biddle et al., 2006). These pro-

cesses are discussed in detail in the following sections.
DEGRADATION AND PRODUCTION OF GDGTS IN SEDIMENTS.

Preferential preservation and degradation of GDGTs may substantially alter their
distribution in the sediment. Sinninghe Damsté et al. (2002a) showed that, in sedi-
ments from the Arabian Sea, oxic degradation greatly reduced the concentrations of
GDGTs present in sediment. However, when comparing anoxically and oxically de-
posited sediment in the Arabian Sea, no differences were observed and thus the im-
pact of oxic degradation on the TEX_ was estimated to be minimal (Schouten et al.,
2004). Kim et al. (2009) showed that the GDGT distribution in anoxic sediments,
which were exposed to oxic waters, did not change over one year, while Huguet et
al. (2009) found the TEX, to be affected by long-term (>1 kyrs) post-depositional
oxidation. They attributed this change to the preferential preservation of soil organic
matter, bearing a different TEX, signal, as they also showed that lipids produced by
soil bacteria, glycerol dialky/ tetraether lipids, were preserved better than the archaeal
GDGTs. Thus, it is not yet clear to which extent oxic degradation affects the TEX,.

DNA and RNA analysis have shown that Thaumarchaeota are present and active in
marine surface sediments (Vetriani et al., 1999; Stahl and de la Torre, 2012). Thus,
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GDGTs produced in situ in the sediment may also contribute substantially and
this may also lead to an alteration of the pelagic TEX, signal. Thaumarchaeota are
aerobic nitrifiers dependent on ammonia, which is typically abundantly present in
sediment porewaters, but also on oxygen, which is usually only present down to a
certain depth (the oxygen penetration depth). This would limit benthic production
to a sediment layer close to the surface, at a depth depending on the type of sedi-
ment, which dictates how deep oxygen permeates. However, archaeal IPL-GDGTs,
believed to be diagnostic for live archaea, have also been reported in deeply (km)
buried anoxic sediments (Biddle et al., 2006; Lipp et al., 2008; Lipp and Hinrichs,
2009; Liu et al., 2011). Based on indirect evidence, e.g. the correlation of these
biomarkers with organic carbon content, it was thought that live archaea were us-
ing organic carbon at these depths, which would indicate a potential for heterotro-
phy. Indeed, other studies support the possibility of a heterotrophic metabolism of
Thaumarchaeota (Ouverney and Fuhrman, 2000; Herndl et al., 2005; Hallam et al.,
2006a; Hallam et al., 2006b; Walker et al., 2010; Tourna et al., 2011). However,
they showed the uptake of simple monomeric organic compounds in pelagic waters
or enrichment cultures, while benthic archaea would have the ability to degrade the
very complex deeply buried, polymeric carbon compounds. Furthermore, using IPL-
GDGTs as a proxy for live archaea, and thus in situ sedimentary production, may
not be as straightforward as previously believed. Experimental studies conducted
by Harvey et al. (1986) showed that archaeal ether lipids are degraded much slower
than bacterial ester lipids. While the latter are turned over relatively quickly and can
serve as an excellent proxy for live cells, archaeal ether lipid turnover is much slower,
and it is questionable how trustworthy IPL-GDGTs as an indicator for live archaeal
cells are. Thus, it remains uncertain how well IPL-GDGTs are representative of live

archaea in sediments and how in situ production of sedimentary Thaumarchaeota
can affect the TEX .

SCOPE AND FRAMEWORK OF THIS THESIS.

The above discussion showed that in situ production and degradation of GDGTs
after deposition in the sediment may affect the application of the TEX, proxy, but
to which extent is unclear. This work described in this thesis attempts to investigate
the mechanism and extent of in situ production and oxic degradation in sediments,
and its impact on the TEX, . To address these issues, [PL- and CL-GDGTs were

analyzed in a variety of marine sediments, using different approaches: After estab-
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lishing the methodology for IPL-analysis, quantification of IPL- and CL-GDGTs
and direct IPL-measurements by HPLC/ESI-MS? were used to investigate archaeal
IPL-degradation (part I), while the extent of production of GDGTs in sediments
was constrained via stable isotope probing experiments (part II). The results were
interpreted with respect to the impact of both these processes on TEX, paleother-

mometry.
PART I. DEGRADATION AND PRESERVATION OF IPL-GDGTs.

In CHAPTER 2, several methods for extraction and work-up procedures for IPL-anal-
ysis of marine sediments were tested. This showed that the Bligh-Dyer method was
superior in extracting IPL-GDGTs of all known types, as it was the only meth-
od that also extracted GDGTs with a phosphate head group. Furthermore, results
showed that the silica column commonly used for separating IPL- from CL-GDGTs
discriminated against the phosphate head group, and distributions of IPL-derived
GDGTs measured are thus usually biased towards glycosidic GDGTs.

In cHAPTER 3, profiles of CL- and IPL-GDGTs in sediments from the Arabian Sea,
deposited under different oxygen concentrations, were analyzed. With depth, the
glycosidic IPL-GDGTs were not changing in concentration, contrary to the HPH-
GDGTs, where a pronounced decrease is seen, suggesting almost complete degrada-
tion within 1-2 kyr. Furthermore, their sedimentary profile bears an imprint of in
situ production at the sites and sediment depths where oxygen was present. How-
ever, even though this imprint changed the TEX_ values of the IPL-GDGTs in
the surface sediments, this change was not transferred to the CL-GDGTs. This was
probably due to the minor amounts of IPL-GDGTs compared to CL-GDGTs, but
also to the higher bioavailability of in situ produced GDGTs, causing a faster turn-
over. TEX,, values of individual GDGTs differed per head group, with the TEX
of HPH-GDGTs being low, MH-GDGTs being higher, and DH-GDGTs having a
relatively high TEX, .. Total IPL-GDGTs usually had a higher TEX_ value than the
CL-GDGTs, which was attributed to the preferential degradation of HPH-GDGTs,
removing them from the IPL-pool. The TEX  of IPL- and CL-GDGTs decreased
with water depth from 900 to 3000 m. In CHAPTER 4, the decreasing trend of TEX,
with water depth, observed in chapter 3, is discussed in further detail. For this,
surface sediment from ten different water depths in the Arabian Sea was analyzed
and a linear correlation of CL- and IPL- GDGT concentrations with oxygen ex-

posure times was found, similar to the total organic carbon content. TEX,, values
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were shown to differ at three different locations between head groups in a similar
way. The decrease with water depth in TEX_, in [PL-derived GDGTs, MH-GDGTs,
DH-GDGTs and CL-GDGTs was caused either by specific degradation of certain
GDGTs and/or a contribution of GDGTs produced deeper in the water column.

In CHAPTER 5, the degradation of IPL-GDGTs over longer timescales (9 Myr) in sedi-
ment cores from ODP Leg 201 was investigated. In this sediment, total organic car-
bon, CL- and IPL-GDGTs followed similar depth trends. Glycosidic GDGTs were
present at all depths and changed in the same way as total organic carbon and CL-
GDGTs. In contrast, the HPH-GDGTs were degraded fast and decreased to concen-
trations below detection limit after 7 kyr. This suggests that glycosidic GDGTs are
preserved over geological time scales, in contrast to GDGTs with a phosphate head

group, and are not good biomarkers for live Archaca.

In CHAPTER 6, the effect of post-depositional oxidation on the CL- and IPL-GDGT
concentrations and the TEX,, in marine sediment was investigated. For this, sedi-
ment from turbidite deposits of the Madeira Abyssal Plain was used. MH- and DH-
GDGTs were present in the 140 kyr old sediment, while HPH-GDGTs were not
detected, in agreement with the results of chapter 5. Upon oxidation, DH-GDGTs
were degraded faster than MH-GDGTs. Also in this sediment, DH-GDGTs had a
higher TEX8 . than MH-GDGTs. However, while changes in the distribution of IPL-
GDGTs were observed due to preferential degradation of DH-GDGTs, no changes
of the TEX of the CL-GDGTs by the oxidation were detected. This suggests that
the amount of IPL-GDGTs present in comparison to CL-GDGTs is negligible.

PART II. STABLE ISOTOPE PROBING EXPERIMENTS INVESTIGATING IN SITU PRODUCTION OF
ARCHAFAL GDGTs.

In cHAPTER 7, the uptake of carbon from phytodetritus by Thaumarchacota in ma-
rine abyssal sediments was examined using stable isotope probing. No incorporation
of ’C-label was detected in IPL-derived GDGTs. This was attributed to the type of
substrate, as Thaumarchaeota have only been shown to incorporate inorganic car-
bon into lipids autotrophically. Furthermore, IPL-derived GDGTs have likely a low
turnover time, due to low production as well as low degradation rates of archaeal

IPL-GDGTs, as shown in Part 1.
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In CHAPTER 8, results from stable isotope probing experiments with sediments from
the Iceland Shelf are presented, where different types of *C-labelled substrates were
supplied, i.e. bicarbonate, pyruvate, glucose and amino acids. Like in chapter 7, no
incorporation was detected. Since a large variety of substrates were supplied, includ-
ing those known to be incorporated by Thaumarchacota, the type of substrate was
most likely not the cause. More likely, the lack of detectable uptake can be attributed

to the low growth rates of Thaumarchaeota and the high stability of their IPLs.

To summarize, the work described in this thesis has shown that oxic degradation in
sediments does not substantially influence the TEX,, of CL-GDGTs, i.e. the TEX,,
measured in paleoclimate studies. However, oxic degradation results in differential
degradation of IPL-GDGTs and affects the TEX,  of IPL-GDGTs. The archaeal bio-
markers MH- and DH-GDGTs are preserved over geological timescales, i.e. millions
of years, while HPH-GDGTs are more labile than those, and degraded within kyrs.
Compared to the fossil IPL, there was little to no in situ production of GDGTs in
surface sediments. The amount of IPL-GDGTs present in the sediment is thus, con-
trary to conclusions of previous studies, not a reliable proxy for the amount of live
archaeal cells. Therefore, the bias on the TEX,, by post-depositional, sedimentary
processes, i.e. oxic degradation and sedimentary in situ production, was minimal.
This knowledge advances the understanding of the TEX as a proxy, facilitating its
application for paleoclimate studies, as well as the use of IPLs as biomarkers for living

organisms in sedimentary environments.
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ABSTRACT

Glycerol dibiphytanyl glycerol tetracther-based intact polar lipids IPL-GDGTs) are
used as biomarkers for living Archaea and are analyzed utilizing a variety of extrac-
tion and quantification techniques. Most IPL-GDGT studies have used a modified
Bligh-Dyer extraction method, but it has been suggested that soxhlet extraction may
be more efficient for IPL-GDGT extraction from environmental samples and bio-
mass. We investigated the impact of three different extractions (soxhlet, Bligh-Dyer
and accelerated solvent extraction, ASE), two IPL quantification methods and two
work up techniques (Na,SO, and SiO, column) on the amount and distribution
of CL- and IPL-derived GDGTs and crenarchaeol-based IPLs in marine sediments
from the Arabian Sea and Icelandic shelf and a microbial mat from a Dutch beach.
The different extraction procedures gave a similar yield of CL- and IPL-derived
GDGTs. Direct analysis of crenarchaeol IPLs showed, however, that, while GDGTs
with a monohexose headgroup were not affected by the extraction method, there was
a large effect on IPL-GDGTs containing dihexose or hexose, phosphohexose head
groups. Quantification of IPL-derived GDGTs by way of either separation over a
silica column or by subtraction of CLGDGTs in the total lipid extract before and af-
ter hydrolysis gave similar results, but the ‘subtraction-method’ had a relatively large
quantification error. However, the silica column, as well as drying over a Na, SO,
column, resulted in a loss of the hexose, phosphohexose IPLs by up to 80%. Based
on the results, a modified Bligh-Dyer extraction with as little further treatment as
possible is recommended to allow measurement of the full range of IPL-GDGTs in

sediments.
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1 INTRODUCTION

Members of the domain of Archaea occur in many extreme and moderate envi-
ronments (Schleper, 2007 and references therein). Their cell membranes consist
of distinctive ether lipids, amongst which glycerol dibiphytanyl glycerol tetraether
(GDGT) lipids are common (Fig. 2.1; de Rosa and Gambacorta, 1988; Sinninghe
Damsté et al., 2002b). In the marine environment, the most abundant Archaea are
the mesophilic Marine Group I Crenarchaeota (DeLong, 1992; Fuhrman et al.,
1992; DeLong et al., 1998; Karner et al., 2001; Schouten et al., 2002), which have
been recently proposed to form a separate phylum called Thaumarchacota, togeth-
er with other related, ammonia-oxidizing Crenarchaeota (Brochier-Armanet et al.,
2008; Spang et al., 2010). These are also the only known producers of crenarchaeol
(Sinninghe Damsté et al., 2002b; Schouten et al., 2008; Pitcher et al., 2010), the
most abundant GDGT in the marine environment (Schouten et al., 2000). In in-
tact cells, GDGTs occur with polar head groups (intact polar lipids, IPLs; e.g. Fig.
2.1; Koga et al., 1993; Macalady et al., 2004; Koga and Morii, 2005; Schouten et
al., 2008; Pitcher et al., 2010), which have been proposed to be rapidly lost after
cell death to afford the more stable core lipids (CLs; White et al., 1979; White and
Ringelberg, 1998). Hence, analysis of IPL-GDGTs from the environment can, just
as for phospholipid-derived fatty acids for bacteria and eukaryotes (cf. White et al.,
1979; Boetius and Lochte, 2000), potentially give valuable information about the
occurrence of living Archaea (Sturt et al., 2004; Biddle et al., 2006; Pitcher et al.,
2011b). However, it has also been suggested that archaeal etherlipids do not degrade
as rapidly as bacterial lipids (Harvey et al., 1986; Schouten et al., 2010; Logemann
etal., 2011).

Several techniques are available for extracting IPLs and distinguishing them from
their fossil counterparts, the CLs. Extraction usually follows a procedure modi-
fied from Bligh and Dyer (1959). Following extraction, IPLs can be isolated using
separation techniques varying from preparative high performance liquid chroma-
tography (HPLC; Biddle et al., 2006; Schubotz et al., 2009) to SiO, column chro-
matography (Oba et al., 2006; Pitcher et al., 2009b; Liu et al., 2011) or directly
analyzed (Lipp et al., 2008; Pitcher et al., 2011b). CL-GDGTs can be quantified
using HPLC-atmospheric pressure chemical ionization-mass spectrometry (HPLC-
APCI-MS), but IPL-GDGTs with their polar labile head groups have to be ana-

lyzed using other techniques such as HPLC-electrospray ionization-tandem mass
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spectrometry (HPLC-ESI-MS?;Sturt et al., 2004). Unfortunately, pure IPL-GDGT
standards identical to those found in the natural environment are not commercially
available, thereby hindering exact quantification of IPL-GDGTs as ionization effi-
ciency can vary significantly between IPLs (Zink et al., 2003; van Mooy et al., 2009)
. Indirect quantification of total IPL-GDGTs is, however, possible after separation
from CL-GDGTs and subsequent cleavage of the head groups using acid hydrolysis,
which converts them to the quantifiable IPL-derived GDGTs (Pitcher et al., 2009b).

Virtually all studies examining IPL-GDGTs in biomass, sediment, soil and water
samples have used a modified Bligh-Dyer technique for extraction. (e.g. Biddle et
al., 2006; Schouten et al., 2008; Schubotz et al., 2009; Pitcher et al., 2011b). How-
ever, only a few studies have quantitatively examined the effect of extraction and
work up on IPL-GDGTs. In fact, Huguet et al. (2010a) have recently suggested
that Bligh-Dyer extraction, most commonly used for eukaryotic and bacterial IPLs
(White et al., 1996), may be less suitable for extraction of archaeal IPLGDGTs and
instead Soxhlet extraction may be preferred. In addition, it was suggested that the
concentration of IPL-GDGTs can be determined by determining the concentra-
tion of GDGTs in the total lipid extract before and after acid hydrolysis using the
so-called ‘subtraction’ method. In this method, the concentration before hydrolysis
represents the CL-GDGTs and the concentration after hydrolysis the IPL-derived
plus CL-GDGTs. By subtraction of the latter concentration from that of the former,
the concentration of IPL-derived GDGTs can be obtained.

To further investigate the efficiency of these extraction techniques, we compared
Soxhlet and Bligh-Dyer techniques in quantification of CL- and IPL-derived GDGTs
in sediments from the Arabian Sea and Iceland continental shelf, as well as a micro-
bial mat from a Dutch beach. We compared this with accelerated solvent extraction
(ASE), a common technique for extract ingCL-GDGTs but not IPL-GDGTs, as it
is assumed to destroy part of the IPLs (cf. Huguet et al., 2010a). However, it has
been reported that ASE at 100 °C and 20 kPa is capable of quantitatively extracting
glycolipids from heterocystous cyanobacteria (Bauersachs et al., 2010), so we re-
investigated its potential for extracting archaeal IPLs. IPL quantification was carried
out by way of separation over SiO,, followed by acid hydrolysis, according to Pitcher
et al. (2009b), and by direct hydrolysis according to Huguet et al. (2010a). We
also directly measured IPL-crenarchaeol using HPLC-ESI-MS? in order to compare

the extraction efficiency of the methods for different headgroups. Finally, two com-
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monly used work up procedures, i.e. SiO, column chromatography and drying over
Na,SO, and their effect on IPL distribution were investigated via direct measure-

ment of IPL-crenarchaeol.
2 MATERIAL AND METHODS
2.1 Materials

We used two sediments and one microbial mat sediment. One sample consisted of a
large freeze-dried and homogenized composite sample from core top sediments from
various water depths (900-3000 m) collected from the Murray Ridge in the Arabian
Sea in January 2009. A second sample was a composite sample produced from core
tops collected south east and north east off the Iceland shelf in July 2011 at 240-262
m water depth. Finally, a homogenized microbial mat sediment from Green beach at
Schiermonnikoog, NL, collected in June 2009 was used. The mat was a mature, as
described by Bolhuis and Stal (2011), who analyzed microbial diversity in a similar
mat (§T3) and found an archaeal community composed mainly of Halobacteria,
but also Marine Group I Crenarchaeota. All samples were frozen immediately after

collection.
2.2 Sediment extraction and analysis of GDGTs

Three extraction procedures were used: a modified Bligh-Dyer procedure (Bligh and
Dyer, 1959) as described by White and Ringelberg (1998), ASE as described by
Huguet et al. (2006) and Soxhlet extraction according to Huguet et al. (2010a). All
extractions were performed in triplicate. One blank extraction with 2.0 g diatoma-
ceous earth was used, was performed for each extraction technique. For each experi-
ment 2.0 g of Arabian Sea sediment and Iceland sediment and 3.0 g of the microbial

mat were used.

For Bligh-Dyer extraction, samples were extracted x 3 using ultrasonication in di-
chloromethane (DCM)/MeOH/0.1 M phosphate buffer (PB; 2:1:0.8 v:v) at pH
7.4and the solvent collected after centrifugation. The combined liquid phase was ad-
justed to a solvent ratio of DCM/MeOH/PB 1:1:0.9 v:v and centrifuged to achieve
phase separation and the DCM phase was collected. The extraction was repeated
twice with fresh DCM and all DCM phases were combined. For ASE extraction,
the samples were extracted after addition of pre-extracted diatomaceous earth in an
Accelerated Solvent Extractor 200 (ASE 200, DIONEX, CA, USA) with a mixture
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of DCM/MeOH 9:1 v:v at 100 °C and 7.6 x 10° Pa. For Soxhlet extraction, the
samples were placed in pre-extracted thimbles and extracted in Soxhlet extractors in

a water bath at 60 °C using 50 ml DCM/MeOH 9:1 (v/v) for 72 h.

From all extracts, the solvent was removed using a rotary evaporator and the extract
redissolved in DCM/MeOH 9:1 (v/v), filtered over a 1 cm plug of cotton wool in
a Pasteur pipette and dried using a stream of N,. The extracts were stored at -20 °C
until analysis. Each extract was dissolved in DCM/MeOH9:1 (v/v) and divided into

aliquots.

One (30%) was fractionated over a SiO, column in order to separate IPL-GDGTs
from CLGDGTs, following the procedure of Oba et al. (2006) and Pitcher et al.
(2009b) with some modification: the CL fraction was eluted with 6 ml hexane/
EtOAc 1:2 (v/v) and the IPL fraction with 10 ml MeOH. To each fraction, 0.1 pg
of an internal C, glycerol trialkyl glycerol tetraether (GTGT) standard (Huguet et
al., 2006) was added. The IPL fraction was hydrolyzed for 3 h under reflux in 2N
methanolic HCl to release the IPL-derived GDGTs (Pitcher et al., 2009b). Another
aliquot of 30% was analyzed by way of a ‘subtraction technique’ as described by Hu-
guet et al. (2010). It was divided into two equal parts. Each was spiked with 0.1 pg
internal C,; GTGT standard. One part was separated on an Al,O, column using 3
ml hexane/DCM 9:1 (v/v) and 3 ml DCM/MeOH 1:1 (v/v) to yield an apolar frac-
tion and the CL-GDGT-containing polar fraction. The other half was directly acid
hydrolyzed as described above to give the total ‘CL+IPL-derived” GDGTs and then
separated over ALLO, as described above, to yield an apolar and a polar fraction, with
the latter containing the total (CL+IPL-derived) GDGTs. After analysis, subtraction
of these values afforded the concentration difference representing the IPL-derived
GDGTs. These two quantification methods were only applied to the Arabian Sea
sediment extracts. The third 30% aliquots of the extracts were directly analyzed using
HPLC-ESI-MS$? for crenarchaeol-based IPLs. Also, 30% aliquots of the microbial

mat and Iceland shelf sediments were subjected to this direct analysis method.
2.3 Work up for direct IPL analysis

To test the procedures for direct analysis of archaeal IPLs, an additional, large, com-
bined Bligh-Dyer extract of similar, but not identical Arabian Sea core top sediment,
was obtained and divided into 9 aliquots. Three were not treated, three were eluted
over a Na,§O, column using DCM/MeOH 9:1 (v/v) and three were subjected to
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SiO, column chromatography to obtain an IPL fraction as described in Section 2.2.
A composite Bligh-Dyer extract (several combined core top extracts) of the Iceland
Shelf sediment was split into six aliquots, three of which were also subjected to SiO,
column chromatography, while three were analyzed directly for IPLs. All these frac-
tions were analyzed for crenarchaeol-based IPLs using HPLC-ESI-MS?.

2.4 HPLC-APCI-MS and HPLC-ESI-M$?

CL- and IPL-derived GDGTs (Fig. 2.1a) were analyzed using an Agilent 1100 series
LC-MSD SL instrument according to Schouten et al. (2007b), using an internal C,
GTGT standard as described by Huguet et al. (2006¢).

Crenarchaeol-based IPLs were directly analyzed by way of HPLC-ESI-MS? modified
from Sturt et al. (2004) using a Thermo Quantum Ultra EM triple quadrupole mass
spectrometer in selected reaction monitoring (SRM) mode (Pitcher et al., 2011b).
Crenarchaeol with a monohexose (MH), dihexose (DH) or hexose, phosphohexose
(HPH) head group (Fig. 2.1b) were detected using transitions from m/z 1471 to
1292, m/z 1634 to 1292, and m/z 1713 to 1534, respectively, with an Ar collision
gas pressure of 0.8 mTorr. IPLs were quantified as the integrated IPL peak area re-
sponse g of sediment dry wt. All samples were analyzed in duplicate. Long term
performance of the mass spectrometer was monitored by injecting an aliquot of a
core top extract at regular intervals during analytical sessions. Blanks did not show
the presence of any IPL-GDGTs or CL-GDGTs for any extraction method. In order
to check for possible ion suppression effects due to matrix extracted from either the
diatomaceous earth used in ASE or the thimbles used in Soxhlet extraction, Bligh-
Dyer extract of the microbial mat and the Iceland sediment were mixed with ASE
and Soxhlet blank extracts and analyzed via HPLC/ESI-MS?. No ion suppression

was observed.
2.5 Data treatment

The results were statistically tested via ANOVA if normally distributed and of equal
variance; if not, then ANOVA on ranks, where the data underwent a rank trans-
formation before conducting the ANOVA, was used (Sigmastat/Sigmaplot 11.0;
Systat Software Inc., 2008). Standard deviations were calculated for the average of
the triplicate experiments. For the subtraction method, the standard deviation was
calculated from the two measurements according to error propagation laws as the

square root of the sum of their variance. Factor analysis (principal components, PCs)
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in order to test if all GDGTs were affected similarly by the extraction methods was
carried out with Systat 13.0 (Systat Software Inc., 2009).

3 RESULTS AND DISCUSSION
3.1 Efficiency of extraction for CL- and IPL-derived GDGTs

We evaluated differences in the efficiency of methods for the extraction of GDGTs
from a composite marine sediment from the Arabian Sea. For the extracts, concen-
tration was determined for CL-GDGTs and IPL-derived GDGTs using the analyti-
cal protocols based on chromatographic separation over SiO, (Pitcher et al., 2009)
and the ‘subtraction’ method (Huguet et al., 2010). Concentrations of all GDGTs
studied (Fig. 2.1a) were highly correlated with each other. A PC analysis showed
that the first component explained 99.8% of the overall variation and all loadings
exceeded 0.99. This means that all of the variation in GDGT concentration could be

explained by the different extraction and quantification methods, he type of GDGT

|:| Cl-crenarchaeol |:| IPL-derived crenarchaeol
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Figure 2.2. Concentrations of GDGT crenarchaeol (ug/g sediment dry weight) as determined
from ASE, Bligh-Dyer and Soxhlet extraction, applying two quantification methods of a com-
posite Arabian Sea Bligh-Dyer extract. Labels ‘Sep’and ‘Subtr’refer to CL and IPL-derived crenar-
chaeol measured after separation over silica (Pitcher et al., 2009) and to the‘subtraction method"
Data presented are the means of triplicate extractions and error bars indicate + standard devia-

tion.



Extraction and work up

having no effect. Since all GDGTs were affected similarly by the extraction and
analysis techniques used, we only show the results for crenarchaeol, but conclusions
reached also hold for GDGT-0, -1, -2, -3 and crenarchaeol isomer.

Quantification of CL-crenarchaeol (Fig. 2.2; white bars) using the three different
extraction and two separation methods revealed similar results, with only Soxhlet
extraction yield being slightly, but significantly higher than Bligh-Dyer extraction
yield. This indicates that all these extraction and separation techniques are suitable

for CL-GDGT analysis.

IPL-derived crenarchaeol concentration (Fig. 2.2; grey bars) showes different pat-
terns vs. the CL-crenarchaeol concentration (Fig. 2.2a). ASE yield was significantly
lower than the Bligh-Dyer and Soxhlet yields for the IPL-derived crenarchaeol for
the separation method (Fig. 2.2). This is in agreement with observations by Huguet
etal. (2010) and indicates that ASE is not an effective method for IPL analysis, most
likely due to the high (100 °C) temperature applied, leading to partial destruction
of the IPLs, or to the use of diatomaceous earth to which part of the IPLs may have
adsorbed. The error of the ‘subtraction-method’ was substantially higher than that
of the separation method. In this method, IPL concentration is calculated by sub-
tracting the CL-GDGTs from total (IPL+CL) GDGTs, both of which are in general
one order of magnitude higher than the IPL concentration. This leads to a lower
significance for the measured values. Thus, even though the CL concentration can
be measured relatively reproducibly (with relative standard deviation of 1-11%), the

error is relatively much larger for the small IPL concentration derived by subtraction.
3.2 Effect of extraction methods on distributions of IPL-crenarchaeol

Two sediments from the Arabian Sea and the Icelandic shelf, and a microbial mat
from Schiermonnikoog were directly analyzed for three crenarchaeol IPLs, i.e. MH-,
DH- and HPH-crenarchaeol (Fig. 2.1b; cf. Pitcher et al., 2011b). The extraction
yield of DH- and HPH-crenarchaeol was systematically significantly different be-

tween methods for the two sediments and the microbial mat (Fig. 2.3).

For all samples, HPH-crenarchaeol was clearly present in highest amount in the
Bligh-Dyer extract, but at one to four orders of magnitude lower concentration (mi-
crobial mat, Iceland shelf sediment) and not detectable in the ASE extract and two
to three orders of magnitude lower in the Soxhlet extract of the Arabian Sea and

Iceland sediments and the microbial mat. The highest recovery of HPH-crenarchaeol
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using Bligh-Dyer extraction is likely due to the higher temperatures at which the
ASE and Soxhlet extraction were carried out (100 and 65 °C, respectively), which
caused degradation of the HPH-crenarchaeol, in contrast to the room temperature
of the Bligh-Dyer extraction. It is also possible that the HPH-crenarchaeol attached
irreversibly to the surface of the diatomaceous earth used in ASE or the extraction
thimbles used in Soxhlet extraction. Another reason for the superiority of the Bligh-
Dyer method might be the use of a phosphate buffer, which increases the polarity of
the extraction solvent and allows better dissolution of HPH-crenarchaeol (cf. White

and Ringelberg, 1998).

Soxhlet extraction was slightly more efficient in extracting DH-crenarchaeol than
Bligh-Dyer and ASE for both the Iceland shelf and the Arabian Sea sediments. The
DH-crenarchaeol in microbial mats was below detection limit in microbial mat sam-
ples for all extraction methods. It had a yield for the ASE of only 10-20% of those
of the Soxhlet and Bligh-Dyer extracts for the Arabian Sea and the Iceland Shelf
sediment, while it was not detected at all in the microbial mat samples. This suggests
that this IPL is also to some degree affected by high temperature, the diatomaceous

earth and/or absence of a phosphate buffer.

The MH-crenarchaeol concentration in the Arabian Sea sediment was surprisingly
unaffected by the extraction method as no significant differences were observed be-
tween the different treatments. However, it was present in slightly, but significantly,
higher amount in the Bligh-Dyer than in the Soxhlet extract (but not the ASE ex-
tract) for the Iceland sediments, and both the Soxhlet and the ASE extracts for the
microbial mat. It is possible that the MH-crenarchaeol is thermally more stable than
the other IPLs or that it was produced by degradation of the other IPLs (e.g. HPH-
crenarchaeol and DH-crenarchaeol) with its concentration thereby increasing. How-
ever, it is also the least polar IPL and so may be extracted more readily with apolar

solvent mixtures.

Thus, although the amount of IPL-derived GDGTs from Soxhlet and Bligh-Dyer
extraction of sediments is similar (this study, Fig. 2.2; Huguet et al., 2010), Bligh-
Dyer extraction is essential for determining the full suite of IPLGDGT head groups.
This is particularly relevant as GDGTs with a phospho head group are predicted to

be more labile (Schouten et al., 2010) and so may be a more suitable marker for liv-

ing Archaea.
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with HPLC/ESI-MS? using different extraction methods for (a) Arabian Sea sediment, (b) Icelandic
shelf sediment, (c) Schiermonnikoog microbial mat. Data presented are the means of triplicate
extractions and duplicate analysis and error bars indicate + standard deviation (MH, monohex-
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Figure 2.4. IPL crenarchaeol abundance (SRM peak area/aliquot) using different work up
procedures with identical aliquots of a large combined Bligh-Dyer extract from (a) an Ara-
bian Sea sediment and (b) an Icelandic shelf sediment (both different from the Bligh-Dyer
extracts shown in Fig. 3); SiO,, IPL fraction of extract eluted from a silica column with MeOH;
Na_SO,, extract dried over an Na,SO, column. SRM areas represent peak response of identi-
cal aliquots injected. Data presented are the means of triplicate extractions and error bars
indicate + standard deviation, with a single analysis for data in (a) and duplicate analysis for

data in (b); MH, monohexose; DH, dihexose,; HPH, hexose, phosphohexose.
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3.3 Effect of work-up procedures on IPL distribution

Extracts are commonly filtered over Na,SO, to remove traces of water and salt, es-
pecially when liquid/liquid extraction from an aqueous phase is involved. This pro-
cedure could also affect the distribution of IPLs. Furthermore, separation of IPLs
over a SiO, column could potentially lead to a bias in quantification of IPL-derived
GDGTs if certain head groups adsorb selectively to silica or the glassware used (cf.
Pitcher et al., 2009) or are even degraded during elution over silica. Elution of Bligh-
Dyer extracts over a Na, SO, or SiO, column resulted in no significant changes for
DH-crenarchaeol, a slight increase for MH-crenarchaeol and for HPH-crenarchaeol
a reduction by ca. 80% vs. the untreated extract for Arabian Sea sediment (Fig. 2.4a).
For Iceland shelf sediment, the same was true. HPH-crenarchaeol was significantly
reduced (80%) after elution over a SiO, column (Fig. 2.4b). Itprobably strongly
adsorbs to SiO, or Na,SO,, or the glassware, or is degraded during elution. The
effect is likely much less for DH- and MH-crenarchaeol as they possess the more
stable glycosidic bonds and no charged head group. It is possible that some of the
HPH-crenarchaeol is degraded to MH-crenarchaeol, as the amount of latter also
increased slightly but significantly after elution over the column. However, the MH-
crenarchaeol signal could also have been enhanced by the removal of the matrix and

a subsequent decrease in ion suppression during the measurement.

These results can be extrapolated to other GDGTs, as the head groups are likely to
mainly determine the adsorption properties and chemical stability of IPL-GDGTs.
Our results imply that drying should be achieved solely bwitha stream of N, without
drying agent. Furthermore, indirect IPL-GDGT quantification using SiO, column
separation will alsp introduce an error as a result of the HPH-GDGTs being lost on

the SiO, column.

The ‘subtraction method’ (Huguet et al., 2010a) as discussed above would avoid elu-
tion of IPL-GDGTs from a column and instead consist of hydrolyzing the complete
extract and determining the IPLs as the difference of the total GDGTs and the CL-
GDGTs (Huguet et al. 2010). However, as shown here, the method also introduces
greater quantification error than for the SiO, separation method (Fig. 2.2). There-
fore, both methods have to be used with caution. The use of appropriate standards
for direct quantification of IPL-GDGTs in the crude extracts can potentially resolve
the dilemma of IPL-GDGT analysis.
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4 CONCLUSIONS

ASE, Bligh-Dyer and Soxhlet extraction are all suitable extraction methods for ana-
lyzing CL-GDGTs. As shown previously, ASE is not an effective method for extract-
ing IPL-GDGTs. Soxhlet and Bligh-Dyer extraction give similar yields, but the
Soxhlet method showed a substantial bias for certain IPL-GDGTs, especially for
HPH-GDGTs, which can be recovered mainly by way of Bligh-Dyer extraction.
The latter method is therefore recommended for determining the full suite of IPL-

GDGTs.

Furthermore, no treatment should be applied to the extract as it will result in sub-
stantial loss of at least HPH-GDGTs. Finally, quantification of IPL-GDGTs by sub-
tracting the values before and after acid hydrolysis of the total lipid extract or by
separation over a silica column gave similar results. However, problems with quan-
tification errors and a bias due to the adsorption of phospholipids, respectively, sug-

gests that both methods have to be applied with caution.
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ABSTRACT

The TEX, is a proxy based on a ratio of pelagic archaeal glycerol dibiphytanyl glyc-
erol tetraether lipids (GDGTs), and used for estimating past sea water temperatures.
Concerns exist that in situ production of GDGTs lipids by sedimentary Archaea may
affect its validity. In this study, we investigated the influence of benthic GDGT pro-
duction on the TEX_ by analyzing the concentrations and distributions of GDGTs
present as intact polar lipids (IPLs) and as core lipids (CLs) in three sediment cores
deposited under contrasting redox conditions across a depth range from 900 to 3000
m below sea level in and below the Arabian Sea oxygen minimum zone (OMZ).
Direct analysis of IPLs with crenarchaeol as CL with HPLC/ESI-MS? revealed that
surface sediments in the OMZ were relatively depleted in the phospholipid hex-
ose, phosphohexose (HPH)-crenarchaeol compared to suspended particulate matter
from the water column, suggesting preferential and rapid degradation of this IPL.
In sediment cores recovered from deeper, more oxic environments, concentrations
of HPH-crenarchaeol peaked at the surface, probably due to in situ production by
ammonia-oxidizing Archaea, followed by a rapid decrease with increasing depth.
No surface maximum was observed in the sediment core from within the OMZ.
In contrast, the glycolipids, monohexose-crenarchaeol and dihexose-crenarchaeol,
did not change in concentration with depth in the sediment, indicating that they
were relatively well preserved and likely mostly derived from fossil pelagic GDGTs.
These results suggest that phospholipids are more sensitive to degradation, while
glycolipids might be preserved over longer time scales, in line with previous incu-

bation and modeling studies. Furthermore, in situ produced IPL-GDGTs did not
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accumulate as IPLs, and did not influence the CL-TEX,.. This suggests that in-situ
produced GDGT lipids were more susceptible to degradation than fossil CL and
IPL and did not accumulate as CL. In agreement, no significant changes of TEX
with sediment depth in the core lipids were observed. However, consistent differ-
ences between IPL-derived and CL-TEX, were found. These could be explained by
a different composition of CL-GDGT of the glyco- and phospholipids, in combina-
tion with dissimilar degradation rates of phospholipids versus glycolipids. We also
observed consistent differences in both IPL-derived and CL-TEX,, between the dif-
ferent cores, equivalent to 3°C when converted to temperature, despite the proximity
of the core locations. These differences may potentially be due to a larger addition of
GDGTs produced in deeper, colder waters to the (sub)surface-derived GDGTs for

the deeper core sites.
1 INTRODUCTION

The domain of Archaea consists of four kingdoms, the Eury-, Cren- and Nanoar-
chaeota as well as the recently, on the basis of genome analysis of enriched Archaea,
proposed Thaumarchaeota (Brochier-Armanet et al., 2008; Spang et al., 2010), for-
merly classified as Group I Crenarchacota. All Thaumarchaeota known so far are
capable of ammonia oxidation (Kénneke et al., 2005; de la Torre et al., 2008; Hat-
zenpichler et al., 2008; Park et al., 2010) and are widespread in non-extreme envi-
ronments (DeLong, 1992; Fuhrman et al., 1992; DeLong et al., 1998; Schouten
et al., 2000). They occur in the ocean (Karner et al., 2001), in soils (Leininger et
al., 2006) and lakes (Schleper et al., 1997), and in marine and estuarine surface
sediments (Francis et al., 2005; Beman and Francis, 2006; Park et al., 2008). In the
present day ocean, these Archaea are found to be among the most abundant micro-

organisms (Karner et al., 2001; Agogué et al., 2008).

The membrane lipids of the domain Archaea are distinctive as they consist of isopra-
nyl chains linked to a glycerol backbone via ether bonds (Kates et al., 1965; Lang-
worthy et al., 1972; Langworthy et al., 1974). Most of the cultivated Crenarchaeota
and Thaumarchaeota produce tetraether lipids consisting of two back-to-back linked
diethers (glycerol dibiphytanyl glycerol tetracthers, GDGTs) which can have varying
numbers of cyclopentane moieties (Macalady et al., 2004; Koga and Morii, 2005;
Schouten et al., 2008; Pitcher et al., 2010). Thaumarchaeota contain in addition a
specific GDGT, crenarchaeol, which contains not only cyclopentane moieties but

also one cyclohexane moiety (Sinninghe Damsté et al., 2002b). GDGTs are pre-
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served well in the sedimentary record and can thus be used as biomarkers for this
group of Archaea (e.g. Kuypers et al., 2001; Pancost et al., 2001; Ingalls et al., 2006;
Coolen et al., 2007).

Schouten et al. (2002) found a correlation between sea surface temperature (SST)
and the distribution of four specific GDGTs present in sediment core tops (GDGT-
1, -2, -3 and -4’, Fig. 3.1a) and they expressed this in the TEX,, index. This ratio
has been calibrated with a global set of core tops (Kim et al., 2008; 2010) and has
been frequently used in studies to reconstruct past changes in SST (e.g. Huguet et
al., 2006b; Forster et al., 2007; Liu et al., 2009; Bijl et al., 2009). The proxy is based
on the assumption that the distribution of pelagic thaumarchaeal membrane lipids
changes with temperature, which has been suggested previously for other phyla of
Archaea (Gliozzi et al., 1983; Gabriel and Chong, 2000; Cavicchioli, 2006), and that
this signal is preserved in sediments. The temperature-dependence of the GDGT dis-
tribution was shown in mesocosms of enriched ammonia-oxidizing Archaea (AOA)
(Wuchter et al., 2004; Schouten et al., 2007a) as well as suspended particulate mat-
ter from marine waters <100 m depth (Wuchter et al., 2005). It has been observed
that, even though genetic markers for Thaumarchaeota are present throughout the
water column (e.g. Karner et al., 2001; Herndl et al., 2005), surface sediment TEX,,
values correspond to upper water column temperatures (Kim et al., 2008; 2010).
This was explained with the assumption that mainly GDGTs from the upper part of
the water column are exported to the sediment by attachment to and sinking with
marine snow via organisms which are mainly present in the upper 200 m of the water

column (Wakeham et al., 2003; Wuchter et al., 2005; Huguet et al., 2006a).

Using 16S rRNA gene and biomarker analysis, Archaea have also been suggested to
be present and active in sediments (Biddle et al., 2006; Lipp et al., 2008). Produc-
tion of one or more of the GDGTs used for calculation of the TEX, by sedimen-
tary Archaea can thus potentially lead to a significant bias in the past sea surface
temperature estimations (Lipp et al., 2008; Lipp and Hinrichs, 2009). The pres-
ence of GDGTs of subsurface Archaea was evident from detection of intact polar
GDGTs (IPL-GDGTs), i.e. GDGTs with polar headgroups such as glycosidic or
phosphate headgroups, the form in which they actually occur in the archaeal cell
membrane (Fig. 3.1b, de Rosa and Gambacorta, 1988; Koga and Nakano, 2008).
IPL-GDGTs are used as a proxy for living Archaea as the headgroups are thought
to be cleaved quickly after cell death through enzymatic hydrolysis yielding core
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Fig. 3.1. Core lipid GDGTs (a) and crenarchaeol-containing IPLs (b) analyzed in the sediment

cores.

lipids, CL-GDGTs (Zink et al., 2003; Biddle et al., 2006; Huguet et al., 2010b).
The term ‘living’ in this sense entails all viable, i.e. active as well as dormant, cells
which possess an intact membrane (cf. Stevenson, 1978; Lebaron et al., 2001; Luna
et al., 2002). IPL-GDGTs found in sediments and reported up to now as indica-
tive of living Archaea are glycolipids with monohexose- and dihexose-GDGTs and
GDGTs with an unknown headgroup of m/z 341 (Biddle et al., 2006; Lipp and
Hinrichs, 2009; Schubotz et al., 2009). However, IPL-studies of crenarchaeol-pro-
ducing Thaumarchaeota in enrichments and cultures revealed the presence of gly-
colipids, but also of phosphate-containing GDGTs, i.e. phosphohexose and hexose,
phosphohexose-GDGTs (Schouten et al., 2008; Pitcher et al., 2010; Pitcher et al.,
2011c) which, up to now, have not been reported in sediments. Harvey et al. (1986)

reported that, in a short-term incubation study, glycosidic ether-lipids were more
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stable than diacylglycerolphosphoester-lipids and thus degradation rates of glycolip-
ids may be much slower than the degradation rates of phosphate-containing lipids
(Harvey et al., 1986). Hence, glycolipid-GDGTs could also be at least partially of
fossil pelagic origin (Schouten et al., 2010). It is thus presently not clear whether
IPLs present in surface sediments are all in situ produced and if and how archaeal

benthic production affects TEX_ values of fossil core lipids.

To address this issue, we analyzed sediments from the Arabian Sea which possesses a
well-developed oxygen minimum zone (OMZ) with almost no detectable concentra-
tions of molecular oxygen in its core (Wyrtki, 1971; 1973; Olson et al., 1993). Mean
O, concentration in the core of OMZ has been reported to be as low as 13 pM, with
seasonal minima ranging from 0.1-1.0 pM (Paulmier and Ruiz-Pino, 2009). Jensen
et al. (2011) found apparent anoxic conditions in the Central and NE-Arabian Sea
OMZ between 100 and 800 m depth, deploying a recently described highly sensitive
oxygen sensor with a detection limit of 90 nM (Revsbech et al., 2009). The Murray
Ridge is a sub-marine high in the Northern Arabian Sea which protrudes into the
core of the OMZ (Fig. 3.2). The relief allows sampling of sediments from different
water depths in close lateral proximity, and hence containing similar pelagic mate-
rial, but at contrasting bottom water oxygen concentrations. Here, we analyzed three
sediment cores, from within the OMZ, below the OMZ and from the oxygenated
bottom waters. Similar to the companion paper on the water column (Schouten et
al., 2012), we directly measured crenarchaeol with glyco- and phosphoglyco-head-
groups and quantitatively compared CL- and IPL-derived GDGT concentrations
and distributions as well as TEX  values. The lipid profiles are discussed with respect

to the impact of sedimentary in situ production and preservation potential of ar-
chaeal IPLs on the TEX, .

2 MATERIALS AND METHODS
2.1 Sampling

Sediment cores (multi cores) were taken in the Northern Arabian Sea along a tran-
sect on the Murray Ridge during the PASOM cruise (64PE301) in January 2009
(Fig. 3.2). The sampling locations, the water depths and oxygen concentrations of
the bottom water are summarized in Table 3.1. Three sediment cores were taken at

three depths, 900 meters below sea surface (mbss) (station 1, further referred to as
P900; within the OMZ), 1300 mbss (station 4 or P1300, just below the OMZ)
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Table 3.1. Locations and depths of the sampled surface cores, PASOM original station names in

brackets.
Station name Location Depth
[m]
P900 (Station 1) 2254823 N 885
64.03983E
P1300 (Station 4) 22.29993N 1306
63.59980E
P3000 (Station 10) 21.92877N 3003
63.15823E

and 3000 mbss (station 10 or P3000, well below the OMZ). The sediment cores
of 20 to 36 cm length were sliced on board the R/V Pelagia in 0.5 to 4 cm intervals
and stored in geochemical bags. They were frozen immediately at -80°C and further
transported and stored at -20°C. Prior to analysis, the sediment was freeze-dried and
homogenized. Oxygen concentrations of the water column were measured by an
SBE 43 dissolved oxygen sensor (Seabird, WA, USA) fitted to the CTD frame and
calibrated against Winkler titrations. The limit of detection for these methods was 3
pmol.L. Oxygen penetration depths were measured on board in 0.1 mm resolution
using an OX-100 micro sensor (Unisense AS, Aarhus, DK) with a guard cathode as
described by Revsbech (1989).

2.2 Total organic carbon content and sedimentation rates

Freeze-dried sediments were analyzed for total organic carbon content (TOC). One
aliquot of freeze-dried sediments was acidified in situ with 2N HCl in silver cups to
remove carbonates, thereby avoiding the loss of acid-soluble organic carbon. Another
aliquot of freeze-dried sediment was acidified over night with 2N HCI, subsequently
washed with bidistilled H,O and freeze-dried. The decalcified sediments were mea-
sured on a Flash EA 1112 Series (Thermo Scientific) analyzer coupled via a Conflo
IT interface to a Finnigan Delta"* mass spectrometer. The organic carbon reported is
an average of all (4-8) measurements, excluding outliers identified by a Grubbs Test.
Standard deviations of replicate measurements ranged from + 0.07 to + 0.7 % TOC
with an average of + 0.4 for P900, + 0.06 to + 0.57 % with an average of + 0.3% for
P1300 and + 0.0004 to + 0.06% with an average of + 0.03% for P3000.
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For '“C dating, subsamples of parallel cores from the same multicore deployment
were used. For each multicore deployment the top 1-2 cm, one subsample from the
center of the core (P900: 19-20 cm, P1300: 11-12 cm, P3000: 10-11 cm) and one
near the base of the multicore (P900: 39-40 cm, P1300 and 3000: 21-22 cm) was
used for dating. The “C-age determinations were based on the carbonate from the
tests of planktonic foraminifera hand-picked from the 150 -595 pm size fraction.
All available planktonic foraminiferal species were used due to the limited amount
of material available (ranging from 4.5 mg to 28.8 mg). “C was measured using
accelerated mass spectrometry at the Poznan radiocarbon laboratory. “C-ages were
subsequently corrected for reservoir age (400 yr) and calibrated to calendar ages us-
ing the Int09 calibration curve (CALIB software package, version 6.0.1). The two
deeper samples were used to calculate the linear sedimentation rates, assuming the

top sample to represent present day.
2.3 Bligh-Dyer Extraction and IPL-CL separation

Approximately 2 g (P1300 and P3000) and 1 g (P900) aliquots of freeze-dried sedi-
ment were extracted with a modified Bligh and Dyer procedure as described by
Pitcher et al. (2009b). Briefly, extraction with methanol (MeOH)/dichloromethane
(DCM)/phosphate buffer (PB) 50 mM, pH 7.5, in volume ratios 2:1:0.8 was carried
out three times by ultrasonication and the solvent was collected after centrifugation.
The combined liquid phases were adjusted to a solvent ratio of MeOH/DCM/PB of
1:1:0.9 (v/v) which led to phase separation between the DCM and the MeOH/PB.
The DCM phase was collected and the MeOH/PB mixture was extracted twice more

with DCM. The combined DCM phases were reduced with a rotary evaporator,

50° 3 60" 65 70 75

Figure 3.2. Map of the Arabian Sea (left) and of the Murray Ridge (right). Stations sampled dur-
ing the PASOM cruise are marked with a circle. Station P3000 is equivalent to the station inves-

tigated in the companion publication (Schouten et al. 2012a).

49



50

Chapter 3

re-dissolved in DCM/MeOH 9:1 (v/v), filtered over cotton wool and subsequently

dried under a stream of N,. The extract was stored at -20°C.

One aliquot of extract was directly analyzed by HPLC/ESI-MS? for intact polar
lipids (IPL), while another aliquot was fractionated over a silica column in order
to separate the IPL from the core lipids (CL) following the procedure of Oba et al.
(2006) and Pitcher et al. (2009b). Fractionation was achieved over a column with
0.8 g silica gel (60 mesh) activated at 130°C overnight. Core lipids were eluted using
6 mL hexane/ethyl acetate 1:1 (v/v) and intact polar lipids using 10 mL MeOH. The
core lipid fractions were dried and 0.1 pg C, -GDGT internal standard (Huguet et
al., 2006¢) was added. To the intact polar lipid fractions 0.1 pg internal standard
was added and an aliquot of 3 mL was transferred to a vial, dried and stored frozen
for quantification of core lipids which eluted in the intact polar lipid fraction (“carry
over”). 'These were typically <2% of the GDGTs present in CL fraction or 10%
of GDGTs present in the IPL fraction. The remaining IPL fraction was dried and
hydrolyzed for 3 h under reflux in 5% methanolic HCl to release CL-GDGTs. Bidis-
tilled H,O was added and the pH was adjusted to 4-5 with methanolic IM KOH,
then the MeOH/H, O ratio was adjusted to 1:1 (v/v). The core lipids were extracted
from the aqueous phase 3 times with DCM. The DCM phases were combined, the
DCM was removed with a rotary evaporator, and the residue was re-dissolved in

DCM and dried over Na,SO,. This yielded the IPL-derived CL fraction.
2.4 HPLC/APCI-MS and HPLC/ESI-MS?

Analysis of CL-GDGTs and IPL-derived GDGTs by HPLC/APCI-MS and calcula-
tion of TEX,  was carried out as described in the companion paper (Schouten et al.,
2012). The average relative standard deviation for quantification of GDGTs, calcu-
lated from triplicate extractions of 1 (P1300) or 3 (P900, P3000) sediment samples,
was 6 % (CL) and 10 % (IPL-derived) for P900, 11 % (CL) and 16 % (IPL-derived)
for P1300 and 13 % (CL) and 21 % (IPL-derived) for P3000. Reproducibility for
TEX,, values were typically < 0.01, corresponding to errors of < 0.5 °C. Tempera-
tures were calculated according to the TEX",  calibration (which is the log of TEX, )
according to Kim et al. (2010).

Intact polar lipids, i.e. monohexose (MH)-crenarchaeol, dihexose (DH)-crenarchaeol
and hexose, phosphohexose (HPH)-crenarchaeol, were directly analyzed by HPLC/
ESI-MS? using a specific selected reaction monitoring method (SRM; Pitcher et al.,
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2011b). No absolute quantification was possible due to a lack of standards. Therefore,
response areas (in arbitrary units, au) per g sediment are reported. Due to variation
in MS performance over longer time periods, measurements are comparable down
core as they were analyzed in batch runs, but not between cores which were measured
at different times. An IPL fraction of Candidatus Nitrososphaera gargensis (Pitcher et
al., 2010) was injected typically after 8 sample runs to monitor performance of the
ESI-MS? during batch runs. Standard deviations from triplicate extractions of sedi-
ment at 22 cm depth at P1300 were 8 % area/g sediment dw for the monohexose-

crenarchaeol and 20% area/g sediment dw for the dihexose-crenarchaeol.
2.5 Semi-preparative HPLC

For the isolation of particular IPL-GDGTs, repetitive preparative HPLC was used as
described previously in Schouten et al. (2008). Bligh Dyer extracts of ca. 4 g of sedi-
ment from 0-2 cm depth (“top”) and of 4 g of sediment from 20-24 cm depth (“bot-
tom”) from P1300 were separated on an Agilent (San Jose, CA, USA) 1100 series
LC with an Inertsil diol column (250 by 10 mm; 5 pm particles; Alltech Associates
Inc., Deerfield, IL) at a flow rate of 3 mL/min and identical conditions as for intact
polar lipids (see above and Pitcher et al., 2011b). Fractions of 3 mL were collected
and subsequently measured with Flow Injection Analysis using ESI-MS? in SRM
mode at the same conditions as the analytical SRM, monitoring the same transitions.
Injection solvent was a mixture of 60% A and 40 % B with A being hexane/isopro-
panol/formic acid/14.8M aqueous NH, (79:20:0.12:0.04, vol/vol/vol/vol) and B
being isopropanol/water/formic acid/14.8 M aqueous NH, (88:10:0.12:0.04, vol/
vol/vol/vol). In the top sediment, three fractions, comprising monohexose-GDGTs,
dihexose-GDGTs and hexose, phosphohexose-GDGTs respectively, were collected.
The dihexose-GDGTs likely contained a minor amount of co-eluting GDGTs with
a hexose and an unknown headgroup of m/z 180 as observed in Candidatus Nitro-
sopumilus maritimus SCM1 (Schouten et al., 2008). From the bottom sediment
sample, the monohexose- and dihexose-crenarchaeol fractions were collected while
hexose, phosphohexose-crenarchaeol was not detected. The fractions containing the
IPL-GDGTs were acid-hydrolyzed and the CL-GDGT distributions were quantified
using HPLC/APCI-MS and the C, -GDGT internal standard method as described

above.
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3.1 Oxygen concentrations, total organic carbon content (TOC) and sedi-

mentation rates

Sediment cores were taken at three stations: P900 was in the oxygen minimum zone
(OMZ) at 885 mbss; P1300 was just below the OMZ at 1306 mbss, while P3000
was located at the foot of the Murray Ridge in oxygenated bottom waters at 3003

mbss (Fig. 3.2). The oxygen concentration of the bottom water of P900 was below
detection limit (<3 pmol.L"), and of P1300 and P3000 at 14 and 83 pmol.L",
respectively. Oxygen penetration depths measured on-board with microelectrodes
were less than 0.125 mm at P900, 3 mm at P1300 and 18 mm at P3000.

The sediment core at P900 was composed of very dark olive-brown mud, uniform

over the whole depth. In the cores at P1300 and P3000, a change in texture and col-

Table 3.2. Radiocarbon dating results. Medium C-age (minimum - maximum) in yr of forami-

niferal test carbonate picked from respective depth intervals. Mix depth — mixing or bioturba-

tion depth in cm below sea floor [cmbsf], sed rates - sedimentation rates. Reservoir age used

was 400 yrs.
Station Interval “C-age Mix depth Sed rates
[cmbsf] [yr] [embsf] [em . kyr']
P900
1-2 88 (18-145)
19-20 1207 (1118-1282) - 8.5
39-40 2941 (2792-3078)
P1300
1-2 2233 (2152-2280)
11-12 2920 (2839-3042) 8.5 3.8
21-22 5524 (5465-5622)
P3000
1-2 1735 (1611-1825)
10-11 1463 (1375-1541) 14.5 8.3
21-22 2376 (2310-2491)
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or was observed. The core from P1300 had a distinct 1 cm red-brown layer on top,
while that of P3000 was brown colored down to 7 cm depth, and then changed to
grey with a clayish texture. The organic carbon content varied substantially between
the three stations (Fig. 3.3). At P900, TOC ranged from 5 to 8 % (organic carbon . g
sed dw'), while it was 1.3 to 3 % at P1300 and <1 % at P3000. The profiles at P900
and P1300 showed little variation downcore (Fig. 3.3) but an increase in organic

carbon content from 0.6 to 1% between 9 and 16 cm depth was observed at P3000.

1C-ages determined from planktonic foraminiferal shells (Table 3.2) showed an age
offset between the '“C-age of the top sample and the reservoir age, due to ongoing
bioturbation. Bioturbation depth could be estimated by multiplying the age of the
top sediment (corrected for the reservoir age of 400 yrs) with the sedimentation rate
(Table 3.2). Average linear sedimentation rates were 8.5, 3.8 and 8.3 cm/kyr for
P900, P1300 and P3000, respectively, and mixing depths were 8.5 and 13-14 cm for
P1300 and P3000. Sedimentation rates differed considerably between sites, which is
probably due to the local topography. Values are, however, similar to what has been
reported earlier for the same area: 13.3 cm/kyr at 970 m water depth and 4.3 cm/
kyrat 1511 m water depth (van der Weijden et al., 1999). Bioturbation depths were
also comparable to values reported earlier for the northernmost Arabian Sea (ibid.)
and increased with increasing bottom water oxygenation. Pore water profiles, *'°Pb
dating and Ti/Ca ratios of sediments from the same locations showed that sedimen-

tation was relatively continuous with no evidence for winnowing or gravity flows
(Kraal et al., 2012).

3.2 Abundance and distribution of CL and IPL-derived GDGTs

The concentrations of CL-GDGTs and the IPL-derived GDGTs were determined
for crenarchaeol, GDGT-0, and the sum of GDGTs -1, -2, -3 and -4’ which are used
for determination of the TEX, (Fig. 3.4). Total IPL- and CL-GDGT-concentrations
in the core from P900 ranged from 4 to 8 pg.g sed dw™ for IPL-derived GDGTs and
60 to 110 for CL-GDGTs. These concentrations were one order of magnitude high-
er than in P1300 (1 to 2 and 10 to 17 pg.g sed dw™) and two orders of magnitude
higher than in P3000 (0.3 to 1.7 and 1 to 7 pg.g sed dw™'). IPL-derived GDGTs were
always less abundant than CL-GDGTs and amounted to 5-15% of CL-GDGTs at
P900, 5-15% at P1300 and 10% at P3000 for crenarchaeol and the sum of GDGT-
1, -2, -3 and -4’. However, IPL-derived GDGT-0 showed a peak in concentration in
the surface sediment of P3000 (Fig. 3.5¢) and the highest percentage of IPL-derived/
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Figure 3.3. Total organic carbon content (TOC) in % of organic carbon per g dry weight of the

three analyzed cores vs. depth in cm below sea floor.
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CL-concentrations in all three cores, particularly in the core from P3000, with al-
most 50% in the top horizon, and 25-35% in lower horizons of the core. Otherwise,
there was relatively little variation in CL- and IPL-derived GDGT concentrations
with depth at P900 and P1300. A three-fold increase in concentration was observed
at P3000 (Fig. 3.4), where a transient strong increase in CL-GDGTs concentrations

between 8 and 18 cm and an overall increase with depth were apparent (Fig. 3.4c).

TEX,, values calculated from the CL-GDGTs varied no more than 0.03 (corre-
sponding to 1°C; Kim et al., 2010) with depth within the cores (Fig. 3.5). At P900
(Fig. 3.5a), they ranged from 0.79 to 0.76 and at P1300 from 0.77 to 0.73, while
the TEX, values at P3000 did not change significantly with depth (0.71+0.01). The
TEX,, of IPL-derived GDGTs at P900 ranged from 0.77 to 0.80, and from 0.75-
0.78 at P1300. At P3000, there was a distinct minimum in the surface sediment
with low IPL-derived TEX,, values (down to 0.65), coinciding with the maximum
in IPL-derived GDGT-0 concentration. The TEX, , of [PL-derived GDGTs was gen-
erally 0.01 to 0.04 higher than the TEX, of the core lipids, except in the surface
sediments at P900 and P1300, where they were identical.

TEX,, values differed significantly between stations: The CL-GDGTs in the top layer
of sediment had a TEX_ of 0.79 at P900, 0.76 at P1300 and 0.70 at P3000. Similar
differences were also observed in the TEX,, values of the IPL-derived GDGTs (0.78,
0.76 and 0.72, respectively). The average TEX, values over the whole cores of the
CL-GDGTs were 0.77+0.01 at P900, 0.74+0.01 at P1300 and 0.71+0.01 at P3000
and for the IPL-derived GDGTs 0.78 +£0.02, 0.76+0.01 and 0.71+0.02.

3.3 Direct analysis of IPLs with a crenarchaeol core

The sediments were also analyzed directly for a number of IPL species containing
crenarchaeol as the core lipid (Fig. 3.1). The three most abundant IPLs detected
by this method were monohexose (MH)-crenarchaeol, dihexose (DH)-crenarchaeol
and hexose, phosphohexose (HPH)-crenarchaeol. Crenarchaeol with a hexose and a
180 Da (unknown) headgroup (equivalent to the IPL with the m/z 341 headgroup
found by Sturt et al., 2004, and Lipp et al., 2008) was also present, but near detec-
tion limit in all cores and is therefore not shown in Fig. 3.6. The assay was devel-
oped for IPLs with crenarchaeol as a core lipid (Pitcher et al., 2011b) and therefore
GDGT-0, -1, -2 and -3 with IPL moieties were not measured, but we assume that

the distribution of the crenarchaeol-IPL will provide insights on the general dynam-
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ics of IPL-GDGTs in the three different sediment cores.

The depth profiles of the glycolipids MH- and DH-crenarchacol differed from those
of HPH-crenarchaeol (Fig. 3.6). In the cores from P900 and P1300, the glycolipids
showed no particular trends with depth and remained relatively constant. At P3000,
the glycolipid concentrations increased at the same depth interval where increases
in TOC and IPL-derived and CL-GDGTs were measured. The HPH-crenarchaeol
profiles at the different stations showed a strikingly different pattern compared to
the glycolipids. While the HPH-crenarchaeol concentrations measured at P900 did
not show significant trends with depth except for the deepest sediments (Fig. 3.6a),
at P1300, just below the OMZ, its abundance decreased within 3 cm by more than
one order of magnitude and then remained low and relatively variable (Fig. 3.6b).
HPH-crenarchaeol at P3000 showed a similar but even more pronounced decrease
by two orders of magnitude from 1.25 to 5 cm (Fig. 3.6¢). At this station, an increase
in the HPH concentration was noted in the same interval where increases in TOC

and IPL-derived and CL-GDGTs were observed (cf. Fig. 3.3¢ and Fig. 3.6¢).
3.4 Distribution of GDGTs in IPLs with different headgroups

In order to determine the distributional variation in CL-composition of the different
intact polar lipid species, the IPL-GDGTs were isolated by semi-preparative HPLC
from 0- 2 cm and from 20-24 cm depth layers of the sediment core at P1300 and
subsequently acid hydrolyzed and analyzed for GDGT distributions. While from
the sediment at 0-2 cm depth, fractions containing MH-, DH- and HPH-GDGTs
were obtained, at 20-24 cm depth, only MH- and DH-GDGTs were present in high
enough quantities (Fig. 3.7a).

For both sediments, it was found that the DH-GDGTs (combined with GDGTs hav-
ing the hexose + unknown 180 Da headgroup), contained relatively more-GDGT-2,
-3 and 4’ and less GDGT-1 as a core lipid than the MH-GDGTs and, in case of the
top sediment, the HPH-GDGTs. This resulted in large differences in TEX,, values
between the various types of IPL-GDGTs, i.e. 0.88 for the DH-GDGTs, 0.65 for
the MH-GDGTs and 0.55 for the HPH-GDGTs (Fig. 3.7b).
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4 DISCUSSION
4.1 Sedimentary production and preservation of GDGTs

IPL-GDGTs: in the sediments can have two sources: water-column derived GDGTs
(i.e. either from the water column directly above the sediment or laterally trans-
ported GDGTs), and GDGTs produced in situ by sedimentary Archaea (cf. Lipp
and Hinrichs, 2009; Liu et al., 2011). Ammonia-oxidizing Archaea, whose IPLs
consist mainly of GDGTs with MH-, DH- and HPH- as well as an unknown head-
group (Sinninghe Damsté et al., 2002b; Schouten et al., 2008; Pitcher et al., 2010;
2011c¢), are ubiquitous and active in marine surface sediments (Francis et al., 2005;
Caffrey et al., 2007; Park et al., 2008; Park et al., 2010). Since archaeal ammonia-
oxidation proceeds aerobically (Kénneke et al., 2005; Hatzenpichler et al., 2008;
Erguder et al., 2009; Park et al., 2010) and also in environments with low oxygen
concentrations ranging from <3 pM to 0.2 mM, we expected in situ production of
crenarchaeol-IPLs in (sub-) surface layers where low amounts of oxygen were still
present, i.e. P1300 and P3000, and negligible production at P900, where oxygen
hardly penetrated into the sediments. Indeed, pronounced (sub-) surface maxima
of HPH-crenarchaeol, likely the most suitable tracer for living AOA (see Schouten
etal., 2012), are observed in the cores from P1300 and P3000, where oxygen pene-
trated the sediments (Fig. 3.6), suggesting production by benthic aerobic AOA. This
maximum is not observed in the sediment core at station P900, where oxygen hardly
penetrates into the sediment. Indeed, it is remarkable that the HPH-crenarchaeol
constituted on average 50 % of the SRM area measured in SPM of the >0.7 pm
size fraction (Fig. 3.8, cf. Schouten et al., 2012), while in the sediment underlying
this water profile (station P900), the relative contribution of HPH-crenarchaeol to
the total peak area is relatively low (ca. 4 %) both at the surface and at 20-24 cm
depth (Fig. 3.8). Collectively, this indicates negligible benthic production of HPH-

crenarchaeol at station P900, in contrast to stations P1300 and P3000.

Sedimentary degradation of HPH-crenarchaeol seems to proceed in the first few cm
(1 - 2 kyrs), and then ceases, suggesting two pools of HPH-crenarchaeol: a readily
degradable pool, which is rapidly broken down (<1-2 kyr), probably derived from in
situ sedimentary production and therefore accessible for degradation, and a slowly
degrading pool, likely fossil pelagic IPLs attached to the mineral matrix of particles
and protected from degradation. The second, more resistant pool of HPH-crenar-

chaeol likely stems from the water column where IPL-GDGTs are found in >0.7
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pm size SPM (Schouten et al., 2012), where they are probably being protected from
degradation by adsorption to particles and into mesopores (Mayer, 1994; Hedges
and Keil, 1995; Mayer et al., 2004). The rapid decrease of the HPH-crenarchaeol
below the surface sediment production peak at stations P1300 and P3000 and the
relatively low amounts of HPH crenarchaeol at station P900, are in accordance with
the rapid degradation kinetics for phosphoester-lipids found by Harvey et al. (1986).
Furthermore, the resemblance of the HPH-crenarchaeol concentration profile to the
TOC profile below 7 cm depth at station P3000 suggests that increased preservation,
indicated by the higher TOC values, results in high amounts of HPH-crenarchaeol,

again indicating its probable origin from the water column.

In contrast, MH- and DH-crenarchaeol profiles did not show any significant peaks
in the surface sediment, which could either mean their production was occurring —
to the same degree — at all depths, including anoxic zones, or that they are degraded
so slowly that the majority of them is fossil and derived from the water column where
they are abundantly present (Schouten et al., 2012). Recent studies in the Arabian
Sea water column support the latter hypothesis: only the HPH-crenarchaeol con-
centration profile matched the archaeal amoA gene transcript abundance (Pitcher et
al., 2011b), whereas MH- and, to a lesser degree, DH-crenarchaeol concentrations
showed disparate profiles (Schouten et al., 2012). The MH- and DH-crenarchaeol
in sediments showed no decrease at all with depth, confirming the slow degradation
rates, i.e. >10 kyrs, the timeframe covered by our cores, as theoretically predicted
(Schouten et al., 2010). The strong resemblances of MH- and DH-profiles to those
of TOC are indicating their pelagic provenance. Small amounts of MH- and DH-
crenarchaeol are likely also produced in the surface sediment, but, other than with
HPH-crenarchaeol, these in situ produced MH- and DH-crenarchaeol amounts
must be relatively minor compared to the fossil amounts of preserved pelagic MH-
and DH-crenarchaeol. Our results thus suggest that (i) glycolipids are mainly de-
rived from the water column. (ii) HPH-crenarchaeol is relatively rapidly degraded
and (iii) benthic AOA are actively producing IPL-crenarchaeol in the (sub-)surface
of the sediment underneath the OMZ, probably occupying a low oxygen niche (cf.
Abell et al., 2011; Chen et al., 2008; Pitcher et al., 2011b). Interestingly, while the
HPH-crenarchaeol shows subsurface maxima indicating in situ production, the ratio
of IPL-derived vs. CL-crenarchaeol does not increase as perhaps would be expected
(Fig. 3.4). The amount of IPL-derived crenarchaeol, which represents the sum of all

IPLs with crenarchaeol as a core lipid, is thus seemingly unaffected by the changes in
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HPH-crenarchaeol concentration. The reason for this could be an analytical bias, as
the SiO, column used to isolate IPL-derived GDGTs selectively retains or degrades
phospho-GDGTs but not glyco-GDGTs (Lengger et al., 2012a). Thus, an increase in
abundance in the phospho-GDGTs would not be readily visible in the IPL-derived
GDGT fraction. Alternatively, the IPL-GDGTs are mainly composed of glycolipid
GDGTs with low amounts of phospholipid GDGT and thus the total concentration
in IPL-derived GDGTs is mainly determined by the amount of glycolipid GDGTs.

A notable exception to the general trend is the high abundance of IPL-derived
GDGT-0 in the in the surface sediment of P3000 core (located in oxic bottom wa-
ters), possibly from benthic Archaea other than Thaumarchaeota, i.e. Eury- or Cre-
narchaeota. Importantly, however, the amount of CL-GDGT-0 is not simultaneous-
ly increasing; suggesting that also the in situ produced IPL-GDGT-0 is not affecting
the CL-pool to a significant degree. IPL-GDGTs that are produced in situ are prob-
ably more vulnerable to microbial degradation as they may not be strongly absorbed
to the sedimentary matrix and are therefore more readily degraded. Similarly, Liu et
al. (2011) observed no transfers between the CL- and IPL-pool of GDGTs, except
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Figure 3.7. (a) Relative total ion current (TIC) of the fractions obtained by semi-preparative HPLC
of sediment from P1300, 0-2 and 20-24 core depth. Measured by flow injection analysis and SRM
of the 1-minute fractions. Types of main IPL contained are indicated. (b) TEX,, values of the differ-
ent IPL species. MH- monohexose-GDGTs, DH- dihexose-GDGTs, HPH- hexose, phosphohexose-

GDGTs from the top 2 cm and 20 cm depth.
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in sulfate-methane transition zones. Indeed, changes in CL distributions reflecting
input of sedimentary methane-oxidizing Euryarchaeota have been observed in other
sulfate-methane transition zones (e.g. Pancost et al., 2001; Weijers et al., 2011).
These zones likely contain highly active archaeal communities which are productive
over prolonged time periods, in an anoxic environment and thus slower degradation
kinetics. Hence, at sites with high archaeal abundance and activity over prolonged
time periods, the GDGTs produced in situ may eventually affect the composition of
the fossil pool of pelagic GDGTs, while at other sites, this does not seem to be the
case. The higher concentrations of IPL-derived GDGTs measured in the core from
P3000 at 9-16 cm depth, however, are most likely not due to in situ production.
The increase is, unlike the peak in the surface sediments, accompanied by a similar
increase in organic carbon and CL-GDGT concentrations, with no change in CL-
distribution and hence most likely due to higher accumulation rates or potentially

bioturbation activity.

The organic carbon content as well as the amounts of GDGTs preserved in the
sediment varied strongly with the oxygen concentrations of the bottom water (cf.
Sinninghe Damsté et al., 2002a). The organic carbon content of sediment recovered
from the OMZ (P900) was 2 to 3 times higher than in sediments recovered from be-
low the OMZ. CL- as well as IPL-derived GDGT concentrations were 1-2 orders of
magnitude higher at P900 than at P1300 and P3000. IPL-derived GDGTs amount-
ed to 5-20% of total GDGTs, with percentages of IPL-derived GDGTs increas-
ing from P900 to P3000. The strong increase of both IPL-derived and CL-GDGT
abundance with TOC is in agreement with the behavior of other biomarkers, as
revealed previously in studies addressing oxic degradation of biomarkers (e.g. Prahl
et al., 1997; Hoefs et al., 2002; Sinninghe Damsté et al., 2002a) and suggests that

preservation of IPL-GDGTs is also strongly dependent on oxygen exposure times.
4.2 Implications for the TEX  paleothermometer

The TEX,, of the IPL-GDGTs did not differ in general from the respective CL-
TEX,, by more than 0.03 units (corresponding to ca. 1°C, within the calibration
error of 2°C, Kim et al., 2010) within the three core locations (Fig. 3.5). Never-
theless, the TEX,, of IPL-derived GDGTs was consistently higher than that of the
CL-GDGTs, which has been observed previously in other settings (Schubotz et al.,
2009; Lipp and Hinrichs, 2009). In particular, Liu et al. (2011) reported a consis-
tently higher TEX of IPL-derived GDGTs than of CL-GDGTs for a large variety
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(in depth as well as age) of marine sediments and a large range of TEX_, values. Their
observations on longer timescales (>100 kyrs) agree well with our short-timescale
observations (<10 kyrs). The TEX, values of the individual IPL-GDGTs, obtained
by preparative HPLC, provide an explanation for this phenomenon. These show
that HPH-GDGTs have a substantially lower TEX, -value than that of IPL-derived
GDGTs, whereas MH-GDGTs have a similar TEX,, and DH-GDGTs a compara-
tively high TEX, . These different TEX values of the different IPLs are likely already
biosynthetically determined in Thaumarchaeota, since Schouten et al. (2008) and
Pitcher et al. (2011¢) reported that GDGT-1 is mainly associated with the HPH-
IPLs while GDGT-2, -3 and -4 are mainly associated with the DH-headgroup in
(enrichment) cultures of Thaumarchaeota. A more rapid lysis of the HPH-GDGTs,
as observed in this study and that of Schouten et al. (2012), will preferentially re-
move GDGT-1 from the pool of IPL-GDGTs and bring it into the pool of CL-
GDGTs. This process would result in increasing TEX,  values of the IPL-pool, which
then mainly consists of MH- and DH-GDGTs, and a reduction of the TEX,, value
of CL-GDGTs. Indeed, studies reporting high TEX,, values of IPL-derived GDGTs
relative to CL-GDGTs also report high abundance of DH-GDGTs (Lipp and Hin-
richs, 2009; Schubotz et al., 2009), consistent with this explanation. Furthermore,
discrimination against the labile and “sticky” HPH-lipids during extraction and
work-up (Pitcher et al., 2009b; 2011¢; Lengger et al., 2012a) could also cause a
higher TEX, of the GDGTs in the IPL fraction.

Our results also explain the observations of Liu et al. (2011) that, in eight different
settings, TEX_, of IPL-derived GDGTs was strongly correlated with the TEX,, val-
ues of CL- GDGTs (R?=0.68) even if in situ temperatures differed largely from SST.
These authors suggested that both pools were connected because benthic Archaea
would recycle the biphytanyl-chains contained in fossil core lipids when producing
IPL-GDGTs as a means to decrease energy requirements. This hypothesis, however,
does not explain the slightly higher TEX, of the IPL-derived GDGTs compared to
the CL-GDGTs, as an exchange of biphytanyl chains between both pools would ul-
timately lead to convergent TEX,  values. Furthermore, as shown in the companion
paper (Schouten et al., 2012), the same offset between TEX, , values of CL- and IPL-
derived GDGTs was already observed in the water column where Thaumarchaeota
are presumably actively synthesizing membrane lipids themselves. Thus, it is like-
ly that a large part of the IPL-GDGTs in sediments is derived from fossil pelagic

GDGTs and is not produced in situ. The similar observations by Liu et al. indicate
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chaeol in SPM at 170 m and 2000 m water column depth (Schouten et al., 2012) and from the

top 0.5 cm and 20-24 cm sediment depth at P900, P1300 and P3000.

that this is a general observation that can be applied to other marine settings.

Only at station P3000 at 0-2 cm depth, in situ production was high enough to change
the TEX,, of the IPL-derived GDGTs, but the TEX,, signal of the CL-GDGTs does
not reflect this change. This indicates that, as discussed above, in situ produced IPL-
GDGTs are likely degraded quickly and do not accumulate as core lipids, probably
due to a lack of matrix protection leading to rapid microbial degradation of the IPLs
(Mayer, 1994; Huguet et al., 2008).

While we could not detect a strong effect on the TEX, by benthic in situ produc-
tion of GDGTs, a consistent decrease in TEX,, was observed in sediments, but also,
as shown in the companion paper (Schouten et al., 2012), in suspended particu-
late matter (SPM) with increasing water depth at which the sediment cores were
retrieved from. For the core lipids, TEX, decreased from 0.79 for sediments and
0.78 for SPM in the OMZ (900 m) to 0.71 for the sediments and 0.66 for the
water column SPM in the oxic bottom waters (2000 and 3000 m, respectively, Fig.
3.9). These TEX,, values correspond to 31.5 — 28.0°C using the Kim et al (2010)
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Figure 9. TEX,, values of SPM in the Arabian Sea water column (WC; from Schouten et al., 2012)
and of surface sediments on the Murray Ridge. Water depths were 900 m, 1400 m (1350 m for
SPM) and 3000 m (2000 m for SPM). CL- core lipids, IPL - intact polar lipids.

calibration, while the mean annual sea surface temperature was 26.4°C (Wuchter et
al., 2006a). Similar decreases from 0.81 to 0.65 (water column SPM) and 0.79 to
0.68 (surface sediment) were observed for the IPLs. Interestingly, the TEX, values of
CL-GDGTs in sediment traps from the Arabian Sea also decrease from 450 m depth
downwards (Wuchter et al., 2006). The apparent decreasing trend in sedimentary
TEX,, values with increasing water depth could be due to several reasons: (i) prefer-
ential degradation of certain CL-GDGTs; (ii) sedimentary in situ production; (iii)
contribution from Archaea in the deeper water column. The preferential diagenesis
of certain core lipids can be discarded as a hypothesis, as the difference in TEX,,
also occurs with IPL-derived GDGTs in the water column as well as in sediments.
Regarding the second hypothesis, as discussed above, sedimentary in situ production
is unlikely to be significantly affecting TEX values in surface sediments. Thus, the
most likely explanation may be the incorporation of a signal from the lower, colder,
part of the water column. This would be consistent with Pearson et al. (2001) and
Shah et al. (2008) who found "C-depleted GDGTs in Santa Monica Basin sedi-
ments, inferring provenance from deeper water horizons. Furthermore, Ingalls et al.
(2006) found evidence for deep water production based on “C-depleted values of
GDGTs in the water column in the Pacific Ocean. The incorporation of a GDGT
signal from deeper waters raises the question how well the TEX__ is reflecting surface
water conditions. Indeed, several studies have shown that TEX_ is frequently not re-
flecting surface but subsurface (0-200 m) conditions (cf. Huguet et al., 2007; Lopes
dos Santos et al., 2010). Kim et al. (2008) has shown that the correlation of TEX_,
with 0-200m temperatures is similarly high as with SST. This correlation, however,

stron ecreases wi epth, suggestin ere is no substantial deep water compo-
trongly d th depth, suggesting th bstantial d t
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nent . While there is a significant shift in TEX value corresponding to ca. 3 °C, the
shift is relatively small considering that the potential GDGT pool is increasing from
0-900 m to 0-3000 m, i.e. tripling in size. This suggests that although there may be
an addition of deep water GDGTs, this amount may be relatively small compared to

that of the upper part (0-200 m) of the water column.

In summary, the TEX__ is likely not strongly affected by benthic in situ production
in normal marine settings. However, the differential degradation of IPL-GDGTs we
observed could potentially have an impact on TEX_, calibration studies. Methods
used for TEX, calibrations and paleotemperature assessment are based on the analy-
sis of CL-GDGTs. Faster degradation of the HPH-GDGTs and the more slowly
progressing transfer of the MH- and DH-GDGTs to the CL-pool could potentially
lead to lower TEX, values of CL in surface sediments than in deeper sediments.
Calibration studies have so far relied on CL-GDGTs in surface sediments, while pa-
leoclimate studies measure TEX, values in deeper, older horizons, where potentially
also some MH- and DH-GDGTs have been transformed to CL-GDGTs, thereby
slightly increasing TEX,, values. However, since IPL-derived GDGTs are relatively
minor compared to CL-GDGTs (< 10 %) this process likely leads to only slight

overestimations of past SST.
5 CONCLUSION

Our study of sediments from the Arabian Sea deposited under contrasting oxygen
conditions suggests that IPL-derived GDGTs, in particularly glycolipids, stemming
from the water column are likely preserved in sediments and that their degradation
is dependent on oxygen exposure time. Phospholipid-GDGTs are produced in oxic
surface layers of sediment, probably by benthic AOA, but rapidly degrade within less
than 1 or 2 kyrs, while the amount of glycolipid-GDGTs hardly changes. Additional
evidence from concentrations of IPL-derived and CL-GDGTs and their TEX,, val-
ues shows that in situ production in the surface sediment does not substantially in-
fluence the TEX, of the CL because it is either too small in amount compared to the
fossil GDGTs or it is completely degraded quickly and not transferred into the CL-
pool. Differences between TEX,  values of [PL-derived GDGTs and CL-GDGTs are
likely due to differences between TEX,, values of phospholipids and glycolipids and
their dissimilar degradation rates. The average TEX, for IPL-derived as well as CL
decreased with increasing water depth, possibly due to the incorporation of a lower

water column signal.
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ABSTRACT

The TEX,, is a widely used paleotemperature proxy based on isoprenoid glycerol
dibiphytanyl glycerol tetracthers (GDGTs) produced by Thaumarchaeota. Archaeal
membranes are composed of GDGTs with polar head groups (IPL-GDGTs), most
of which are degraded completely or transformed into more recalcitrant core lipid
(CL)-GDGTs upon cell lysis. However, some of the IPL-GDGTs, i.e. mainly those
containing glycosidic head groups, can be preserved, although the extent of preserva-
tion under different conditions has not yet been fully defined. Here, we examined
the impact of oxic degradation on the distributions of core lipid (CL)- and intact
polar lipid (IPL)-GDGTs in surface sediments from a sea mount (Murray Ridge),
whose summit protrudes into the oxygen minimum zone of the Arabian Sea, depos-
ited at a range of depths and exposited to different oxygen bottom water concentra-
tions(<3 to 83 pmol . L'"). Concentrations of organic carbon, IPL- and CL-GDGTs
decreased linearly with increasing oxygen exposure time (OET), suggesting that this
is an important controlling factor in determining the concentrations of GDGTs in
marine sediments. IPL-GDGT-0 was the only exception and increased with water
depth, indicating that this GDGT was produced in situ in the surface sediment.
Concentrations of crenarchaeol with glycosidic headgroups decreased with increas-
ing OET, while crenarchaeol with a hexose, phosphohexose head (HPH) group, in
contrast, showed an increase with increasing OET, indicating that the concentration
of HPH crenarchaeol was primarily determined by in situ production in surficial
sediments. TEX_, values of both IPL-derived GDGTs and CL-GDGTs decreased
by ~0.08 units with increasing water depth, in spite of the sea surface temperatures

being identical at all settings. In situ production in sediments could be excluded as
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the main cause, as well as differential oxic degradation of IPL-GDGTs. Instead, the
main cause for the observed change in TEX,  values may be the incorporation of
GDGTs produced in the deeper water column (at water depths > 200 m) into the
surface sediments. However, the effect of this potential deep water contribution on
TEX,, values is relatively small (translating into reconstructed temperature changes
of <3°C), considering the large depth interval (900 to 3000 m), but it may have to
be accounted for in TEX,  calibration and paleotemperature studies of deep water

sedimentary records.
1 INTRODUCTION

The TEX,, is a paleotemperature proxy developed over the last decade. Schouten et
al. (2002) discovered a relationship of ring distributions of common archaeal mem-
brane lipids, isoprenoid glycerol dibiphytanyl glycerol tetracthers (GDGTs; Fig.
4.1a), with sea surface temperature and quantified this, using a ratio of four dif-
ferent GDGT, called the TEX, . These compounds have been shown to be mainly
produced by Thaumarchaeota in the marine environment (Sinninghe Damsté et al.,
2002b; Sinninghe Damsté et al., 2002¢). They are present in the cell membranes
of live cells as intact polar lipids (IPLs; Fig. 4.1b), with polar head groups such as
hexose- and phosphate-groups (Schouten et al., 2008; Pitcher et al., 2010; Pitcher et
al., 2011¢c). These IPL-GDGTs were generally assumed to be associated only with
living and active cells (Biddle et al., 2006; Lipp et al., 2008; Lipp and Hinrichs,
2009; Schubotz et al., 2009). There is, however, an increasing amount of evidence
that IPL-GDGTs, and especially those with glycosidic headgroups, can be preserved
over geological timescales, especially under anoxic conditions (Harvey et al., 1986;
Schouten et al., 2010; Liu et al., 2011; Logemann et al., 2011; Lin et al., 2012;
Lengger et al., 2012b; Lengger et al., 2013, chapter 6, this volume).

For the TEX, , a global calibration was developed based on marine surface sediments
(Kim et al., 2008) and recently, two calibrations for two GDGT ratios were proposed
— one for tropical/subtropical and one for polar oceans, the TEX", and the TEX"
(Kim et al., 2010), respectively. The TEX_ is now widely used to reconstruct paleo-
temperatures of the sea surface using ancient marine sediments (e.g. Liu et al., 2009;
Bijl et al., 2009). However, even though the TEX, is strongly related to sea surface
temperature, an equally strong relation with temperatures from 0-200 m water depth
is observed (Kim et al., 2008; Kim et al., 2012b). Indeed, it was shown in several ar-

eas that the TEX,, temperatures reflect subsurface temperatures (Ingalls et al., 2006;
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Figure 4.1. Structures of CL-GDGTs (a) and IPL-GDGTs isolated by semi-preparative HPLC (b).

Huguet et al., 2007; Lopes dos Santos et al., 2010; Nakanishi et al., 2012; Kim et al.,
2012b). Molecular ecological studies have shown that Thaumarchaeota are not only
present in the upper 200 m of the marine water column but also deeper in the water
column, although their cell numbers generally decrease with depth (e.g. Karner et
al., 2001; Herndl et al., 2005; Agogué et al., 2008; Reinthaler et al., 2010). The
reason why most of the GDGTs present in marine surface sediments may still derive
from the upper 0-200 m could be the preferential packaging of these GDGTs into
fecal pellets and marine snow. This process mainly takes place in the photic zone and
just below, as this is, due to high abundance of phytoplankton, the preferred habitat
for zooplankton and possesses thus the most active food web (Wakeham et al., 2003;
Wauchter et al., 2005; Huguet et al., 2006a). Below the photic zone, the grazing
organisms have to rely on sinking particles and chemoautotrophic production of
prokaryotic biomass. Thus, the food web activity, and presumably fecal pellet pack-
aging, is much reduced (Burd et al., 2010). However, the TEX,, values of material
collected in sediment traps suggest that there may be a contribution of archaea from
the deeper water column, i.e. >200m (Wuchter et al., 2006a; Turich et al., 2007).
Indeed, radiocarbon analysis of sedimentary GDGTs suggested a contribution of

deep water-dwelling archaea (>200 m) to the sedimentary GDGTs, estimating it to
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be as high as 100% (Pearson et al., 2001), 83% (Ingalls et al., 2006) and 74 to 100%
(Shah et al., 2008). Nonetheless, the TEX, from surface sediments collected from
all over the world shows a robust correlation with sea surface temperatures (Kim et
al., 2008; Kim et al., 2010). Thus, it remains unknown to what extent sedimentary
GDGTs derive from deeper water-dwelling archaea. This makes it hard to constrain

the potential bias of deeper water production on TEX_ paleothermometry.

Additionally, some bias of the TEX,, could arise from preferential degradation of
specific GDGTs as a result of exposure to oxygen. Oxic degradation has been shown
to cause a decrease in TEX, in re-oxidized turbidite sediments as preferential deg-
radation of marine over soil-derived isoprenoid GDGTs revealed a terrestrial signal
(Huguet et al., 2009). Short-term degradation by exposure of anoxically deposited
sediments to an oxic water column, however, showed no significant impact on the
TEX,, (Kim et al., 2009). Schouten et al. (2004), who compared the TEX, of oxi-
cally and anoxically deposited sediments, also found no differences between them.
The studies by Huguet et al. (2009) and Kim et al. (2009), however, showed the
impact of short term (1 year) or very long term (>10 kyr) degradation, and Schouten
etal. (2004) compared the TEX, of sediment deposited at different times and differ-
ent environmental conditions. The sole impact of oxic degradation on intermediate

time scales is not clear.

To address the issues of oxic degradation as well as the depth origin of sedimentary
GDGTs we investigated surface sediments from the Murray Ridge in the Northern
Arabian Sea. The Murray Ridge is a steep ridge which impinges the vast oxygen
minimum zone (OMZ) that the Arabian Sea possesses. It thus allows the sampling of
surface sediments that principally receive the same particle flux from the base of the
photic zone, but at a wide range of water depths (900 — 3000 m) and bottom water
oxygen concentrations (<3 to 83 umol . L'"). An earlier limited study of three surface
sediments at 900, 1300 and 3000 m water depth showed that concentrations of CL-
and IPL-derived GDGTs as well as IPL-crenarchaeol species were decreasing with
increasing water depth and thus bottom water oxygen concentrations, but also that
the TEX, values of GDGTs (CL- and IPL-derived) were decreasing in the same way
(Lengger et al., 2012b). It was speculated that part of the GDGTs in the sediment
originated not only from the surface waters but also, in part, from the deeper waters.
An alternative explanation offered was the differential degradation of IPL-GDGTs,

as they were shown to have different TEX values dependent on the nature of the
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head group. Here we substantially extended our previous study by analyzing IPL-
and CL-GDGT concentrations and distributions in ten surface sediments (0-0.5
cm) from the Murray Ridge, collected at regular intervals between 900 to 3000 m
water depths. In addition, IPL-GDGTs from surface sediment (0-2 ¢cm) and deeper
sediment (20-24 cm) from cores recovered from the water depths 900, 1300 and
3000 m were separated according to head groups and their GDGT-distribution was
investigated. The results were used to determine the impact of oxygen exposure time
on sedimentary IPL- and CL-GDGTs and to investigate the contribution of deep
water Thaumarchaeota to the GDGT-pool and the impact on the TEX_ in surface

sediments.
2 MATERIALS AND METHODS
2.1 Sampling

Surface sediments were taken from multicores in the Northern Arabian Sea along a
transect of the Murray Ridge during the PASOM cruise (64PE301) in January 2009
(Fig. 4.2, Table 1). The sediment cores, of 20 to 36 cm length, were sliced on board
the R/V Pelagia in 0.5 to 4 cm intervals and stored in geochemical bags, frozen im-
mediately at -80°C and further transported and stored at -20°C. Prior to analysis,
the sediment was freeze-dried and homogenized. Surface sediment (0-0.5 cmbsf)
was used for all measurements, except for the semi-preparatory HPLC, where a mix-
ture of the top 0-2 cm and 20-24 cmbsf were used. Oxygen concentrations of the
water column were measured by an SBE 43 dissolved oxygen sensor (Seabird, WA,
USA) fitted to the CTD frame and calibrated against Winkler titrations. The limit

Figure 4.2. Map of the Murray Ridge in the North Arabian Sea with sampling stations indicated.

Underwater topography is shown as 100 m contour lines.
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of detection for these methods was 3 pmol . L''. Oxygen penetration depths were
measured on board in 0.1 mm resolution using an OX-100 micro sensor (Unisense
AS, Aarhus, DK) with a guard cathode as described by Revsbech (1989). The Mur-
ray Ridge sediment cores have been described previously by Kraal et al. (2012), who
reported pore water profiles and the inorganic geochemistry of the depositional set-
tings, and Koho et al. (2012), who reported evidence for the dependence of organic
carbon concentrations and organic matter quality on oxygen, macrofaunal activity

and microbial biomass.

2.2 Organic carbon concentrations, sedimentation rates and oxygen

exposure times

Freeze-dried sediments were analyzed for organic carbon concentrations (Corg). The
freeze-dried sediment was acidified over night with 2N HCI, subsequently washed
with bidistilled H,O and the water was removed by freeze-drying. The decalcified
sediments were measured on a Flash EA 1112 Series (Thermo Scientific) analyzer
coupled via a Conflo IT interface to a Finnigan Delta” mass spectrometer. Standard

deviations from three measurements ranged from 0.01 to 0.2 % total organic carbon

(TOCQ).

As described by Lengger et al. (2012b) for the cores at P900, P1300 and P3000,
and Koho et al. (2012) for all cores, determination of the sedimentation rates was
carried out by '“C dating. The average oxygen exposure times of the top 0.5 cm were
calculated according to Hartnett et al. (1998), using the oxygen penetration depth
and the sediment accumulation rates. As in some of the cores, oxygen penetrated
rather deeply, but we only used the upper 0.5 cm of the core for TOC, CL- and IPL-
GDGT determination, we divided by the 0.5 cm instead of the oxygen penetration
depth.

2.3 Sediment extraction and separations

Aliquots (1-2 g) of freeze-dried surface sediment (0-0.5 cm sediment depth) were
extracted with a modified Bligh and Dyer procedure as described previously in
Lengger et al. (2012b). Briefly, extraction with methanol (MeOH)/dichloromethane
(DCM)/phosphate buffer (PB) 50 mM, pH 7.5, in volume ratios 2:1:0.8 was carried
out three times by ultrasonication and the solvent was collected after centrifugation.

The combined liquid phases were adjusted to a solvent ratio of MeOH/DCM/PB of
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1:1:0.9 (v/v) which led to phase separation between the DCM and the MeOH/PB.
The DCM phase was collected and the MeOH/PB mixture was extracted twice more
with DCM. The combined DCM phases were reduced with a rotary evaporator,
re-dissolved in DCM/MeOH 9:1 (v/v), filtered over cotton wool and subsequently

dried under a stream of N,. The extract was stored at -20°C.

An aliquot was fractionated over a silica column in order to separate the IPL from
the core lipids (CL) following the procedure of Oba et al. (2006) and Pitcher et al.
(2009b). Briefly, fractionation was achieved over a silica column using 6 column
volumes hexane/ethyl acetate 1:1 (v/v; CL-GDGTs) and 10 column volumes MeOH
(IPL-GDGTs). Quantification was achieved by adding 0.1 pg C, -GDGT internal
standard (Huguet et al., 2006¢) to the fractions. An aliquot of the IPL-GDGT frac-
tion was transferred to a vial, dried and stored frozen for quantification of core lipids
which eluted in the intact polar lipid fraction (“carry over”). These were typically
<2% of the GDGTs present in CL fraction or 10% of GDGTs present in the IPL
fraction and thus negligible. The remaining IPL-fraction was subjected to hydrolysis
to release CL-GDGTs (=IPL-derived GDGTs).

In order to compare TEX,  values of the surface sediments with those of surface sedi-
ments in other studies, we analyzed the TEX,, values of the surface sediments using
standard extraction and separation methods used for calibration of the TEX, index
(Kim et al., 2008; Kim et al., 2010). Aliquots of a few hundred mg of freeze-dried
surface sediment were extracted after addition of pre-extracted diatomaceous earth
in an Accelerated Solvent Extractor 200 (ASE 200, DIONEX, CA, USA) with a
mixture of DCM/MeOH 9:1 v:v at 100 °C and 7.6 - 10° Pa. The polar GDGTs were
separated from the apolar fraction by open column chromatography (AL O,, three
column volumes hexane/DCM 9:1 for the apolar and 4 column volumes DCM/
MeOH 1:1 for the polar fraction).

2.4 Semi-preparative HPLC

For the isolation of particular IPL-GDGTs, repetitive semi-preparative HPLC was
used as described previously (Lengger et al., 2012b) for sediments from stations
P900, P1300 and P3000. Bligh Dyer extracts of ca. 4 g of sediment from 0-2 cm
depth (“top”) and of 4 g of sediment from 20-24 cm depth (“bottom”) from P1300
were separated, and fractions of 3 mL were collected and subsequently analyzed with

Flow Injection Analysis using ESI-MS? in SRM mode, monitoring intact polar lip-
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ids, i.e. monohexose (MH)-crenarchaeol, dihexose (DH)-crenarchaeol and hexose,
phosphohexose (HPH)-crenarchaeol (Pitcher et al., 2011b). Six fractions, the ones
containing monohexose-GDGTs, dihexose-GDGTs and hexose, phosphohexose-
GDGTs, and the combined eluted fractions between those, were collected and 0.1
pg C,-GDGT internal standard was added to each of them. The dihexose-GDGTs
likely contained a minor amount of co-eluting hydroxyl-GDGTs (Liu et al., 2012), as
observed in Candidatus Nitrosopumilus maritimus SCM1 and previously described
as “unknown + 180” (Schouten et al., 2008). All fractions were acid-hydrolyzed and
the specific IPL-derived GDGT distributions were quantified using HPLC/APCI-
MS and the C,-GDGT internal standard method as described above.

2.5 HPLC/APCI-MS

Analysis of CL-GDGTs and IPL-derived GDGTs by HPLC/APCI-MS and calcula-
tion of TEX, was carried out as described previously (Schouten et al., 2012). Re-
producibility for TEX,  values is typically < 0.02, corresponding to errors of < 1 °C.

Temperatures were calculated according to the calibrations according to Kim et al.
(2010) for TEX", .
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Figure 3.3. Bottom water oxygen concentrations (a), oxygen exposure time (as calculated from
sedimentation rates and oxygen penetration depths; b) and organic carbon content (c) of the

surface (0-2 cm) sediments of the Murray Ridge plotted vs. water depth.
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Table 4.1. Organic carbon content (G bottom water oxygen concentration (BWO), oxygen

penetration depth (OPD) and sedimentation rates as well as oxygen exposure times (OET) of

surface (0-0.5 cm) sediments deposit

Station Water [Corg] BWO OoPD Sed. rate OET
depth
[m] [mg.gseddw’] [umol . L] [mm]  [mm.kyr'] [yr]
P900 885 60.6 3.0 0.1 1342 1
P1000 1013 46.3 2.8 1.0 40° 25
P1200 1172 41.2 7.6 1.4 22° 63
P1300 1306 249 15.0 2.9 38° 77
P1400 1379 11.4 19.2 5.8 33k 152
P1500 1495 124 26.6 7.1 n.d.c n.d.c
P1800 1786 12.1 48.2 6.2 300 167
P2000 1970 8.6 59.3 5.8 26° 192
P2500 2470 9.8 76.9 9.8 26 192
P3000 3003 7.0 83.3 19.0 832 60

2Lenggeretal., 2012

b Koho et al., 2012

¢Values could not be determined.

dThis value is likely overestimated due to of lateral transport.

3 REsuULTS

3.1 Sedimentation rate, organic carbon concentration and oxygen

exposure time

Sedimentation rates for the ten cores ranged from 26 to 134 mm . kyr', and gener-
ally decreased with water depth (Table 1). No sedimentation rate could be obtained
for P1500 due to a constant age throughout the core (Koho et al., 2012). Further-
more, sedimentation rate for station P3000 was unusually high (83 mm . kyr”),
which can be explained by lateral transport probably affecting the sediment at this
station, causing the surface sediment to appear older. Therefore, the sedimentation
rates of these two stations were not used in this study. Organic carbon concentra-
tions (C, ) decreased steadily with depth from 6 to 1%, while bottom water oxygen
concentrations increased with depth (from 3 pmol . L' to 83 pmol . L ; Fig. 4.3;
Table 1). Oxygen penetration depths (OPD) increased from 0.125 mm at P900 to

18 mm at P3000 (Table 1), resulting in an increase of the average oxygen exposure
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time (OET) of the 0 - 0.5 cm sediment slice with water depth, initially strongly from
1 yr to 152 yr between stations P900 and P1400, and subsequently more slowly from
152 to 192 yr between stations P1400 and P2500 (Fig. 4.3b, Table 1).

3.2 Concentrations and TEX,, values of GDGTs

CL- and IPL-GDGTs concentrations in the surface (0-0.5 cm) sediments generally
decreased with increasing water depth (Fig. 4.4). CL-GDGT concentrations were
7.7 and 55 pg . g sed dw! for GDGT-0 and crenarchaeol, respectively, in the shallow-
est sediment and 0.25 and 0.67 pg . g sed dw™, respectively, in the surface sediment
from the greatest depth (Fig. 4.4a). The isoprenoid GDGTs used in the TEX, pal-
aecothermometer (i.e. GDGT-1, -2, -3 and the crenarchacol regioisomer; i-GDGTs)
had summed concentrations of 15 pg . g sed dw™' at the shallowest station, decreasing
to values of 0.22 pg . g sed dw' at the deepest station (Fig. 4.4a). IPL-derived GDGTs
were present in much lower concentrations compared to CL-GDGTs; i.e. 0.14 — 1.1
pg . g sed dw' for GDGT-0, 0.1 — 3.1 pg . g sed dw™ for crenarchaeol, and 0.04 —
1.7 pg . g sed dw for the sum of the other i-GDGTs, with declining concentrations
with increasing water depth (Fig. 4.4b). This corresponded to 10 to 20% of total
CL-GDGTs: for all except for GDGT-0, which showed IPL/total CL ratios of > 30%
at water depths > 1000 m (Fig. 4.4¢).

The TEX,, values for the CL-GDGT fraction decreased with increasing water depth
from 0.78 at Station P900 to 0.72 at Station P3000 (Fig. 4.5). IPL-derived GDGTs
showed a similar trend, with TEX_, values of 0.78-0.80 decreasing to 0.72. In order
to compare these results to paleotemperature studies, which typically do not use
Bligh Dyer extractions and IPL/CL separations as used here, we also performed ASE
extraction, followed by a separation and analysis of the obtained extract. The TEX
values obtained from analysis of the polar fraction obtained (Fig. 4.6) are comparable
to the TEX, values measured on the CL-fraction within the range of the analyrtical

error (0.02 units).
3.3 Individual IPL-GDGTs in Arabian Sea surface sediments

As there is evidence that degradation behavior of IPL-GDGTs differs dependent on
their head group composition (Harvey et al., 1986; Lengger et al., 2012b; Lengger
et al., 2013, chapter 6, this volume), we separated IPL-GDGTs from three stations

according to their head group composition using semi-preparatory HPLC. This al-
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Figure 4.4. Graphs of core lipid-GDGT concentrations (a), IPL-derived GDGT concentrations (b)
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lowed investigation of differences in degradation behavior and how this influences
the TEX, . For quantification of all [IPL-GDGTs with different headgroups, pre-
paratory HPLC was the most accurate available method. The fractions containing
the IPL-GDGTs (MH-, DH- and HPH-derived GDGTs) were subsequently hy-
drolyzed and the obtained core lipids were quantified. This procedure was used with
sediments of the top 0-2 cm and from 20-24 cm sediment depth for three different
water depths (900, 1300 and 3000 m) (Fig. 4.6 left panels). Preliminary results of
sediment from P1300, 0-2 and 20-24 cm, have already been described earlier (Leng-
ger et al., 2012b), i.e. the TEX,, values of the released GDGTs. In this study, IPL-
GDGTs were also quantified.

The isolation of individual IPLs showed that IPL-GDGT concentrations were high-
est in the surface sediment from shallow water depth compared to those from greater
water depth (Fig. 4.6, left panels), consistent with the IPL-GDGT concentration
profiles (Fig. 4.4b). MH-derived GDGTs dominated, but DH-derived GDGTs
were present in high proportions as well (Fig 6, left panels). HPH-derived GDGTs
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Figure 4.5. TEX,, values of the CL-GDGT and IPL- GDGT fractions and GDGTs extracted by the
technique usually used in paleotemperature studies, ASE, plotted vs. depth (a) and correlation
of the TEX,, values with OET (b). Values were those of surface sediment, i.e. the top 0.5 cm of the

sediment.
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were present in increasingly higher absolute abundance with increasing water depth
with HPH-derived GDGTs at station P3000 representing the most abundant form
of IPL-GDGTs. The deeper sediments (20-24 cm) showed similar MH- and DH-
derived concentrations as in the surface sediments but a much lower concentration
of HPH-derived GDGTs was evident, especially for station P3000 (Fig. 4.6, left
panels). The distribution of core lipid GDGTs showed substantial differences for the
different collected IPL fractions; i.e. DH contained a much higher fractional abun-
dance of GDGT-1, -2, -3, and the crenarchaeol isomer than MH and HPH (right
panels in Fig. 4.6). Some smaller differences were observed when these GDGT dis-
tributions per specific IPL group were compared for the surface and deeper (20-24
cm) sediments (right panels in Fig. 4.6).

These differences were also reflected in the TEX,, values of the different IPL frac-
tions (Fig. 4.7). DH-derived GDGTs always showed the highest, and MH-derived
GDGTs intermediate TEX,  values, i.e. 0.80 - 0.90 for the DH-derived GDGTs and
0.60 - 0.72 for the DH-derived GDGTs (Fig. 7). These values decreased for both
MH- and DH-derived GDGTs with water depth but not with depth in the sedi-
ment. For HPH-derived GDGTs, TEX, values in the surface (0-2 cm) sediments of
stations P1300 and P3000 only could be reliably determined as concentrations were
too low in the other sediments. Distributions are shown in Fig. 4.6, but it is obvious
that they mainly consist of GDGT-0 and crenarchaeol, and the minor i-GDGTs
are not present in high amounts. HPH-derived GDGTs showed the lowest TEX_,
values, i.e. 0.37 - 0.42, much lower than those of the MH and DH IPLs (Fig. 4.7).
Weighted-average TEX,  values (Total; Fig. 4.7) were calculated from the absolute
abundances of the MH-, DH- and HPH-IPL and their GDGT composition. These
are similar to those of the IPL-GDGT fractions (IPL-GDGTs; Fig. 4.7), confirming
that the three major IPLs isolated are quantitatively representative of the total IPL-

GDGT pool.
4 Discussion

4.1 Impact of oxic degradation and in situ sedimentary production on

GDGT concentrations

Organic carbon concentrations in the surface sediments (0-0.5 c¢m) are decreasing
with increasing water depth, coincident with increasing bottom water oxygen con-

centrations (BWO), increasing oxygen penetration depths (OPD), decreasing sedi-
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Figure 4.6. Amounts of different GDGTs (GDGT-0, crenarchaeol, and other isoprenoid GDGTSs)
in the IPLs (i.e. MH, DH and HPH) isolated by semi-preparative HPLC in the surface (0-2 cm) and
deeper (20-24 cm) of stations P900, P1300, and P3000 (Left panels). GDGT distributions of the

different isolated IPLs are shown in the right panels.
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mentation rates and thus longer oxygen exposure times (OET) (Fig. 4.3; Table 1).
Strikingly, there is a strong linear correlation between C | and OET (R* 0.93; Fig.
4.8a). This confirms the assumption that longer OETs cause lower organic carbon
contents, in agreement with previous observations: Hartnett et al. (1998) found
a linear correlation between the organic carbon burial efficiency and log OET in
a range of marine sediments, suggesting that the organic carbon contents in these
sediments are mainly determined by this parameter. Hedges et al. (1999) compared
OET and other factors of many sedimentary regimes and concluded that it was not
OET alone, but that OET was a proxy for other preservational factors as well. In-
terestingly, Sinninghe Damsté et al. (2002a) reported a significant impact of OET
on the extent of preservation of biomarkers and organic carbon in Arabian Sea sedi-
ments, also from the Murray Ridge. Burdige (2007) summarized these observations
and concluded that OET, in combination with factors that are correlated with it (i.e.
benthic macrofaunal processes, physical reworking and redox oscillations), is the

determining factor for organic carbon preservation.

Similarly to C_ , CL-GDGT concentrations were also strongly linearly negatively
correlated to OET (R* 0.82-0.83), with crenarchaeol showing the most pronounced
decrease with OET (Fig. 4.8b). Remarkably, IPL-derived crenarchaeol and other
isoprenoid GDGTs (sum of -1, -2, -3 and the crenarchacol regioisomer) showed a
high correlation (R* 0.87-0.88) with OET too, but less so IPL-derived GDGTO (R*
0.49). As GDGT-0 is produced by many archaea (Koga and Nakano, 2008), not

Table 4.2. Degradation constants, i.e. slopes relative to initial concentrations for Corg, core

lipid (CL)- and intact polar lipid (IPL)-derived GDGTs.

C, k k/C, R? P
[ug . gsed dw'] [yr'] [ug.gseddw.yr']

- 54+04 0.025 +0.003 0.46 0.93 0.0001
Crenarchaeol 53+7 0.28 + 0.005 0.54 0.82 0.0020

CL GDGT-0 74+09 0.037 £ 0.007 0.50 0.80 0.0016
Minor i-GDGTs 14+2 0.075+£0.014 0.53 0.80 0.0016
Crenarchaeol 3.0+0.3 0.014 +0.002 045 0.86 0.0005

IPL  GDGT-0 0.98+0.13 0.0025 +£0.0010 0.25 0.49 0.0538
Minor i-GDGTs 1.5+0.2 0.0074 £ 0.0011 0.49 0.85 0.0006
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Figure 4.7. TEX_, values of IPL-fractions (MH-, DH- and HPH-GDGTs) at the three stations and
two sediment depths, and the combined TEX, values of those fractions isolated by semi-prepar-
ative HPLC (“total”). For comparison, the TEX, values at these stations measured by separating

IPL-GDGTs using silica column chromatography are shown (“IPL-derived”).

only Thaumarchaeota, it is possible that it is produced in situ in the surface sediment.
Lengger et al. (2012b), who analyzed sediment cores of 24-32 cm length at stations
P900, P1300 and P3000 in high (0.5 — 4 c¢m) resolution, also found high abundance
of GDGT-0 in the surface sediments with oxygenated pore waters (P1300, P3000).
The concentrations of IPL-derived GDGT-0 were particularly high for P3000, at
0.5 - 1.5 cm sediment depth. However, interestingly, this high relative abundance
was not present further downcore. Lengger et al. (2012b) thus concluded that the in
situ-produced IPL-derived GDGT-0 was degraded quickly, as it was probably more
bioavailable than the matrix-embedded material transported from the sea surface.
The significant correlation of the other IPL-GDGTs with OET is strong evidence
for oxic degradation being the predominant control on IPL-GDGT concentrations.
Comparison of the slopes of this correlation, when normalized on initial concentra-
tions, showed that it is similar for all IPL-derived GDGTs, CL-GDGTsand C_, i.e.
0.45-0.54 units (Table 2), except for IPL-derived GDGT-0. This suggests that the
concentrations of all these GDGTs (except for GDGT-0) are primarily controlled by

preservation.

Semi-preparative HPLC provided quantitative information about the proportions of
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GDGTs derived from IPL-GDGTs with different head groups, i.e. MH-, DH- and
HPH-derived GDGTs (Fig. 4.6). This showed that MH- and DH-derived GDGTs
decreased by an order of magnitude with water depth between stations P900 and
P3000. Contrastingly, when the surface sediment (0-2 cmbsf) and the deep sedi-
ment (20-24 cmbsf) were compared, no substantial changes in concentration were
observed. HPH-derived GDGTs showed a different pattern, i.e. with increasing wa-
ter depth, the concentrations actually increased in the surface sediment. In the deep
sediment, however, concentrations were always lower than those of the surface sedi-
ments. From the preparative HPLC results, it can also be seen that the HPH-derived
GDGTs are mainly responsible for the increase in GDGT-0 in the IPL-GDGT frac-
tion compared to the CL-GDGT fraction. These results strongly support the idea
that, as suggested previously (Schouten et al., 2010; Logemann et al., 2011; Lengger
et al., 2012b), in these sediments, the MH- and DH-GDGTs are predominantly
fossil. They are most likely stemming from the water column and are not in situ pro-
duced in the sediment, as their concentrations decrease with increasing OET, and do
not decrease with sediment depth or over time (down to 24 cmbsf). HPH-GDGTs
are, in contrast to the glycolipids, not preserved to a large extent, and their presence is
also substantially influenced by sedimentary in situ production of Thaumarchaeota,
most probably involved in nitrification. Indeed, in the sediments from deeper water
depths, the organic carbon content is also much lower, resulting primarily from oxic
degradation in the surface sediments (Fig. 4.8a). During this process, ammonium
will be generated from organic nitrogen and this, together with the increased oxygen
concentration, may provide a niche for benthic Thaumarchaeota in these sediments.
The fact that HPH-derived GDGT concentrations are near detection limit in the
sediments from 20-24 cm depth compared to surface sediments is strong evidence
for the rapid degradation of this lipid over a few kyrs, as suggested earlier (cf. Leng-
ger et al., 2012b).

4.2 Decrease of TEX, , with water depth: causes and implications

An important observation in our study is the decrease of TEX, in surface sediments
with increasing water depth in CL- and IPL-derived GDGTs, the MH-GDGTs and
DH-GDGTs as well as in the GDGTs extracted by ASE extraction (Fig. 4.5). There

are three possible explanations for this decrease with water depth:

(1) An increasing contribution of in situ production of GDGTs in surface sedi

ments with water depth by benthic Thaumarchaeota, and potentially other
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archaea, which are dependent on oxygen and thus produce GDGTs to a
higher degree in sediments with a higher bottom water oxygen concentra

tion;

(ii) Increasing degradation of CL- and IPL-GDGTs in surface sediments with
increasing water depth due to the increase in OET, resulting in alterations

in GDGT distributions.

(iii)  An increasing contribution of GDGTs produced by archaea in the deeper
water column in sediments deposited at greater depth. GDGTs produced
by deeper water dwelling archaea may have a lower TEX, (Schouten et al.,

2012) and, thus, this may cause the decrease in TEX,,.

Regarding explanation (i), this would require that sedimentary Thaumarchaeota are
increasingly present and active in the sediments with increasing water depth and that
the GDGTs produced by the benthic archaeal population have a different GDGT
distribution, i.e. with a lower TEX,, value, than that of the descending particles
in the water column. This seems a plausible explanation for these changes since
Thaumarchaeota are known for oxidizing ammonia aerobically, and, accordingly,
the abundance of HPH-GDGTs is higher at P3000 than at P1300 and P900 (Fig.
4.6). Lengger et al. (2012b), who investigated depth trends in the sediments, also
observed anomalous GDGTdistributions and TEX,, values as low as 0.65 in the
IPL-GDGTs in sediments at 0.5-2 cm depth of core P3000, which was attributed
to in situ production, as the distributional changes were occurring starting from 0.5
cm sediment depth. However, these drastic deviations disappeared with increasing
depth in the sediment and TEX,, values returned to the surface values. Furthermore,
such “anomalies” in TEX, values were not observed in the CL-GDGT distribution
of these surface sediments, thus indicating that in situ production in the sediment
is unlikely to be the cause for the decrease in TEX . Evidence from settling par-
ticles further corroborates this conclusion: Wuchter et al. (2006a) analyzed fluxes
and TEX, values of CL-GDGTs in sediment traps from the Arabian Sea at different
water depths (500, 1500 and 3000 m). They noted that the CL-GDGT fluxes and
TEX,, values in the deepest trap did not show any seasonal trend, as was observed
in the 500 m trap, and that the flux-weighted TEX,, value in the deepest trap was
lower (ca. 0.02) than in the shallowest trap. This suggests that the observed trend of
decreasing TEX, value with increasing water depth is already a characteristic of the

settling particles and thus likely created in the water column.
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To examine option (ii), we correlated TEX, values and OET and found a strong
linear relationship (R?* values 0.68 — 0.95; Fig. 4.5b). It is thus possible that pro-
gressing oxic degradation of GDGTs is, partially, causing the decrease in TEX,  with
increasing water depth. However, this cannot be the only explanation since it would
not explain the observation of Wuchter et al. (2006a) that TEX, values in the set-
tling particles decrease with increasing water depth. The short timescales over which
settling occurs are likely too short to cause substantial changes in the TEX, by deg-
radation in the water column: Kim et al. (2009) investigated short timescales (1
year) and showed that oxygen exposure of sedimentary GDGTs, did not have an
effect on TEX,, values. Furthermore, the change in TEX,, with depth is visible even
in individual IPLs, i.e. the MH- and DH-GDGTs (Fig. 4.6). This would imply that
degradation rates of IPL-GDGTs are determined by core lipid composition rather
than headgroup, which seems unlikely. Instead, we have to also invoke option (iii),
i.e. that GDGTs from the deeper water column (with a lower TEX, value) are in-
creasingly contributing to the settling flux of GDGTs received by the surface sedi-
ments in sediments deposited at greater water depth, which would cause a decrease
of the TEX, . This would explain why Wuchter et al. (2006a) noted a decrease in
TEX,, value in the sediment trap at 3000 m compared to that at 500 m, suggesting
addition of GDGTs with a lower TEX,, in deeper waters. Furthermore, TEX,, values
of water column SPM samples between 900-2000 m in the Arabian Sea were also
decreasing with water depth from 0.78 at 900 m to 0.66 at 2000 m for CL and from
0.81 to 0.65 for IPL-derived GDGTs (Schouten et al., 2012), although this may be
only providing a snapshot and the SPM analyzed probably consisted of a mixture of
sinking and suspended particles. The incorporation of GDGTs from deeper waters
into settling particles has been suggested previously based on radiocarbon values and
GDGT distributions (Ingalls et al., 2006; Huguet et al., 2007; Turich et al., 2007).
This would mean that GDGTs that are being produced by free or particle-associated
Thaumarchaeota in deeper waters are, in part, also exported to the sediment. Thus,
the decrease in TEX,, in the surface sediments with increasing depth of deposition
may be due to selective degradation of GDGTs, in combination with the addition of
GDGTs produced in the deeper water column. Despite the contribution of deeper
water column production, it should be noted, however, that the differences in TEX,,
values over the 900-3000 m depth interval (Fig. 4.5) correspond to changes in recon-
structed temperature of < 3 °C, which is relatively small, but potentially a significant

difference in paleoenvironmental studies. It may also have an effect on calibration
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studies, as our data suggests that sediments from deeper waters will have lower TEX,,
values compared to those in shallow waters, despite similar surface water tempera-

tures.
5 CONCLUSIONS

Analysis of core top sediments in the Arabian Sea revealed that IPL-derived and CL-
GDGT concentrations are negatively correlated to OET, which indicates that their
concentrations are dependent on preservation of fossil pelagic sources rather than in
situ sedimentary production. Specific IPLs such as MH- and DH-GDGTs isolated
via semi-preparative HPLC, also showed this pattern. Only IPL-derived GDGT-0,
as well as HPH-derived GDGTs, did not show this dependence, likely due to a con-
tribution of in situ production in the sediment. Nevertheless, the in situ produced
GDGTs were degraded quickly in the sediment, as concentrations of HPH-derived
GDGTs at 20-24 cm sediment depth were near detection limit. TEX, values of
CL- and IPL-derived GDGTs decreased consistently with water depth. This trend
is probably not due to in situ production in the sediment, or oxic degradation of
IPL-GDGTs. Instead, it may be due to a combination of the degradation of GDGTs
produced in the OMZ and a contribution of GDGTs produced in the water column
at depths below 900 m. Even though the bias is relatively small regarding the recon-
structed temperature (< 3°C over 2100 m water depth), this effect might have to be

accounted for in calibration studies as well as paleoclimate studies.
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ABSTRACT

Glycerol dibiphytanyl glycerol tetraether (GDGT) lipids are part of the outer cellular
membranes of Thaumarchaeota, a kingdom within the Archaea composed of acrobic
ammonia oxidizers, and are used in the paleotemperature proxy TEX, . GDGTs are
present in live cells with polar head groups attached, as so-called intact polar lipids or
IPL-GDGTs. Their transformation to core lipids (CL) by cleavage of the head group
was assumed to proceed rapidly after cell death but it has been suggested that some
of these IPL-GDGTs can, just like the CL-GDGTs, be preserved over geological
timescales. We examined IPL-GDGTs in deeply buried (0.2-186 mbsf) sediments
from the Peru Margin up to 9 Myr old. Direct measurements of the most abun-
dant IPL-GDGT, IPL-crenarchaeol, specific for Thaumarchaeota, revealed depth
profiles which differed per head group. Shallow sediments (<1 mbsf) contained
IPL-crenarchaeol with glycosidic- and phosphate headgroups, as also observed in
thaumarchaeal cultures, marine suspended particulate matter and marine surface
sediments. However, hexose, phosphohexose-crenarchaeol is not detected anymore
below 6 mbsf (or ca. 7 kyr), suggesting a high lability. In contrast, IPL-crenarchaeol
with glycosidic head groups is preserved over time scales of Myr. This agrees with
previously published analyses of deeply buried (>1 m) marine sediments, which only
reported glycosidic and no phosphate-containing IPL-GDGTs. The TEX,, values of
the CL-GDGTs did not markedly change with depth, and the TEX, of IPL-derived
GDGTs decreased only when the proportions of monohexose- to dihexose-GDGTs
changed, likely due to the enhanced preservation of the monohexose GDGTs. Our
results support the hypothesis that in situ GDGT production and differential IPL
degradation in sediments is not substantially affecting TEX,, paleotemperature esti-

mations based on CL-GDGTs. Our data also indicate that likely only a small amount
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of IPL-GDGTs present in deeply buried sediments are part of cell membranes of ac-
tive Archaea, and that the amount of archaeal biomass in the deep biosphere based

on these IPLs may have been substantially overestimated.
1 INTRODUCTION

Archaea form the third domain of life as discovered by Woese and Fox (1977). One
of the characteristics that distinguishes them from bacteria and eukaryotes is their
membrane lipid composition, which consist of isoprenoid chains linked to glycerol
moieties via ether bonds, as opposed to bacteria and eukaryotes whose membrane lip-
ids generally consist of fatty acids linked to a glycerol via ester bonds. Many archaea
produce glycerol dibiphytanyl glycerol tetracther lipids (GDGTs; Koga and Na-
kano, 2008). These include acyclic biphytanes, such as GDGT-0 (Fig. 5.1), but also
GDGTs with cyclopentane moieties. The cyclohexane-containing crenarchaeol and
the crenarchaeol regio-isomer (Fig. 5.1) are produced exclusively by Thaumarchaeo-
ta (Sinninghe Damsté et al., 2002b; Sinninghe Damsté et al., 2012). In live cells,
GDGTs are present as intact polar lipids (IPL), i.e. with polar head groups such as
hexose- or/and phosphate groups (Fig. 5.1b; e.g. Koga and Morii, 2005 and refer-
ences therein). These IPLs are, upon cell death, supposedly transformed, by cleav-
age of the head group, into core lipids (CLs)GDGTs which are more recalcitrant
and preserved over geological time scales of millions of years (Schouten et al., 2013
and references cited therein). The relative amounts of these CL-GDGTs are used
in the temperature proxy TEX, (Fig. 5.1; Schouten et al., 2002). In (enrichment)
cultures of Thaumarchaeota, IPL-GDGTs mainly occur as monohexose (MH)-, di-
hexose (DH)-, phospho- and hexose, phosphohexose (HPH)-GDGTs (Schouten et
al., 2008; Pitcher et al., 2010; Pitcher et al., 2011¢; Sinninghe Damsté et al., 2012).
These IPLs are also observed in suspended particulate matter in the water column
(Schubotz et al., 2009; Pitcher et al., 2011b; Schouten et al., 2012) and in marine
surface sediments (Schubotz et al., 2009; Lengger et al., 2012b).

As IPLs are, especially in sediments, better quantifiable than RNA and DNA, and
are potentially less biased towards certain microbial groups, they are used as bio-
markers for live microbes in studies of deeply buried sediments, the so-called “deep
biosphere” (Biddle et al., 2006; Lipp et al., 2008; Lipp and Hinrichs, 2009). These
studies have shown, in general, that archaeal IPLs dominate over bacterial IPLs (the
latter representing generally <10% of total IPLs) in marine sediments at depths >1

mbsf. However, the IPL-GDGTs reported in these sediments consisted only of gly-
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Figure 5.1. Structures of core lipid (a) and intact polar lipid (b) GDGTs.

colipids, and several studies indicate that these are less suitable for use as biomarkers
for live archaea. Experiments conducted by Harvey et al. (1986) have shown that
archaeal ether lipids with a glycosidic head group are not degraded as rapidly as
eukaryotic phosphoester lipids. Schouten et al. (2012) showed that water column
profiles of crenarchaeol with a MH-head group in the Arabian Sea were not showing
any resemblance to thaumarchaeal DNA or RNA profiles, suggesting they do not
reflect live archaea. Lengger et al. (2012b) demonstrated that MH- and dihexose
(DH)-crenarchaeol barely degraded over several kyr in Arabian Sea sediments when
compared to HPH- crenarchaeol. Logemann et al. (2011) conducted degradation
experiments over 100 days, in which IPL-GDGTs, including those with a phosphate
head group, did not degrade at all. Finally, even within glycosidic GDGTs different
degradation rates are observed, i.e., MH-crenarchaeol was reduced an order of mag-
nitude less by post-depositional oxidation than DH-crenarchaeol (Lengger et al.,
2013, chapter 6, this volume). This relatively recalcitrant nature of glycolipids does
not only hold true for archaeal glycolipids, but extends to other types of lipids as
well. For example, Bauersachs et al. (2010) have shown that glycolipids from hetero-
cystous cyanobacteria were present in Eocene sediments. It is thus questionable how
much of the IPL-GDGTs buried in deep marine sediments is part of live archaeal

cells, and how much is fossil.
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Although the above studies show slow degradation of glycosidic GDGTs over days,
years and kyrs, less is known about phospholipid-GDGTs, which abound in all cul-
tured Thaumarchaeota to date (Schouten et al., 2008; Pitcher et al., 2010; Pitcher et
al., 2011¢; Sinninghe Damsté et al., 2012). Lipp and Hinrichs (2009) did not re-
port phospholipid-GDGTs in the sediments they analyzed. However, Schouten et al.
(2010) predicted that the, supposedly more labile, IPLs containing a phosphate head
group (e.g. hexose, phosphohexose (HPH)-GDGTs) would disappear rapidly with
sediment age/depth compared to strictly glycosidic IPLGDGTs, explaining why only
glycosidic GDGTs are detected in deeply buried marine sediment. Indeed, Lengger
etal. (2012b) showed that the concentration of HPH-crenarchaeol decreased rapidly
in surface sediments, although it was still detected in sediments of several kyrs old.
However, to the best of our knowledge, no study has yet investigated the behavior of
phospho-GDGTs, including HPH-crenarchaeol, over much longer time scales, i.e.

millions of years, in order to test the hypothesis of Schouten et al. (2010).

To this end, we re-investigated deeply buried marine sediments from site 1229 of
ODP leg 201 (Peru Margin), which have previously been used by Lipp and Hin-
richs (2009), amongst other sediments, to determine concentrations of CL- and
IPL-derived GDGT as well as individual IPL-crenarchaeol species, including those
with an HPH-head group, over a large depth (186 mbsf) and time (9 Myr) interval.
The results are interpreted to reflect preferential degradation of certain IPL-species
originally present in the surface sediments. We also discuss the consequence of these

findings for TEX, palaecothermometry.
2 MATERIALS AND METHODS
2.1 Site description

The sediments were recovered during ODP Leg 201 from the Peru Margin at site
1229, a leg specifically designed for microbial investigations (D’Hondt et al., 2003).
The samples investigated were from holes A, D and C at depths from 0 to 186 m
(Table 1). The samples were directly frozen after recovery and stored at -20°C. The
ages of the sediments were estimated based on reported sedimentation rates of 32.3
cm . kyr” for the top 0-20 cm, 98.1 cm . kyr” for 21-230 cmbsf and 5.1 cm . kyr
for 231 to 270 cmbsf, which is interpreted as the base of the Holocene (D’Hondt
et al., 2003). Below, an average sedimentation rate of 2.1 cm . kyr! was calculated

using the Pleistocene/Pliocene transition as stratigraphic marker (2,588 kyrs), lo-
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Table 5.1. Sample details, absolute depths, sedimentation rates, age and organic carbon con-
tentat station 1229 (Leg 201). Sedimentation rates used taken from Skilbeck and Fink (2006) and

Lomstein et al. (2012), who used data from D’'Hondt et al. (2003).

Interval Samplingdepth Sed. Rate Age C

Hole Core J°€ org
tion [cm] [mbsf] [em.kyr']  [Myr] [%]

D 1 1 20-25 0.2 32 0.00064 5.9
D 1 1 82-92 0.8 98 0.00084 7.1
D 1 4 120-125 6.0 2.1 0.28 48
A 2 2 10-15 6.5 2.1 031 2.8
A 2 2 137-147 7.8 2.1 0.37 32
A 2 5 50-60 1.4 2.1 0.54 1.8
A 4 2 10-15 255 2.1 1.2 6.8
A 4 5 69-79 30.6 2.1 14 6.9
A 5 5 10-15 395 2.1 1.9 24
D 6 1 130-135 411 2.1 1.9 3.9
A 6 2 99-109 424 2.1 2.0 23
D 7 4 89-94 54.7 2.1 26 1.2
C 8 2 0-7 60.4 2.1 2.8 0.9
A 8 5 50-60 65.4 2.1 3.1 1.0
A 10 2 55-65 81.5 2.1 38 3.9
D 12 2 79-89 85.6 2.1 40 3.0
D 12 3 74-79 87.1 2.1 4.1 40
D 13 2 20-25 89.0 2.1 42 12
A 12 3 65-75 102.1 2.1 48 3.0
A 18 2 70-80 157.6 2.1 7.4 0.9

A 22 1 70-75 185.6 2.1 8.8 0.2
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cated at 56.5 mbsf (Skilbeck and Fink, 2006). Freeze-dried sediments were analyzed
for organic carbon concentrations (Cmg). The freeze-dried sediment was acidified
overnight with 2N HCI, subsequently washed with bidistilled H,O and the water
was removed by freeze-drying. The decalcified sediments were measured on a Flash
EA 1112 Series (Thermo Scientific) analyzer coupled via a Conflo II interface to a
Finnigan Delta™* mass spectrometer. Standard deviations from three measurements
ranged from 0.01 to 0.2 % TOC.

2.2 Sediment extraction and IPL-CL-GDGT separation

Aliquots (1-2 g) of freeze-dried sediment were extracted with a modified Bligh and
Dyer procedure as described previously in Lengger et al. (2012a). The extracts were
stored at -20°C.

One aliquot of extract was directly analyzed by HPLC/ESI-MS? for intact polar
lipids (IPL) containing crenarchaeol, while another aliquot was fractionated over
a silica column in order to separate the IPL from the core lipids (CL) following
the procedure of Oba et al. (2006) and Pitcher et al. (2009b). Fractionation was
achieved over a column with 0.8 g silica gel (60 mesh) activated at 130°C overnight.
Core lipids were eluted using 6 column volumes hexane/ethyl acetate 1:1 (v/v) and
intact polar lipids using 10 column volumes MeOH. The core lipid fractions were
dried and 0.1 pg C, -GDGT internal standard (Huguet et al., 2006¢) was added. To
the intact polar lipid fractions 0.1 pg internal standard was added and an aliquot of 3
mL was transferred to a vial, dried and stored frozen for quantification of core lipids
which eluted in the intact polar lipid fraction (“carry over”). These were typically
<2% of the GDGTs present in CL fraction or 10% of GDGTs present in the IPL
fraction, and thus negligible. The remaining IPL fraction was dried and hydrolyzed
to release CL-GDGTs acc. to Pitcher et al. (2009b). This yielded the so called IPL-
derived GDGTs.

2.3 HPLC/APCI-MS and HPLC/ESI-MS? analysis

Analysis of CL-GDGTs and IPL-derived GDGTs by HPLC/APCI-MS and calcula-
tion of TEX, was carried out as described previously (Schouten et al., 2012). Re-
producibility for TEX, values is typically < 0.02, corresponding to errors of < 1 °C.
Temperatures were calculated using the calibrations according to Kim et al. (2010)

for TEX", .
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Intact polar lipids with a crenarchaeol core, i.e. monohexose (MH)-crenarchaeol,
dihexose (DH)-crenarchaeol and hexose, phosphohexose (HPH)-crenarchaeol, were
directly analyzed by HPLC/ESI-MS? using a specific selected reaction monitoring
method (SRM; Pitcher et al., 2011b). No absolute quantification was possible due
to a lack of standards. Therefore, response areas per g sediment are reported. Perfor-
mance of the ESI-MS* was monitored by repeat injections of an extract of Arabian
Sea sediment (Lengger et al., 2012b), typically after each 8 sample runs. Duplicate

injections yielded relative standard deviations of the areas on average 2%.
3 ResuLTs

Organic carbon concentrations ranged from 0.2 to 6.9 %, with a tendency to de-
crease with depth, but with large scatter (Table 1). This was also observed for concen-
trations of CL-GDGT-0, which ranged from 0.1 to 21 pg . g sed dw™', of CL-crenar-
chaeol, ranging from 0.2 to 35 pg . g sed dw”, and of the minor isoprenoid GDGTs
(minor i-GDGTs, the sum of GDGT-1, -2, -3 and crenarchaeol regio-isomer, which
are used in the TEX, ), ranging from 0.04 to 6 pg . g sed dw' (Fig. 5.2a). When
concentrations were normalized on TOC, no depth trend is observed and concen-
trations ranged between <0.1 and 0.5 pg . g C_ ' for the minor i-GDGTs, 0.2 and
1.3 for GDGT-0 and <0.1 and 2.1 for crenarchaeol. CL-GDGT-0 slightly increased
proportionally with depth (from 27 to 41 %), and crenarchaeol decreased in propor-
tion (from 61 to 47 %) (Fig. 5.2a; right panel).

IPL-derived GDGT concentrations, i.e. GDGTs released in the IPL-fraction after
hydrolytic cleavage of head groups, were consistently lower than the CL-concentra-
tions. Their concentrations also showed a tendency to decrease with depth, but again
with large scatter (Fig. 5.2b). Concentrations ranged from 0.05 to 3.2 pg . g sed dw!
for GDGT-0, 0.03 to 2.2 pg . g sed dw' for crenarchaeol, and 0.01 to 2.8 pg . g sed
dw! for the IPL-derived minor i-GDGTs. When concentrations were normalized
on TOC, no particular depth trend is observed, and concentrations ranged from
<0.01 to 0.012 for the minor i-GDGTs and crenarchaeol, and from 0.01 to 0.2 for
GDGT-0 (Fig. 5.2b). The proportion of GDGT-0 in the IPL-GDGTs was higher
than in the CL-GDGTs (38 %), and increased with depth to 52 %, while the minor
i-GDGTs decreased from 26 to 14 % and crenarchaeol from 36 to 33% %) (Fig.
5.2b; right panel).

The MH- and DH-crenarchaeol directly measured by HPLC-ESI-MS?, showed
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a general decrease in concentration with depth, from 10® down to almost 10°
area . g sed dw' for both IPL-crenarchacol species, though again with large scatter
(Fig. 5.2¢). In contrast, the concentration of HPH-crenarchaeol showed a strongly
deviating profile: It decreased rapidly with depth and was not detected anymore
below 6 mbsf. When normalized on TOC, the depth trends disappeared for both
MH- and DH-crenarchaeol, ranging between 10* and 107 area . g Cog but not for
HPH-crenarchaeol, which decreased from 107 area . g Cmg’1 to below the detection
limit (Fig. 5.2¢). The proportion of DH crenarchaeol compared to MH-crenarchaeol
decreased with depth (Fig. 5.2a; right panel).

Finally, the TEX,, of the CL-GDGTs ranged from 0.51 to 0.62 with no specific
depth trend, while that of IPL-derived GDGTs were slightly higher and ranged from
0.62 to 0.74 with a sharp decline below 102 mbsf (Fig. 5.3a).

4 Discussion
4.1 Degradation of IPL-GDGTs

Our results show that both CL- and IPL-derived GDGT-concentrations as well as
TOC were decreasing with depth, although with large scatter. The large scatter is
most probably due to the variations in depositional environment, due to the large
timescales investigated (Myr). The Peru Margin productivity is controlled by a coast-
al upwelling regime and possesses a pronounced oxygen minium zone (OMZ). The
productivity, OMZ intensity and sedimentation rate has varied over time (cf. Powell
et al., 1990; Gutiérrez et al., 2011), leading to changes in organic matter fluxes,
oxygen concentrations, oxygen exposure time and, consequently, organic carbon
preservation efficiency (cf. Hedges and Keil, 1995; Hartnett et al., 1998; Sinninghe
Damsté et al., 2002a). These different degrees of oxygen exposure time (OET) can
potentially have a large effect on both TOC as well as on the concentration of bio-
marker lipids. Indeed, upon normalization on TOC, no trend is observed and it was
apparent that the concentrations per g sed dw were mainly defined by the amounts
of organic carbon preserved in the original depositional environment (Figs. 2a-b).
The similar behavior of IPL-GDGTs as that of TOC and CL-GDGTs hints at a
fossil input, as preservation of TOC and biomarkers are both favored by the same

environmental conditions.

Direct measurements of IPL-crenarchaeol with different head groups allowed us to
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investigate the prediction of Schouten et al. (2010) on the different degradation
behavior of phospholipids versus glycolipids. At depths > 6 mbsf only glycosidic
crenarchaeol was detected, in particular the MH and DH-crenarchaeol, which is
in agreement with the results obtained by Lipp and Hinrichs (2009). However, at
shallow depths, we also detected HPH-crenarchaeol, a phospholipid which shows a
rapid decrease with depth and is undetectable below 6 mbsf, i.e. within <7 kyrs. This
confirms the prediction of Schouten et al. (2010) that HPH-GDGTs are degrad-
ed faster than IPLs with glycosidic head groups. An alternative explanation is that
HPH-crenarchaeol is simply not produced by the Thaumarchaeota living at depths
below. This, however, is unlikely, as all cultured Thaumarchaeota have been shown to
produce HPH-crenarchaeol in substantial amounts (Schouten et al., 2008; Pitcher
etal., 2010; Jung et al., 2011; Pitcher et al., 201 1¢; Sinninghe Damsté et al., 2012).
Furthermore, crenarchaeol has, until now, only been found in Thaumarchaeota per-
forming the aerobic oxidation of ammonia and not in anaerobic archaea. Aerobic
Thaumarchaeota are therefore unlikely to inhabit the anoxic, deeper sediments and
be the source of IPL-crenarchaeol. A further argument against IPL-crenarchaeol,
and other IPL-GDGTs being largely produced in the sediment, is that this would
likely alter the distribution of GDGTs in the sediment, especially at depths where a
strong archaeal contribution would be expected, i.e. in the sulfate-methane transi-
tion zones (SMTZ). However, the GDGT distribution hardly changes at depth in
the IPL-fraction (Fig. 5.2b), rendering it highly unlikely all the IPL-GDGTs are
produced in the sediment. The decrease in HPH-crenarchaeol is thus more likely due
to its fast degradation. The depth profile of HPH-crenarchaeol is in strong contrast
to that of the glycosidic crenarchaeol-IPLs, which show a behavior similar to that of
TOC and CL-GDGTs. One observation is that MH-crenarchaeol concentrations
are increasing compared to DH-crenarchaeol, possibly due to a better preservation
of the MH-crenarchaeol. The deeper sediments are also those containing the lowest
amounts of organic carbon and were likely deposited in times of low OMZ intensity
and thus subjected to longer OET. It has been shown that DH-crenarchaeol is more
labile under oxic conditions than MH-crenarchaeol (Lengger et al., 2013, chapter
6, this volume), and this could be the reason for its decrease in proportion. However,
another possibility is a change in pelagic Thaumarchaeota communities producing

relatively more MH-crenarchaeol.

Our findings have implications for the use of IPL-GDGTs as biomarkers for live
Archaea, especially for the use of glycosidic IPL-GDGTs in deeply buried sediments.
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According to our results, a large amount of these glycosidic IPLs is most probably
fossil in nature and is not representative of the actual amount of live and active ar-
chaeal cells. Rather, it is advisable to focus on IPLs with more labile headgroups such

as phospholipids as markers for living archaea and bacteria.
4.2 Impact of IPL-GDGT degradation on TEX

IPL-GDGTs in sediments are not only of importance because of their implications
for microbial ecology but also because of their application as a paleotemperature
proxy. It has previously been shown that, over short time scales, the TEX, is not
being affected by sedimentary processes on short time scales (<10 yrs) (Lengger et
al., 2012b; Lengger et al., 2013, chapter 6, this volume). However, this has not
been investigated yet over larger timescales. The TEX,, of the CL-GDGTs varied
from 0.51 to 0.62 (Fig. 5.3a), likely reflecting the substantial changes in sea surface
temperature (Schouten et al., 2002) that happened on this long time scale which in-
cludes glacial-interglacial cycles. IPL-derived GDGTs have TEX,  values higher than
the CL-GDGTs and ranged from 0.62 to 0.74 (Fig. 5.3a). This is similar to what was
observed previously in deeply buried sediments analyzed by Liu et al. (2011), includ-
ing those of the Peru Margin, and by Lengger et al. (2012b) in Arabian Sea surface
sediments. Liu et al. (2011) found a correlation between TEX,, values obtained from
IPL-derived GDGTs and CL-GDGTs, respectively. However, we did not find such
a correlation (R*=0.013; P=0.62; Fig. 5.3b). The reason for this might be the range
of TEX, values, which was relatively limited in our case (0.1 units compared to 0.4
units in the data presented by Liu et al., 2011), causing scatter to mask the cor-
relation. The higher TEX,, values of IPL-GDGTs may be due to the fact that core
lipids are not distributed evenly over the IPLs (Schouten et al., 2008; Schubotz et
al., 2009; Pitcher et al., 2010; Sinninghe Damsté et al., 2012; Lengger et al., 2012b)
showed that the higher TEX, of IPL-GDGTs versus CL-GDGTs is due to preferen-
tial degradation of HPH-GDGTs, which generally have lower TEX, values, leaving
mainly GDGTs with higher TEX_ values, such as DH-GDGTs, in the [PL-fraction.
This is probably also the case here, as only glycosidic GDGTs remain preserved in the
sediment, as shown here by the IPL-crenarchacol depth profiles, but also by others
who found only glycosidic GDGTs at depth (Lipp et al., 2008; Lipp and Hinrichs,
2009; Liu et al., 2011). Indeed, a trend to lower TEX,, values from 0.2 to 6.5 m
depth is accompanied by the disappearance of the HPH-crenarchaeol. However, the
change is relatively small, which is possibly due to the HPH-GDGTs being present
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in little amounts compared to the MH- and DH-GDGTs even in the shallow sedi-
ment at 0.2 mbsf. A rapid decline of the HPH-crenarchaeol abundance in the surface
sediments (0-24 cmbsf) of the Arabian Sea was also noted (Lengger et al., 2012b).

A strong decrease in TEX,, from 0.71 to 0.62 was observed for the IPL-derived
GDGTs but not for the CL-GDGTs between 102 and 158 mbsf (Fig. 5.3a). In this
interval, the DH-crenarchaeol concentrations were decreasing faster than the MH-
crenarchaeol concentrations (Fig. 5.2¢; Table 5.2). In fact, the proportion of DH-
crenarchaeol to summed IPL-crenarchaeol changed between these sediments from
58 to 31% and then decreased further to 7% in the deepest sediment (186 mbsf; Fig.
5.2¢). It is likely that this degradation pattern is more dependent on the head group
than on the core lipid (cf. Lengger et al., 2013, chapter 6, this volume), and thus this
proportional change in MH versus DH-head group was likely occurring in all IPL-
GDGTs. DH-GDGTs have a higher TEX,, value than MH-GDGTs in all settings
and organisms where this has been investigated (Schouten et al., 2008; Schubotz et
al., 2009; Pitcher et al., 2010; Pitcher et al., 2011¢; Sinninghe Damsté et al., 2012;
Schouten et al., 2012; Lengger et al., 2012b; Lengger et al., 2013, chapter 6, this
volume). Thus, it may well be that the change in TEX, was due to the proportional
change in DH-GDGTs versus MH-GDGTs. Indeed, a significant correlation (IPL
TEX,, = 0.63 + 0.155 x % DH; R* = 0.47; P=0.006) was observed between TEX,,
of IPL-GDGT and the % DH crenarchacol (Fig. 5.3¢c). It is thus likely that the
IPL-derived TEX,, value depends, apart from the original pelagic signature, also on
the relative degradation rates of types of IPL present. Schouten et al. (2012) found a
similar correlation in suspended particulate matter in the Arabian Sea water column,
although with a much more gradual slope (IPL-TEX,, = 0.628 + 0.0035 x %DH;
R?=0.40). A similar phenomenon was observed in the post-depositional oxidation
of marine sediment from the Madeira Abyssal Plain, i.e. the TEX,, value changed
with a changing proportion of DH-crenarchaeol (Lengger et al., 2013, chapter 6,
this volume). As stated above, though, the CL-GDGT TEX,, does not seem to be
impacted by this effect, agreeing with previous observations. It is thus likely that the
IPL-derived TEX,, value depends, in addition to the original signature, also on the

relative degradation rates of types of IPL present.

Interestingly, at ODP Site 1229 there are reports of sulfate-methane reduction zones
(D'Hondt et al., 2003) in the sedimentary column from 40 to 60 mbsf and from
70-100 mbsf . However, no major distributional changes of the GDGTs that could
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be related to a contribution of active methane oxidizing archaea could be observed
in these zones, in contrast to results obtained by Liu et al. (2011) at a range of ODP
sites, including site 1229, who did observe a distributional change in some hori-
zons of the SMTZs. Indeed, GDGT-0, produced by Thaumarchaeota, but also by
methane oxidizing archaea (which do not produce crenarchaeol) present in SMTZs,
is increasing proportionally over depth in CL-GDGTs. However, these depths are
seemingly unrelated to SMTZs. Methanotrophic archaea in the sediment we inves-
tigated thus either did not produce enough GDGTs in order to significantly change
the TEXsc’ or the SMTZ bears only an imprint on a small depth interval with most
intense AOM (cf. Weijers et al., 2011). In any case, this did not affect the GDGT
distributions in sediments underlying the SMTZ, similar to what was observed by
Weijers et al. (2011).

5 CONCLUSIONS

The analysis of deeply buried sediments retrieved from the Peru Margin showed that
HPH-crenarchaeol was rapidly degraded in contrast to other IPL-crenarchaeol spe-
cies, indicating its labile nature compared to glycosidic crenarchaeol-IPL-GDGTs,
and was reduced to amounts below detection limits within less than 7 kyr. This
higher degradability makes it a suitable biomarker for living organisms in contrast
to glycosidic IPL-GDGTs. TEX, values of CL-GDGTs did not show any obvious
depth / age trends, however, IPL-derived GDGTs showed a strong decrease of TEX,,
in the deepest/oldest sediments coinciding with low TOC values. In agreement with
previous studies, this could be due to the faster degradation of DH-crenarchaeol
compared to the MH-crenarchaeol. Indeed, DH-crenarchaeol percentages showed
a correlation with IPL-derived TEX . Differential degradation, however, in spite of
affecting IPL-derived TEX, values, does not have an impact on CL-TEX_ .
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ABSTRACT

Archaeal and bacterial glycerol dialkyl glycerol tetraether lipids (GDGTs) are used in
various proxies, such as the TEX_ and the BIT index. In live cells, GDGTs contain
polar head groups (intact polar lipids -IPL). IPL-GDGTs have also been detected in
ancient marine sediments and it is not clear if they are fossil or part of live cells. In
order to determine the extent of degradation of IPL-GDGTs over geological time
scales, we analyzed turbidite deposits, which had been partly re-oxidized for several
kyr after deposition on the Madeira Abyssal Plain. Analysis of core lipid (CL)- and
IPL-derived GDGTs showed a reduction in concentration by two orders of magni-
tude upon post-depositional oxidation, and of IPL-GDGTs with a mono- or dihex-
ose head group by 23 orders of magnitude. The BIT index for CL- and IPL-derived
GDGTs increased substantially upon oxidation from 0.1 to up to 0.5. Together with
changing MBT/CBT values this indicates a preferential preservation of branched
GDGTs over isoprenoid GDGTs combined with in situ production of branched
GDGTs in the sediment. The TEX, of IPL-derived GDGTs decreased by 0.07 units
upon oxidation, while that of CL-GDGTs showed no significant changes. Isola-
tion of IPLs revealed that the TEX, value of monohexose-GDGTs was 0.55, while
the TEX,, of dihexose-GDGTs was substantially higher, 0.70. Thus, the decrease of
the TEX,, of IPL-derived GDGTs was in agreement with the preferential preserva-
tion of monohexose-GDGTs. Due to the low amounts of IPL-GDGTs compared to
CL-GDGTS, the impact of IPL-degradation on CL-based TEX, paleotemperature

estimations is negligible.
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1 INTRODUCTION

The TEX,, (TetraEther indeX of tetraethers consisting of 86 carbon atoms) and
the BIT (Branched and Isoprenoid Tetraether) index are proxies based on archaeal
and bacterial glycerol dialkyl glycerol tetraether lipids (GDGTs). The BIT index is
based on the relative amounts of the abundant, mainly marine, isoprenoid GDGT
crenarchaeol (Fig. 6.6.1a) and branched GDGTs (br-GDGTs), which are mainly
produced in terrestrial environments (Fig. 6.1b). Thus, the BIT index is used to
quantify the relative amounts of soil contribution to the organic matter contained in
marine sediments (Hopmans et al., 2004). Proxies based on br-GDGTs are the CBT
index, based on the relative amount of cyclopentane moieties of br-GDGTs, which
is correlated to pH, and the MBT/CBT proxy, based on the degree of methylation
of br-GDGTs, which is correlated with mean annual air temperatures (MAT; Weijers
et al., 2007; Peterse et al., 2012). Lipids used for the TEX,, are isoprenoid GDGTs
(or i-GDGTs) containing different amounts of cyclopentane or cyclohexane moieties
(Fig. 6.1a), which are produced in marine environments by marine Thaumarchacota,
formerly classified as Marine Group I Crenarchaeota (Brochier-Armanet et al., 2008;
Spang et al., 2010). The TEX_, of marine suspended matter and surface sediments
has shown to be strongly related to sea surface temperature (Schouten et al., 2002;
Wuchter et al., 2005; Wuchter et al., 2006a). The TEX,, ratio has been calibrated
globally in order to enable a quantification of past sea surface temperatures (Kim et
al., 2008; Kim et al., 2010).

Isoprenoid GDGTs occur in living archaeal cells with polar head groups, such as
hexoses and phosphate groups, bound to the sn-3 hydroxyl group of the glycerol
via ester- or glycosidic bonds (Fig. 6.1c; e.g. Koga and Morii, 2005; Schouten et al.,
2008; Albers and Meyer, 2011). Upon death of the cells, most of these intact polar
lipids (IPL) are transformed into core lipids (CL) by hydrolysis of the polar head
groups (White et al., 197 9). This rapid loss of functional groups makes them suit-
able markers for living cells, in contrast to the core lipids, which can be preserved
even over geological timescales for millions of years (e.g. Kuypers et al., 2001; Jen-
kyns et al., 2012).

Surprisingly, though, when shallow to deeply buried marine sediments (0.7 to 121
mbsf) were probed for IPL-GDGTs, they were found to be present in considerable
amounts of 10 — 10 000 ng . mL"" (Lipp et al., 2008). It has been assumed that most
of those IPL-GDGTs are indicative for living cells (Biddle et al., 2006; Lipp et al.,
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2008; Lipp and Hinrichs, 2009). However, it has also been suggested that the degra-
dation rates of certain IPL-GDGTs might be lower than for bacterial phospholipids,
which could result in preservation of IPL-GDGTs over geological times (Harvey et
al., 1986; Schouten et al., 2010; Logemann et al., 2011; Lengger et al., 2012b). Har-
vey et al. (1986) investigated the degradation of eukaryotic phospho- and archaeal
glycolipids, and found no degradation of the glycolipids over 100 days, in contrast to
the phospholipids, which were derived from yeast. The reason for this may to be the
nature of the head groups, as phosphate can be a scarce resource and worth regen-
erating by lysis. Furthermore, the phosphoester bond is chemically less stable than
the glycosidic bond. Most of the IPL-GDGTs found in deeply buried sediments are
comprised of glycolipids rather than phospholipids, and it is thus possible that these
lipids are simply preserved more efficiently. Indeed, Lengger et al. (2012b), reported
the degradation of hexose, phosphohexose (HPH)-crenarchaeol (for structures see
Fig. 6.1c) to proceed within 1-2 kyrs, but found no evidence for substantial deg-
radation of monohexose (MH)- and dihexose (DH)-crenarchaeol over these time

scales. Furthermore, Schouten et al. (2012) showed that, in the Arabian Sea water
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column, HPH-crenarchaeol and DH-crenarchaeol abundances were correlated with
the abundance of genetic markers for Thaumarchaeota, in contrast to the MH-cre-
narchaeol abundance, which showed no correlation with thaumarchaeal rRNA copy
numbers. Finally, degradation experiments conducted by Logemann et al. (2011)
showed that archaeal IPL-GDGTs were hardly degraded in sediments over 100 days,
and the decay proceeded significantly slower than the degradation of bacterial and
eukaryotic ester lipids, which decayed within weeks. However, these degradation
rates were independent from the head group and were low for both phospho- and
glyco-etherlipids. Thus, it is not clear how degradation rates of IPL-GDGTs differ

from each other especially over time scales of thousands of years.

While studies on the degradation of IPL-GDGTs have hardly been undertaken, deg-
radation of CL-GDGTs has been investigated in more detail, with the focus on
comparing anoxic and oxic depositional settings. Sinninghe Damsté et al. (2002a)
found differences in concentrations of GDGTs, when anoxically and oxically depos-
ited sediments were compared in cores from a sea mount in the Arabian Sea, while
Schouten et al. (2004) examined the GDGT-distribution in the same sediments and
found no effect of the depositional environment on TEX, , values. Kim et al. (2009)
also found no impact on the TEX,, when anoxically deposited, organic-rich sedi-
ments were exposed to oxygenated waters for one year. However, a study that used
140 kyr old sediment from Madeira Abyssal Plain (MAP) turbidite deposits, found a
substantial effect of a post-depositional oxidation event that lasted for 10 kyrs on the
GDGT distributions (Huguet et al., 2008; Huguet et al., 2009). The sedimentary
sequence on the MAP is characterized by massive distal turbidite deposits (Buckley
and Cranston, 1988). They are comprised of organic-rich sediment deposited in a
low oxygen zone on the shelf, which is completely mixed during transport within
the turbiditic current and, following deposition in the deeper, oxygenated part of the
ocean, oxidized by a slowly downward moving oxidation front (De Lange, 1992).
Oxidation results in a decrease of the biomarker lipid concentrations by up to two
orders of magnitude (Cowie et al., 1995; Prahl et al., 1997; Cowie et al., 1998; Hoefs
etal., 2002). Indeed, Huguet et al. (2008) found a substantial decrease in all GDGT
concentrations across oxidation fronts, but also observed the preferential degradation
of isoprenoid over branched GDGTs. This resulted in a substantial increase of the
BIT index across these fronts. Huguet et al. (2008) attributed the enhanced preserva-
tion of branched GDGTs to the difference in matrix protection or to the lower initial

reactivity (as described by Middelburg, 1989) of soil organic matter, which had been
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transported over longer distances before deposition. Both increases and decreases of
the TEX,, were detected upon oxidation of the CL-GDGTs (Huguet et al., 2009),
which was attributed to enhanced preservation of terrestrial isoprenoid GDGTs, of
variable composition. For IPL-GDGTs, however, the effect of post-depositional oxi-

dation has not been examined yet.

Here, we investigate the long-term (10 kyrs for the f-turbidite; Buckley and Crans-
ton, 1988) effects of post-depositional oxic degradation on the distribution of IPL-
GDGTs and compared them to the effects on CL-GDGTs. We analyzed CL-and
IPL-GDGT concentrations, and TEX,, BIT, and MBT/CBT index values in both
the oxidized and unoxidized part of a freshly cored MAP f-turbidite deposit. The
results were used to examine the differential degradation of IPL-GDGTs and their
effect on the GDGT based indices.

2 MATERIALS AND METHODS
2.1 Sampling

The core (MAP-1) was taken during cruise JCR209 onboard the R/V James Clark
Ross in September 2007 using a piston corer. Sampling location was the Madei-
ra Abyssal Plain (MAP), in the Eastern North Atlantic, at coordinates 31°26.8'N
024°48.8"W in proximity to well-studied turbidite deposits (De Lange, 1992; Cowie
etal., 1995; Prahl et al., 1997; Cowie et al., 1998; Hoefs et al., 2002; Huguet et al.,
2008; Huguet et al., 2009). The f-turbidite is a > 140 kyrs old, approximately 4
m-thick, organic-matter rich turbidite at ca. 10-12 mbsf, with 40-50 cm of oxidized
sediment on top of the unoxidized turbidite, equivalent to ca. 10 kyrs of oxida-
tion (Buckley and Cranston, 1988). It was labeled “f” (Weaver and Kuijpers, 1983;
Weaver et al., 1989) for being one turbidite deposit in a series of turbidite deposits
of varying organic content. Based on these previous studies, the f-turbidite was ex-
pected at ~10 m core depth at our coring location. The recovered, ca. 12 m long,
piston core was cut in half and inspected visually for differences in sediment color
and type. The sections most likely containing the f-turbidite were sub-sampled in
2-20 cm resolution from 9 to 12 m core depth on board of the ship. Samples were

stored in geochemical bags and kept frozen at 20°C until analysis.
2.2 Particle size analysis

Twenty nine samples from 9 to 12 m core depth were analyzed for particle-size dis-
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tributions, after isolation of the terrigenous fraction (cf. McGregor et al. 2009). For
removal of the organic carbon and CaCO,, approximately 500 mg sediment was
boiled in 10 mL 35% H,O, until the reaction ceased and excess H,O, disintegrated
into H,O and 0O, then in 10 mL of 10% HCI for 1 min in order to remove the
CaCO, and diluted ten times twice with H,O to neutral pH. Immediately prior to
particle-size analysis, the organic matter- and carbonate-free sediment was boiled
with 300 mg of the soluble salt sodium pyrophosphate (Na,P,0,.10H,0) to ensure
disaggregation of all particles. The particle size of the non-soluble fraction was con-
sequently analyzed in degassed H,O using a Beckmann-Coulter Laser Particle Sizer
L5230 which measures particle size from 0.04 — 2000 pm and describes them with

116 size classes.
2.3 Total organic carbon content

Freeze-dried and homogenized sediments were analyzed for total organic carbon
content (TOC). An aliquot of freeze-dried sediment was decalcified (overnight, 2N
HCI) and subsequently washed with bidistilled H,O. H,O was removed by freeze-
drying. The TOC of the sediments was measured on a Flash EA 1112 Series (Thermo
Scientific) analyzer coupled via a Conflo II interface to a Finnigan Delta™ mass
spectrometer. The TOC reported is the average of duplicate measurements, with
standard deviations < 0.2% of TOC.

2.4 XRF scanning

The inorganic geochemical composition of the samples was analyzed using a Avaat-
ech XRF core scanner (Tjallingii et al., 2007). The XRF Core Scanner uses energy-
dispersive fluorescence radiation to measure the chemical composition of the sedi-
ment as element intensities in counts s” in a non-destructive way. Loosely packed
sediment samples were prepared for XRF scanning by pressing about 4 g freeze dried
powder into a sample cup without additional binder and were covered with SPEX-
Certi Ultralene® foil. XRF measurements were conducted at 10 and 30 kV using a
count time of 10 s, which covers the elements Aluminum (Al) through to Zircon
(Zr). The 30 kV run was performed in combination with a Pd-thin filter to suppress
the background bremsstrahlung that originates from the primary X-ray source and
increases with the applied source current. The element intensities of 13 elements (Al,
Ca, Cl, Fe, K, Mn, S, Si, Ti, Br, Rb, Sr, Zr) were transformed into centered-log ratios

(CLR), which are represented by the logarithm of the raw data after normalization
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by the geometric mean (Aitchison, 1981). This transformation avoids misinterpreta-
tions resulting from the constant-sum constraint that is embedded in compositional
data sets, and allowing application of multivariate statistics in a meaningful way
(Weltje and Tjallingii, 2008). Statistical analysis was carried out by application of
principal component analyses (PCA) and K-means clustering of the CLR correlation

matrix using the open source software PAST.
2.5 Lipid extraction and IPL/CL separation

Lipids were extracted with a modified Bligh-Dyer extraction method as described in
Lengger et al. (2012a). One aliquot of the extract was used directly for analysis of
IPL-GDGTs via HPLC/ESI-MS?, and another one was used for separation of IPL-
GDGTs from CL-GDGTs over an SiO, column according to Pitcher et al. (2009b).
To both the IPL and the CL fraction, 0.1 pg of internal GDGT standard C,, was
added (cf. Huguet et al., 2006¢). The IPL fraction was hydrolyzed under reflux in
5% methanolic HCI to yield the IPL-derived GDGTs, which were extracted 3 times
from the aqueous phase with DCM (cf. Pitcher et al., 2009b). CL- and IPL-derived
GDGT concentrations were subsequently analyzed via HPLC/APCI-MS and ar-
eas were normalized to the internal standard. The standard was corrected for the
difference in relative response to crenarchaeol using a C, /crenarchaeol 1:1 (wt:wt)

mixture.
2.6 HPLC/APCI-MS and HPLC/ESI-MS?

CL- and IPL-derived GDGTs were analyzed by HPLC/APCI-MS as described previ-
ously (Schouten et al., 2007). TEX, values and the corresponding sea-surface tem-
peratures were calculated according to the TEX",  calibration of Kim et al. (2010)
and typically show standard deviations below 0.02 TEX,,. CBT and MBT values,
and temperatures derived from it, were determined according to the method de-
scribed by Weijers et al. (2007). HPLC/ESI-MS? in selected reaction monitoring
(SRM) mode as described by Pitcher et al. (2011b) was used to analyze selected
IPL-GDGTs. IPL-GDGTs monitored were monohexose (MH)-crenarchaeol, di-
hexose (DH)-crenarchaeol, hexose, phosphohexose (HPH)-crenarchaeol. HPH-
crenarchaeol was detected in levels just above the detection limit and was therefore
not quantified. Signal stability was monitored using a lipid extract of Candidatus
Nitrososphaera gargensis (Pitcher et al., 2010) that was injected every 8 runs. Quan-

tification of IPL levels was done using results from the preparative HPLC. In order
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to determine concentrations in ng per gram sediment dry weight (ng . g sed dw™),
the average MS response peak area measured in the unoxidized sediment (1111.5
cmbsf, 1136.5 cmbsf, 1147.5 cmbsf, 1161.5 cmbsf) was divided by the actual con-
centrations measured by semi-preparative HPLC of crenarchaeol, which yielded a
correction factor (8.0 . 107 ng . area™ for MH-crenarchaeol and 1.3 . 10° ng . area™
for DH-crenarchaeol), allowing us to determine the concentrations from the SRM

areas measured. All concentrations given are per g sediment dry weight (g sed dw).
2.7 Semi-preparative HPLC

In order to isolate IPL-GDGTs, semi-preparative HPLC was used as described by
Schouten et al. (2008) and Lengger et al. (2012b). A mix of Bligh Dyer extract of
four samples (1111.5 cmbsf, 1136.5 cmbsf, 1147.5 cmbsf, 1161.5 cmbsf) of 0.7
g sediment each, of the unoxidized f-turbidite, was separated on an Agilent (San
Jose, CA, USA) 1100 series LC with an Inertsil diol column (250 by 10 mm; 5
pm particles; Alltech Associates Inc., Deerfield, IL) at a flow rate of 3 mL . min™
and identical mobile phase and gradient as for intact polar lipid LC/MS? analysis
(see above and Pitcher et al., 2011b). Fractions of 3 mL were collected and subse-
quently measured with Flow Injection Analysis using ESI-MS* in SRM mode at
the same conditions as the analytical SRM, monitoring the same transitions. Injec-
tion solvent was a mixture of 60% A and 40% B with A being hexane/isopropanol/
formic acid/14.8M aqueous NH, (79:20:0.12:0.04, vol/vol/vol/vol) and B being
isopropanol/water/formic acid/14.8 M aqueous NH, (88:10:0.12:0.04, vol/vol/vol/
vol). The fractions containing the MH-GDGTs were combined, as well as the DH-
GDGTs. No other IPL-GDGTs were present in detectable amounts. Fractions were
acid-hydrolyzed and the MH- and DH-derived GDGTs were analyzed via HPLC/
APCI-MS as described above.

3 RESULTS AND DISCUSSION
3.1 Sedimentology and location of the f-turbidite

The total organic carbon (TOC) content in the sampled core section from 1162
up to 905 cmbsf was high: on average 2.6 + 0.08% (Fig. 6.2b). TOC content de-
creased sharply above 1111.5 cmbsf, revealing the oxidation front, and stayed low
(0.3%) up to 1024.5 cmbsf (oxidized turbidite, covered by hemipelagic sediments),
above which the TOC content increased again to 1.1 — 1.8%. This pattern in TOC
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indicates that the sampled section contained two turbidites which, based on their
depth in the core, were likely the unoxidized and oxidized f- and the unoxidized e-
turbidite, respectively (cf. Weaver and Kuijpers, 1983; Buckley and Cranston, 1988;
Weaver et al., 1989).

The stratigraphy of core MAP-1 was established using grain-size as well as XRF anal-
yses. Particle-size analysis showed uniform mean modal sizes (MMS) of 5.8 pm up
to 1070.5 cmbsf, followed by a decrease to 3.3-4.0 pm between 1070.5 and 1044.5
cmbsf, and a substantial increase to 16-20 pm between 1034.5 and 1019.5 cmbsf
(Fig. 6.2b). At 999.5 cmbsf and above, MMS were uniformly 4.4 pm. Statistical
interpretation of the XRF data was obtained by application of principal-component
analyses (PCA) and K-means clustering of the CLR correlation matrix (Fig. 6.2a).
The bi-plot of the PCA analysis shows that PC1 and PC2 explain 79% of the total
variance and reveal the reciprocal correlation of the individual elements (Fig. 6.2a).
Ratios of elements were selected based on the anti-correlation indicated by the bi-
plot (Ca/Si, Ti/Al and Br/Ti, Fig. 6.2a) and were plotted versus depth (Fig. 6.2b).
The PCA scores of the data are distributed in mainly four clusters that correspond
to the different stratigraphic units of core MAP-1 (Fig. 6.2b). This revealed that all
samples of cluster 1 are characterized by relatively low Ti/Al ratios, high Ca/Si and
Br/Ti ratios, as well as a relatively high TOC content. Contrary, samples of cluster 4
are characterized by high Ti/Al ratios and low Ca/Si and Br/Ti ratios. All ratios are
relatively low for the samples of cluster 3, whereas the ratios of cluster 2 fit in be-
tween the values of cluster 1 and 3 suggesting that the samples of cluster 2 represent

a mixture of clusters 1 and 3.

The base of the e-turbidite was clearly identified by the abrupt increase of the MMS
between 999.5 and 1044.5 (Fig. 6.2b). Turbidites are characterized by a coarse-
grained base that is overlain by a fining- upward sequence, which follows the se-
quence of depositional changes during and after these events (Bouma, 1962). This
is visible in Fig. 6.2b for the e-turbidite, where there are four samples with a grain
size above 15 pm MMS. The three deepest samples of the base of the e-turbidite
have the highest Ti/Al ratio (cluster 4) suggesting relatively high amounts of heavier
Ti-bearing minerals and relatively low amounts of Al-bearing clay minerals. Above
the base of the e-turbidite, fine-grained, organic-matter rich sediments representing
the unoxidized e-turbidite are present (cluster 1; below 1115 cmbsf). Below the base

of the e-turbidite we expected, in accordance with the observations of Buckley and
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Cranston (1988), a mixture of hemipelagic sediment and the oxidized part of the
f-turbidite that can be up to several decimeters thick. The sediment of cluster 3 is
situated between the oxidized f- and the base of the overlaying e-turbidite, and has
a low TOC content that is characteristic for hemipelagic sediments. The gradual
changes from oxidized f-turbidite (cluster 2) to hemipelagic sediment (cluster 3)
reflected by the Ca/Si, Ti/Al and Br/Ti ratio profiles between 1044.5 and 1076.5
cmbsf (Fig. 6.2b) suggest mixing of turbidite and hemipelagic sediments by biotur-

bation.

Thus, to investigate the impact of post-depositional oxidation, we analyzed IPL- and
CL-GDGTs in sediments from 1162 to 1076 cmbsf depth, representing the unoxi-
dized and oxidized f-turbidite without the interference of hemipelagic sedimenta-
tion. Based on the TOC profile the boundary between the oxidized and unoxidized
part of the f-turbidite was set at ca. 1105 cmbst.

3.2 Oxic degradation of branched GDGTs - CL and IPL

Branched GDGTs were present in low concentrations relative to isoprenoid GDGTs,
as commonly observed in open marine sediments (Schouten et al., 2013 and refer-
ences cited therein). In the oxidized part of the turbidite deposit, these concentra-
tions decreased by two orders of magnitude, i.e. from 90 to 4, and 30 to 1 ng . g sed
dw for the CL and IPL fraction, respectively (Figs. 3a b; Table 6.1). These changes
occurred gradually over the oxidation front (Figs. 3a and b). Based on the concentra-
tions, we can calculate preservation efficiencies of individual GDGTs, i.e. the con-
centration of a GDGT in the oxidized part of the turbidite (average of 1076.5 to
1095.5 cmbst) as a percentage of the average concentration in the un-oxidized part
(average of 1111.5 to 1161.5 cmbsf; cf. Sinninghe Damsté et al., 2002a; Hoefs et al.,
2002). Preservation efficiencies were 4% for CL and 3% for IPL-derived br-GDGTs,
which was less than reported by Huguet et al. (2008), who found 8% of the CL-
GDGTs preserved in the sediment which had been subjected longest to oxic condi-
tions. For comparison, the preservation efficiency of TOC was 10% (20% in the f-
turbidite of Huguet et al., 2008). This suggests that the oxidized interval analyzed by
Huguet et al. was subjected less to oxic conditions, although the interval of oxidized
sediment examined here was of the same thickness (20 cm + 10 cm transition). Both
IPL-derived and CL-br-GDGTs were seemingly preserved to a significant extent in
this f-turbidite. This is remarkable since IPLs are generally considered to be labile

components that transform rapidly into CL upon cell lysis.
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In general, branched GDGTs are assumed to derive from terrestrial sources, mainly
soil organic matter (e.g. Hopmans et al., 2004; Weijers et al., 2009; Peterse et al.,
2011; Smith et al., 2012). However, br-GDGTs have been shown to be in situ-pro-
duced in small amounts in marine sediments as well (Peterse et al., 2009). Indeed,
their presence in the IPL-derived fraction could indicate that they are, in part, pro-
duced in situ. For the turbidite deposits, this could mean that the br-GDGTs were
either produced in situ in the original shelf sediments or that they were produced
after deposition of the turbidites on the abyssal plain. In order to obtain clues about
their origins, we determined the MBT and CBT values of the CL-GDGTs. Unfor-
tunately; this was not possible for the IPL-fraction due to their low abundance and
limited amount of material. Interestingly, the CBT of CL-br GDGTs in the unoxi-
dized section was relatively low (0.01-0.03; Fig. 6.3¢), corresponding to a relatively
high pH of 8.8, using the Weijers et al. (2007) calibration. Such a distribution has
been interpreted as characteristic for br GDGTs that are produced in situ in marine
sediments (Peterse et al., 2009) since the pH of soil is typically much lower and such
a high pH would fit with the pH of pore waters of shallow marine sediments. The
MBT values in the unoxidized turbidite were 0.28-0.29 (Fig. 6.3d), and the mean
annual air temperature (MAT) calculated from the MBT/CBT using the Weijers et
al. (2007) calibration was relatively low, i.e. 8.2 — 8.4°C (Fig. 6.3¢). This would also
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be consistent with a dominant origin of these br-CL-GDGTs from in situ-produc-
tion in the sediment, most probably at the continental shelf, before the sediment was
transported to the abyssal plain by the turbidite. In the oxidized turbidite deposits,
the br-GDGT distribution gradually changed to yield a higher CBT value (0.3, cor-
responding to pH 7.9) and a higher MBT (0.35-0.45), resulting in higher calculated
MAT:s (9-13°C). In combination with the observed substantial decrease in the con-
centration of the br-GDGTs (Figs. 3ab), this suggests that the CBT and MBT values
changed due to preferential degradation of a group of br-GDGTs with a different
provenance. In addition to br-GDGTs produced in situ on the shelf, br-GDGTs
derived of continental soil, brought into the marine environment by fluvial trans-
port, could also be present in the sediment. These terrestrial GDGTs would likely be
characterized by a higher CBT and MBT, reflecting a lower pH and a higher MAT,
as they would be derived from subtropical northwestern African soils. Therefore, the
compositional changes in the CL-br-GDGTs could be explained by selective preser-
vation of terrestrial over marine br-GDGTs. Such an enhanced preservation could
be due to a better protection by the inorganic soil matrix they are embedded in (Keil
etal., 1994). Terrestrial organic matter, having endured long-distance transport, has
been exposed to oxic degradation over a longer time than the marine material and
the remaining compounds are thus relatively well protected from degradation. This

was defined as a lower “initial reactivity” of the terrestrial organic matter by Mid-

delburg (1989).

Intriguingly, the IPL-derived br-GDGTs were preserved to an almost similar degree
as the CL (Table 6.1). This seems irreconcilable with the idea that IPL-GDGTs are
more labile than CL-GDGTs and would suggest a similar higher degree of preser-
vation of IPL-derived GDGTs compared to CL-GDGTs. To investigate the prov-
enance of these GDGTs, we determined their distribution as well. However, as con-
centrations of many of the GDGTs were too low to accurately determine MBT
and CBT values, we used the fractional abundance of the dominant GDGTs, i.e.
br-GDGT 1, II and III. The fraction of br-GDGT I, fbrrGDGTI
of br-GDGT I divided by the sum of br-GDGT I, II and III; for structures see Fig.
6.3b), was used as an indicator for distributional changes. The f . . of the IPL-
derived GDGTs increased from 0.40 to 0.55, which is a substantial change, though
less than observed for the CL-GDGTs (Fig. 6.3¢). This is consistent with a shift to

a predominantly terrestrial provenance of IPL- br-GDGTs in the oxidized turbidite

(i.e., the concentration

deposit, i.e. a higher fractional abundance of br-GDGT I corresponds with higher
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MAT values (Weijers et al., 2007) consistent with northwest African air tempera-
tures. The less-pronounced increase compared to the CL-br-GDGT is likely due to
production of IPL-br-GDGTs during exposure of the turbidite sediment to oxygen-
ated conditions, which would have a “marine” distribution, thus causing a less strong

increase in f, . ..

3.3 Oxic degradation of isoprenoid GDGTs — CL and IPL

In the unoxidized section of the f-turbidite, isoprenoid CL-GDGT concentrations
were between 4-6 pg . g ' for the most abundant GDGTs, i.e. GDGT-0 and crenar-
chaeol, with lower amounts for the minor isoprenoid GDGTs (i-GDGTs), used for
determination of the TEX,, i.e. summed concentrations were 1.5-1.7 pg . g ' (Fig.
6.4a; Table 6.1). IPL-derived GDGTs had much lower concentrations, from 0.1-0.2
pg. g sed dw' for GDGT-0 and crenarchaeol and 0.5 and 1.0 ng . g sed dw! for the
minor i-GDGTs (Fig. 6.4b; Table 6.1). In the oxidized part, these concentrations
decreased by two orders of magnitude, i.e. to 13 ng . g sed dw™' for the CL-GDGT-0
and crenarchaeol, and 4 ng . g sed dw for the sum of the minor i-GDGTs (Fig. 6.4).
IPL-derived GDGTs were reduced in the oxidized section by at least two orders of
magnitude as well. Concentrations in the oxidized part were 2.5 and 0.7 ng. g sed
dw! for crenarchacol and GDGT-0, and 0.5 and 1.0 ng . g sed dw for the minor
i-GDGTs. These changes initially occurred abruptly and then more gradually over
the first 10 cm of the oxidation front (Fig. 6.4).

The preservation efficiencies for isoprenoid CL-GDGTs were 0.25-0.31% and 0.41
to 1.8% for IPL-derived isoprenoid GDGTs, substantially lower than for TOC and
branched GDGTs (Table 6.1). These results are similar to what was reported previ-
ously by Huguet et al. (2008) for the f-turbidite, i.e. the branched CL-GDGTs were
preserved more efficiently than the isoprenoid CL-GDGTs (0.2% for crenarchaeol
versus 7% for br-GDGTs in Huguet et al., 2008). This is likely due to the much larg-
er contribution of terrestrially sources to branched GDGTs compared to i-GDGTs.
Surprisingly, preservation efficiencies were slightly higher for IPL-derived isoprenoid
GDGTs than for CL-GDGTs, though still substantially lower than those of TOC
(Table 6.1). Most likely, the same explanation as for branched GDGTs can be ap-
plied here, i.e. in situ-production of a small amount of IPL-GDGTs in the oxidized
sediment by sedimentary Thaumarchaeota. These likely function by aerobic oxida-
tion of ammonia (Kénneke et al., 2005; Wuchter et al., 2006b; de la Torre et al.,
2008; Walker et al., 2010; Tourna et al., 2011) and thus, when oxygen was supplied
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to the sediments, and ammonium is formed from the oxidation of organic matter,

these Thaumarchaeota could have thrived and produced IPL-GDGTs.

To examine the oxic degradation and potential production of individual isopren-
oid IPL-GDGTs, we performed direct analysis of IPL-crenarchaeol. Analysis of the
unoxidized sediment showed the presence of two main intact polar lipid species,
MH- and DH-crenarchaeol, while no HPH-crenarchaeol was detected. This distri-
bution is different from the distribution found in cultures, where HPH-crenarchaeol
is always present (Schouten et al., 2008; Pitcher et al., 2010; Pitcher et al., 2011¢;
Sinninghe Damsté et al., 2012) but is similar to that of IPLs found in deeper marine
sediments (Biddle et al., 2006). The absence of HPH-crenarchaeol is probably due
to the higher lability of this IPL-GDGT, as shown previously for the Arabian Sea,
where degradation in surface sediments occurred within a few cm (Lengger et al.,
2012b). This was also predicted by theoretical modeling (Schouten et al., 2012). As

direct quantification is not possible via SRM due to the lack of authentic standards,
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Table 6.2. Concentrations in the unoxidized part of the turbidite of MH- and DH-GDGTs and
their sums, isolated by preparative HPLC, and the average of IPL-derived GDGTs isolated by silica

column. Concentrations are reported in ng per g sediment dry weight.

GDGT-0 GDGT-1 GDGT-2 GDGT-3 Cren Cren’ Total TEX

86

MH 113 9.7 7.2 1.6 80.9 34 216 0.55
DH 18.9 10.7 15.0 3.6 10.0 6.0 644  0.70
Sum 132 20.5 22.2 52 91.0 9.3 280 0.64
IPL-derived 188 41.0 45.3 10.6 175 19.1 479 0.64

we used semi-preparative HPLC of a composite sample of the unoxidized sediment
to isolate the MH- and DH-GDGT fractions, which were subsequently hydrolyzed
and quantified via the derived GDGTs quantified, through comparison to an inter-
nal standard. These results were then used for indirect quantification of the other
turbidite samples (see section 2, Material and Methods). The MH- and DH-crenar-
chaeol concentration in the unoxidized sediments showed little variation (ca. 80 ng .
g sed dw' for MH-crenarchaeol and ca. 10 ng . g sed dw' for DH-crenarchaeol) but
were substantially lower in the oxidized sediment (on average 1.0 and 0.01 ng . g sed

dw for the MH- and DH-crenarchaeol; Table 6.2; Fig. 6.5).

The preservation efficiency of MH-crenarchaeol (1.3%) was substantially higher
than that of DH-crenarchaeol (0.1%) and was also higher than that of CL- and IPL-
derived crenarchacol. Contrastingly, the DH-crenarchaeol exhibited lower preserva-
tion efficiency than CL-crenarchaeol, suggesting it is more labile, as would be expect-
ed for an IPL. The reasons for the high preservation efficiency of MH-crenarchaeol
could be a higher chemical stability of the MH-crenarchaeol than that of DH- and
CL-crenarchaeol. However, this seems unlikely as functionalized compounds should
be more readily degradable than CL-GDGTs. It is also possible that the MH-cre-
narchaeol is partially derived from DH-crenarchaeol, when only one hexose-group
is cleaved off, resulting in a MH-crenarchaeol. Another possibility is that MH-cre-

narchaeol is produced in situ by sedimentary archaea in the oxygenated sediments,

127



128

Chapter 6

1060 - —O— MH-crenarchaeol
—e— DH-crenarchaeol
1080 - o
Oxidized
% f-turbidite
Q -
g 104 T~
2 Unoxidized
§ 1120 A f-turbidite
[a)
1140 A
1160 A
1180 - T T T T T 1
2 4 7
10 10° 10 10° 10° 10

Conc IPL crenarchaeol
[ng.gseddw-1]

Figure 6.5. Concentrations (in ng . g sed dw') of monohexose-(MH-) and dihexose-(DH-) crenar-

chaeol. Note the log scale.

and in particular Thaumarchaeota, which thrive in oxic marine surface sediments
(Francis et al., 2005; Roussel et al., 2009; Wang et al., 2010; Cao et al., 2011; Moes-
eneder et al., 2012). This relatively small in situ production of MH-crenarchaeol in
the oxidized part of the sediment, would lead to a smaller than expected decrease in
the amount of MH-crenarchaeol, but would also require that these Thaumarchaeota
would only produce MH-crenarchaeol and no DH-crenarchaeol. This seems un-
likely as sedimentary and soil Thaumarchaeota are synthesizing GDGTs with MH-,
DH- and HPH-head groups in enrichment cultures (Pitcher et al., 201 1¢; Sinninghe
Damsté et al., 2012) and in surface sediments (Lengger et al., 2012b). Most likely,
part of the MH-crenarchaeol, and to a minor extent DH-crenarchaeol, stems from
terrestrial sources, which results in enhanced preservation as discussed above for the
branched GDGTs. If so, soil Thaumarchaeota would produce more MH- compared
to DH-crenarchaeol, in contrast with results reported from enrichment cultures
(Sinninghe Damsté et al., 2012) as well as the presence of MH-, DH- and HPH-cre-
narchaeol in riverine SPM in the Amazon (Zell et al., 2013). Nevertheless, up to now
there has been no quantitative, detailed survey of IPL-GDGTs in terrestrial organic
matter or riverine SPM and thus it is difficult to evaluate this hypothesis. As for the

br-GDGTs, a combination of a small amount of in situ production of IPL-GDGTs,
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Figure 6.6. CL- and IPL-derived BIT and TEX,, values of the f-turbidite across the oxidation front.

and the preferential degradation of marine over terrestrial organic matter, can be

regarded as the causes for the apparent enhanced preservation of MH-crenarchaeol.

3.4 Effect of post-depositional oxidation on the MBT/CBT, BIT index and
TEX, proxies

As stated above, the MBT/CBT proxy is affected by the oxidation and values are
changing for the CL-GDGTs to, presumably, more terrestrial values. The MBT/
CBT of IPL-derived GDGTs could not be determined due to limited material; how-
ever, we did show that oxidation causes a substantial change in distribution of the
branched GDGTs I, II and III (Fig. 6.3g). The BIT-index increased strongly with
increasing level of oxidation, from on average of 0.01 for the CL in the unoxidized
section to 0.2 in the oxidized section and from 0.1 in the unoxidized sediment to as
high as 0.5 for the IPL-derived GDGTs in the oxidized part (Fig. 6.6ab). The results
for the core lipids agree with those of Huguet et al. (2008). Over the oxidation front,
a gradual increase of BIT-index is observed, associated by the decrease in concentra-
tion, indicating that the increase in BIT-index is only occurring upon substantial
degradation. Intriguingly, this effect is stronger for the IPL-derived BIT (increase
by 0.6 units) than for the CL-BIT (increase by 0.3 units). The higher BIT-index for
IPL-derived GDGTs could be due to either enhanced preservation of br-GDGTs
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over crenarchaeol, or in situ production of br-GDGTs in the oxidized part of the

turbidite, as discussed above.

The TEX,, values of the CL-GDGTs showed hardly any changes across the oxida-
tion front, despite the large drop in concentrations of CL-isoprenoid GDGTs (Fig.
6.6¢), and were always lower than the TEX  of the IPL-GDGTs (0.53; Fig. 6.6d).
This partially agrees with the results obtained by Huguet et al. (2009), who observed
an increase in TEX, in the f-turbidite upon oxidation, but not for all other turbi-
dite deposits. In contrast to the CL, the TEX, of the IPL-derived fraction strongly
decreased by ca. 0.07 across the oxidation front from 0.64 to 0.57. One reason why
the TEX,, of IPL-derived GDGTs changed could be the observed preferential deg-
radation of the DH-GDGTs compared to the MH-GDGTs as discussed above (Fig,.
6.5). It has previously been shown that the ring distribution and, thus, TEX,, of
IPLs varies with head group in thaumarchaeal cultures and marine sediments (Sin-
ninghe Damsté et al., 2012; Lengger et al., 2012b). In order to examine the impact
differential degradation could have on the TEX, , MH- and DH-GDGT fractions
were isolated by semi-preparative HPLC from a combined sample of the unoxidized

f-turbidite. This resulted in a TEXSG value of 0.55 for the MH-GDGTs, and a TEXSG

% DH-crenarchaeol

—A— Calculated TEXss 0 4 8 12
1060 - —®— Measured TEXgg —tt
1080 +
Oxidized
= f-turbidite
£ 1100 4
& Unoxidized
< .1
§ 1120 4 f-turbidite
[a)
1140 +
1160 -
1180 - r T T T T T T T T
052 054| 056 0.58 0.60 062 064 066 068 00
TEX gg
TEX,, monohexose TEX,, dihexose

Figure 6.7. TEX, values calculated from the relative proportions of MH- and DH-GDGTs com-
pared to the measured TEX, values of IPL-derived GDGTs, acc. to Eq. 1; and the proportion of

130 DH-crenarchaeol of total (MH+DH) IPL-derived crenarchaeol.
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value of 0.70 for the DH-GDGTs (Table 6.2), with a weighted average TEX,, value
of 0.64. This is consistent with results from thaumarchaeal cultures, which show
that MH- and HPH-GDGTs have a higher contribution of GDGT-1, while DH-
GDGTs consist mainly of GDGT-2, -3 and -4 (Schouten et al., 2008; Pitcher et al.,
2011c¢; Sinninghe Damsté et al., 2012). Considering the substantial differences in
TEX,, values of MH- and DH-GDGTs (0.15), the proportional decrease of DH-
GDGTs compared to MH-GDGTs in the oxidized part of the turbidite (Fig. 6.5;
Fig. 6.6), should result in a shift of TEX, . To test this hypothesis, we calculated
the theoretical TEX values based on the concentrations of MH-derived and DH-
derived GDGTs measured by prep-HPLC for the unoxidized turbidite (GDGT,
and GDGT,,

DH-crenarchaeol, f, ., as determined by SRM measurements:

respectively) and the proportion of MH- versus the sum of MH- and

TEXgecheor
B (GDGT — 2py + GDGET — 35 + Cren’sew) * fun + (GDGT — 25 + GDGT — 3py + Cren’ pg) = (1 — farw)
T (GDGT — 14z + GDGT — 23453 + GDGT — 3pq5 + Cren’su) * fagm + (GDGT — 1pg + GDGT — 2pps + GDGT — 3pg + Cren’ pp) * (1 — fur)

(Eq. 1)

Using Eq. 1, a decrease of the TEX, from 0.64 to 0.56-0.57 upon oxidation is pre-
dicted due to the changing proportion of MH-GDGTs compared to DH-GDGTs
(Fig. 6.7), which is similar to the measured IPL-derived TEX,, values (Fig. 6.5; Table
6.2). Thus, the change in I[PL-derived TEX_, can be explained by the apparent rela-
tively larger preservation of MH-GDGTs, compared to DH-GDGTs.

Apparently, the degradation and in situ production of IPL-GDGTs has no influence
on the TEX, of CL-GDGTs. It is possible that IPL-GDGTs are degraded com-
pletely and do not accumulate as CL-GDGTs. However, the amounts of isoprenoid
IPL-derived GDGTs are small compared to the respective CL-GDGTs (36% in the
unoxidized sediment, Table 6.1). It is thus likely that the IPL-GDGTs are present
in too small amounts to significantly influence the CL-TEX,,, which is the value

ultimately used for paleotemperature estimations.
4 CONCLUSIONS

Both CL- and IPL-GDGTs were strongly degraded upon post-depositional oxida-
tion of the organic-rich f-turbidite from the Madeira Abyssal Plain. Degradation
patterns revealed that terrestrial GDGTs were better preserved while marine GDGTs

seemed to be relatively more labile, resulting in changes in the BIT index upon

131



132

Chapter 6

oxidation, in line with previous studies. Surprisingly, IPL-GDGTs were equally well
or better preserved upon oxidation than CL-GDGTs. Also the directly measured
IPL MH-crenarchaeol was preserved better than the CL-crenarchaeol. Since MH-
GDGTs showed lower TEX,, values than DH-GDGT, this preferential preservation
resulted in changes in TEX, of the IPL-derived GDGTs. However, the TEX, of
CL-GDGTs, ultimately used in paleotemperature estimations, was not affected by
post-depositional oxidation, most likely due to the small amounts of IPL-GDGTs
compared to CL-GDGTs (<10%). Contrastingly, there were large changes occurring
upon oxidation in the BIT values, and also changes in the MBT/CBT, suggesting
that care has to be taken with the interpretation of proxies containing br-GDGTs,
when they are present in low amounts and have been exposed to post-depositional
oxidation. Furthermore, our results show that progressing degradation can cause
changes in abundance and distribution of IPL-GDGTs in sediments, and can thus

not be interpreted as due to in situ-production in the absence of other evidence.
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ABSTRACT

While the widespread archaea of the phylum Thaumarchacota have been shown to
mediate the oxidation of ammonia in marine environment, their involvement in
organic carbon processing in marine sediments has not been extensively investigated
yet. In this study, we conducted experiments by administering *C-labelled 7halas-
siosira diatom organic matter to marine sediments. Shipboard incubations with sedi-
ments from outside and within the oxygen minimum zone of the Arabian Sea and in
situ incubations at an abyssal setting in the NE Pacific were performed. We measured
the "*C incorporation into intact polar lipid crenarchaeol, a specific membrane lipid
of Thaumarchaeota, and into other archaeal glycerol dibiphytanyl glycerol tetraether
lipids (GDGTs), which in these settings are probably also mainly stemming from
Thaumarchaeota. No incorporation of *C-label could be detected in the isoprenoid
chains of any of the GDGT lipids, in contrast to bacterial phospholipid fatty acids,
which were shown to be substantially enriched in *C post-incubation. This likely
suggests that Thaumarchaeota play a minor direct role in benthic organic carbon
processing, as the phytodetritus was not being taken up at all, in contrast to bacteria,
meio- and macrofauna. Alternatively, the lack of labeling might be due to a much
lower turnover rate of archaeal membrane lipids than that of bacterial membrane

lipids, whereby high background concentrations mask any '*C label uptake into the
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GDGTs.
1 INTRODUCTION

Archaea have traditionally been regarded as extremophiles, preferring saline, acidic
or high temperature conditions. However, over the last decades, members of the
domain have been discovered to be present and abundant in the global oceans (De-
Long, 1992; Fuhrman et al., 1992). Since then, archaea have been found in many
moderate and cold marine environments (Cavicchioli, 2006). They are not only
dominating the marine picoplankton (e.g. Karner et al., 2001; Church et al., 2009),
but various members of the kingdoms of the Eury- and the Crenarchaeota have also

been found to thrive in marine sediments (Vetriani et al., 1999).

In sediments with high methane fluxes, most of the archaea present are involved in
anaerobic oxidation of methane (Boetius et al., 2000; Pancost et al., 2001; Wakeham
et al., 2003; Dang et al., 2010). However, other sediments are dominated by other
phylotypes: Wang et al. (2005) found Marine Group I (MG-I) Crenarchaeota to be
the dominant group in deep-sea surface sediments from the West Pacific, along with
a new group of Euryarchaeota. Francis et al. (2005) found MG-I Crenarchacota
to be ubiquitous not only in the water column, but also in surface sediments. This
group has recently been reclassified and shown to form a separate kingdom, the
Thaumarchaeota (Brochier-Armanet et al., 2008; Spang et al., 2010). In addition
to Thaumarchaeota, archaea pertaining to other clusters, such as Marine Benthic
Group or Miscellaneous Group (MCG) Crenarchaeota, have been detected in ma-
rine sediments (Jiang et al., 2007; Wang et al., 2010; Cao et al., 2011; Kochling et
al., 2011). MCG have also recently been found to be widespread in marine sedi-
ments, constituting 12-100% of archaea, mainly present in sediments that show low
respiration rates (Kubo et al., 2012). In spite of their universal presence though, ar-
chaeal biomass is much lower than the bacterial biomass in marine surface sediments
(1 - 4 orders of magnitude; Wang et al., 2005).

One of the characteristics of the archaeal domain are their membrane lipids, which
consist of ether-bound isoprenoid chains linked to a glycerol (Kates et al., 1965).
Many archaea also produce glycerol dibiphytanyl glycerol tetraether lipids (GDGTs;
Langworthy et al., 1972), two biphytanyl chains linked to two glycerol units, which
sometimes contain cyclic moieties (de Rosa and Gambacorta, 1988; Fig. 7.1a).

GDGT-0, which contains no rings (Fig. 7.1a), is present in many different archaeal
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Figure 7.1. Structures of crenarchaeol and GDGT-0 (a), IPL-crenarchaeol species (b) and biphy-

tanyl chains released from crenarchaeol and GDGT-0 by chemical degradation (c).

species and hence considered a more general archaeal biomarker (Schouten et al.,
2013 and references cited therein). In contrast, crenarchaeol, a GDGT contain-
ing in total 4 cyclopentyl and 1 cyclohexyl moieties, is considered to be specific to
Thaumarchaeota (Sinninghe Damsté et al., 2002b; Pitcher et al., 2010; Hatzen-
pichler, 2012). GDGT-0 and crenarchaeol are by far the most abundant archaeal
GDGT lipids in marine sediments (Kim et al., 2010). In living archaea, these lipids
occur as intact polar lipids (IPL), i.e. containing polar headgroups (Fig. 7.1b; e.g.
Koga and Morii, 2005; Schouten et al., 2008) attached to the glycerol moieties,
e.g. hexose- and/or phosphate-groups. In Thaumarchaeota, GDGTs mainly occur as
monohexose-, dihexose-, phospho- and hexose, phosphohexose-GDGTs (Schouten
etal., 2008; Pitcher et al., 2010; Tourna et al., 2011; Pitcher et al., 2011¢; Sinninghe
Damsté et al., 2012).

Recent research on enrichment cultures and environmental studies have shown that

Thaumarchaeota are autotrophic and gain energy from the aerobic oxidation of am-
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monia (Wuchter et al., 2003; Konneke et al., 2005; Wuchter et al., 2006b; de la
Torre et al., 2008; Hatzenpichler et al., 2008; Park et al., 2010; Tourna et al., 2011).
However, Thaumarchaeota also show a potential for heterotrophy, as evident from
genomic analyses, which showed that Cenarchaeum symbiosum, a sponge symbiont
(Preston et al., 1996), and Nitrosopumilus maritimus, isolated from an aquarium
(Kénneke et al., 2005), possessed not only genes for cellular import of simple organic
molecules, but also metabolic genes generally associated with heterotrophy (Hallam
et al., 2006b; Walker et al., 2010). Enrichment culture studies indeed showed that,
if pyruvate was supplied, it was incorporated into cells of the Thaumarchaeote /Vi-
trososphaera viennensis and even spurred growth (Tourna et al., 2011). Furthermore,
environmental studies suggest potential heterotrophy: Ouverney and Fuhrman
(2000) and Herndl et al. (2005) showed the uptake of "“C-labelled amino acids in
thaumarchaeal cells present in the water column. Circumstantial evidence for the
potential for mixotrophy of Thaumarchaeota was presented by Ingalls et al. (2006)
by comparison of the natural abundance “C-isotopic composition of archaeal lipids
with that of dissolved inorganic and organic carbon of the water column. Mufimann
et al. (2011) found that cell numbers of Thaumarchaeota in a wastewater treatment
plant were 2-3 orders of magnitude higher than possible to sustain purely by auto-
trophic ammonia oxidation, together with only a weak label incorporation from
PC-bicarbonate, suggesting a heterotrophic metabolism. Alonso-Sdez et al. (2012)
detected genes for urea-degradation in the thaumarchaeal metagenome isolated from
polar waters, while Baker et al. (2012) found expression of thaumarchaeal genes in-
volved in the utilization of urea, together with genes involved in ammonia oxidation,
in hydrothermal vent plumes in the Guaymas Basin. These results suggest a potential

for uptake of at least simple organic compounds by pelagic Thaumarchaeota.

Even though Thaumarchaeota in the water column have been researched thorough-
ly, fewer studies have been carried out on their sedimentary counterparts. Park et
al. (Park et al., 2008) and Roussel et al. (2009) showed that Thaumarchaeota were
present and active in abyssal sediments, as suggested by results from 16S rDNA
and rRNA analyses, and were capable of ammonia oxidation, as evidenced by the
co-occurrence of archaeal amoA genes with the 16SrRNA. Biddle et al. (2006) and
Lipp et al. (2008) inferred that, in subsurface (>1 mbsf) anoxic sediments, archaea
could be heterotrophs, based on the correlation of organic carbon concentrations
with archaeal IPLs (Lipp and Hinrichs, 2009). However, it is also possible that this

correlation is due to the preservation of IPL-GDGTs, because of a general relation-
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ship of biomarker lipid concentrations with organic carbon (Sinninghe Damsté et
al., 2002a). This preservation was thought to be due to the low rate of degradation
of IPL-GDGTs compared to regular bacterial phospholipids (Harvey et al., 1986;
Logemann et al., 2011).

An in situ labeling experiment with deep-sea surface sediments targeted at archaea
was conducted by Takano et al. (2010), who performed 450 days of incubation with
BC-glucose. The authors could not detect any *C-incorporation into the biphytane
chains, but found the glycerol moiety of archacal GDGTs to be enriched in C,
by up to more than 2000 %o (Takano et al., 2010). This remarkable result was ex-
plained by the recycling of biphytanyl chains from fossil GDGTs, while the glycerol
moiety was thought to be newly synthesized via a pathway that incorporated carbon
of the supplied “C-enriched glucose. In a laboratory experiment, Lin et al. (2012)
provided C-enriched organic matter from the algae Spirulina platensis to sediment
slurries from oligotrophic deep subsurface settings and incubated this anaerobically
for >400 days. Some incorporation was reported but the evidence is ambiguous:
the tricyclic biphytane derived from crenarchaeol was enriched by -2 %o, while the
8"3C of the bicyclic biphytane, the second isoprenoid chain in crenarchaeol, actually
became depleted in *C by 2 %o. Thus, it is not clear if, and in what way, archaea
are involved in organic matter processing at the benthic interface of the ocean floor.
In contrast, bacterial and metazoan contributions have been extensively researched
in many different settings and shown to play an important role in uptake of phyto-
detritus reaching deep sea sediments (cf. Moodley et al., 2002; Witte et al., 2003;
Moodley et al., 2005).

To examine the role of archaea in benthic carbon processing in deep sea sediments,
we performed "C in situ and shipboard incubation studies of a phytodetritus pulse
administered to the surface of deep sea sediments and examined the uptake of the
label into archaeal lipid biomarkers. One labeling experiment was carried out in
the Arabian Sea using shipboard incubations with *C-labelled phytodetritus derived
from the diatom 7halassiosira pseudonana. Sediments in the Arabian Sea are charac-
terized by high organic carbon contents, but low organic matter quality and a lack
of sedimentary processes such as sulfate reduction (Cowie and Levin, 2009; Law et
al., 2009). The second experiment was carried out in situ with abyssal sediments of
the Northeast Pacific (Moeseneder et al., 2012) and involved administering a *C-

labelled pulse of 7halassiosira weissflogii phytodetritus to sediment cores (Enge et al.,
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2011). Concentrations of IPL-crenarchaeol and *C-enrichments of GDGT-0 and in
crenarchaeol were determined. The results are discussed in view of the role of archaea

in benthic organic carbon processing.
2 MATERIALS AND METHODS
2.1 In-situ and shipboard incubations

The incubations of sediment cores from the Murray Ridge in the NE Arabian Sea
were carried out during the PASOM cruise in January 2009, on board of the R/V
Pelagia, with sediment cores taken outside and within the extensive Arabian Sea
oxygen minimum zone (OMZ) (i.e. at 889 m water depth, within the OMZ, and
at 1786 m water depth, outside the OMZ,) as described in detail by Pozzato et al.
(2013). Material used for incubation was from the diatom 7halassiosira pseudonana,
cultivated in a 30% "C enriched /2 medium, which had been washed to remove
any remaining '“C-bicarbonate (see Pozzato et al., 2013, and Moodley et al., 2002,
for further details). Centrifuged pellets were frozen, freeze-dried, lysed with MilliQ
Water and separated into particulate organic matter (POM) and dissolved organic
matter (DOM) by centrifugation. For incubations, the DOM was dissolved in 0.2
pm natural seawater and supplied to the top 4 cm of the sediment by injection at
regularly spaced horizontal intervals by means of a syringe mounted on an extension
rod. POM was delivered freeze-dried to the surface of the cores and evenly distrib-
uted. Cores from within the OMZ were incubated suboxically (-6 ytM O,) and
include the control core (Ctr) incubated alongside the experimental cores without
any labelled phytodetritus, and cores to which "*C-labelled algal material was added
as POM and DOM, the amount added was 100 mg C.m™ for the cores from outside
the OMZ and 400 mgC.m™ for the cores from inside the OMZ. Cores from outside
the OMZ analyzed included a control core, and cores incubated oxically (125 pM
0,), similar to the natural conditions, with *C-POM and DOM, and suboxically
(8 uM O,) with "C-POM. Suboxic incubation was achieved by sealing the cores on
the bottom and the top with O-ring lids. For the oxic incubations, premixed air was
bubbled through the overlying water of the sealed cores, and emerging gases were
led through CO, traps for respiration measurements. Oxygen was measured after
incubation. The cores were incubated for 7 days in the dark, frozen at -20°C and
subsampled. The 0-2 c¢m slice was freeze-dried and used for extraction of archaeal

lipids. Reports from one core per incubation condition are reported.
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Sediment cores from Station M (34° 50’ N, 123° 00" W) at 3953 m water depth in
the Northeast (NE) Pacific were obtained during the PULSE 53 cruise on board of
the R/V Western Flyer in September 2007, and incubated in situ on the seafloor.
To this end, freeze dried biomass from labeled 7halassiosira weissflogii containing
53.5 atom% "“C (grown with 99% "*C-bicarbonate in /2 medium, harvested and
washed) was released in situ onto cores pushed into sediment by the ROV Tiburon at
3953 m water depth (see Enge et al., 2011 for details). Control cores did not receive
the phytodetritus pulse. After a 4 day incubation time, the push cores were retrieved
and immediately sliced on board into the subsamples 0-1, 1-2, 2-3, 3-5 and 10-15
cm core depth, transported frozen, freeze-dried and homogenized. In total, three
control and three incubated cores were available. Two control and incubated cores
were analyzed for IPL-crenarchaeol (only top 3 cm), one control and one incubated
core for label incorporation into biphytanes from IPL-GDGTs (all 5 subsamples),
and three control and incubated cores were analyzed for label incorporation into the

phospholipid-derived fatty acids (PLFA).
2.2 Lipid extraction and separation

The freeze-dried subsamples of the cores were ground and extracted by a modified
Bligh-Dyer extraction method (Pitcher et al., 2009b). Briefly, they were extracted
ultrasonically three times in a mixture of methanol/dichloromethane (DCM)/phos-
phate buffer (2:1:0.8, v:v:v), centrifuged and the solvent phases were combined. The
solvent ratio was then adjusted to 1:1:0.9, v:v:v, which caused the DCM to separate.
Liquid extraction was repeated two more times, the DCM fractions were combined,
the solvent was evaporated and bigger particles were filtered out over cotton wool.
An aliquot of the extracts was stored for later analysis of IPL analysis via high perfor-
mance liquid chromatography coupled to electron spray ionization mass spectrom-
etry (HPLC/ESI-MS), and another aliquot was separated into CL and IPL-GDGTs
by silica column separation with hexane/ethyl acetate (1:2, v:v) for the CL-fraction
and MeOH to elute the IPL-fraction.

The IPL fraction was then subjected to ether cleavage in order to release biphytanyl
chains from GDGTs (Fig. 7.1¢), following procedures described by Schouten et al.
(1998). To this end, the IPL fraction was refluxed in 57% HI for 1 h to cleave
the ether bonds and produce alkyliodides and subsequently extracted 3 times with
hexane. The hexane phase was washed with 5% NaS,0, and twice with water. The
alkyliodides were purified over ALLO, with hexane/DCM 9:1, reduced with LiAIH,
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in 1,4-dioxane for 1 h under reflux, the remaining LiAIH , was reacted with ethyl
acetate, bidistilled H,O was added and the biphytanes were extracted with DCM
from the dioxane/H,O mixture. Additional purification was done by elution over an

AL O, column using hexane.

One aliquot of the Bligh Dyer extract of the sediments of Station M was used for
isotopic analysis of phospholipid-derived fatty acids (PLFA), following procedures
modified from Guckert et al. (1985). The aliquots were separated over a silica col-
umn with DCM, acetone and methanol, with the methanol-fraction containing the
PLFA. PLFA fractions were saponified in methanolic KOH (2 N) and, after adjust-
ing to pH 5, the resulting fatty acids were extracted with DCM and methylated
with BF.-MeOH before measurements by gas chromatography — isotope ratio mass

spectrometry (GC-irMS).
2.3 Analysis

Aliquots of the extracts were analyzed for IPL-GDGTs via HPLC/ESI-MS"
in selective reaction monitoring-mode (SRM) according to Pitcher et al. (2011b).
Compounds monitored and reported here are monohexose (MH)-, dihexose (DH)-
and hexose, phosphohexose (HPH)-crenarchaeol. Absolute quantification was not
possible and hence the response peak area per g sediment dry weight (g sed dw) is

reported. Standard deviations for these measurements are typically 2 — 20%.

GC-MS was used to identify the biphytanes formed upon ether cleavage of
GDGTs and PLFAs using a TRACE GC with a DSQ mass spectrometer. The gas
chromatograph was equipped with a fused silica capillary column (25 m, 0.32 mm
internal diameter) coated with CP Sil-5 (film thickness 0.12 pm). The carrier gas was
helium. The compound specific carbon isotopic composition of the biphytanes was
measured with an Agilent 6800 GC, using the same GC column conditions, coupled
to a ThermoFisher Delta V isotope ratio monitoring mass spectrometer. The isotopic
values were calculated by integrating the mass 44, 45 and 46 ion currents of the
peaks and that of CO -spikes produced by admitting CO, with a known *C-content
into the mass spectrometer at regular intervals. The performance of the instrument
was checked by daily injections of a standard mixture of a C,; and a C,, perdeu-
terated n-alkane. Values reported were determined by one (Arabian Sea, too little
material for duplicate injections) or two (NE Pacific) analyses. When two analyses

were carried out, the results were averaged in order to obtain average and standard
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deviations. Material from the Arabian Sea, outside the OMZ and incubated suboxi-
cally with POM showed a too low signal for "*C determination. The stable carbon

isotope compositions are reported in the delta notation against the V-PDB standard.

In addition, selected PLFAs present in the extracts of the sediments of station M
were measured for their stable carbon isotopic composition at the James Hutton
Institute, Aberdeen, UK, using a GC Trace Ultra attached via a GC combustion III
interface to a Delta V Advantage irm-MS. Gas chromatography was achieved by
on-column injection onto a DB5 50m x 0.20mm x 0.33pm column. Values for the
fatty acids were corrected for the added carbon by BF,-MeOH methylation (8"°C of
-30.0 £ 0.2 %0VPDB).

3 REsULTS
3.1 Arabian Sea

Direct analysis using HPLC-ESI-MS? of crenarchaeol IPLs showed differences in
distribution of the head groups between the stations inside and outside of the OMZ.
MH-crenarchaeol and DH-crenarchaeol concentrations in the sediment (upper 2
cm) collected in the OMZ were much higher than in the cores from outside the
OMZ, while HPH-crenarchaeol concentrations were one order of magnitude lower
(Fig. 7.2a,b), consistent with earlier findings of Lengger et al. (2012b). Concentra-
tions of crenarchaeol IPLs were not elevated after incubation with diatom-derived
POM and DOM. At the station outside the OMZ, the surface (0-2 cm) sediments
contained similar amounts in the control core as in the oxically incubated cores. The
core from this station incubated under suboxic conditions, however, showed an order
of magnitude lower abundance of HPH-crenarchaeol. MH- and DH-crenarchaeol
showed no difference in concentrations between the cores (Fig. 7.2a). For the core
from the station within the OMZ, the only observed differences in the IPL crenar-
chaeol concentrations between the incubated and the control cores were the slightly
lower values for the core suboxically incubated with POM (Fig. 7.2b). This suggests

that the addition of the phytodetritus did not cause growth of Thaumarchaeota.

The 8"*C-values of the bicyclic and tricyclic biphytane, both mainly derived from
crenarchaeol, show values of -20 %o for the control core at the station outside the
OMZ and slightly more depleted values, -21 %o, for the incubated cores, indepen-

dent of the type of organic matter used for incubation (Fig. 7.2¢). This difference in
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Figure 7.2. |IPL-crenarchaeol concentrations in surface (0-2 cm) sediments from the Arabian Sea;
(a) outside the OMZ, (b) inside the OMZ for the control cores (Ctr), and the cores incubated un-
der oxic (ox) conditions with POM or DOM, and under suboxic (subox) conditions with POM and
DOM. In the lowermost panels (c and d), the stable carbon isotopic composition of the acyclic,
bicyclic and tricyclic biphytanes are shown for the cores from outside (c, no data for Suboxic-

POM) and within the OMZ (d). Values are from single cores, single analysis.

83 C-values is typically within the error margin of our irm-GC/MS measurements of
biphytanes (ca. 0.5%o). The acyclic biphytane, predominantly derived from GDGT-
0, had a similar $"°C value of -20 %o and only in the oxically incubated core with
DOM, aslightly more depleted value, -22 %o (Fig. 7.2¢). In the sediment from with-
in the OMZ, bicyclic and tricyclic biphytanes from the control core showed values of
-22 %o, similar to the biphytanes from the incubated cores, with values between -21
and -22 %o (Fig. 7.2d). The acyclic biphytane had a 8"*C of -23 %o in the control
core, and was slightly enriched in C in the incubation cores, with -22 %o in the
core incubated with POM and -21 %o in the core incubated with DOM (Fig. 7.2d).

Thus, the differences between control cores and incubation cores (A3 °C, ) were
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Figure 7.3. The differences in isotopic values between the incubation and the control cores
(ndC, ) for cores from the Arabian Sea, outside (a) and inside the OMZ (b). Below, the dif-

ference in isotopic values between the incubation and the control cores (A8*C._ ) of the core

inc-ctr’
from the NE Pacific, of the bacterial anteiso C,,  fatty acid (c) and the biphytanyl chains (d). No-
tice the difference in scales. Values for biphytanyl chains are shown for one incubation core for

the top 3 cm, for the fatty acid for three incubation cores, for the top 3 cm (top 1 cm for Core 1).

always <2 %o (Fig. 7.3ab). In contrast bacterial PLFAs were substantially enriched in
PC with ASVC,
the OMZ and +8 to +20 %o in the cores from outside the OMZ for POM incuba-

tions (Pozzato et al., 2013).

_values ranging from by +80 to +100 %o in the cores from within

3.2 Northeast Pacific abyssal sediments

IPL-crenarchaeol concentrations from the Station M in the North East Pacific are
averaged results from two cores incubated as controls and averaged values from two
cores incubated with labeled phytodetritus, analyzed for the upper 3 cm at several

depth intervals). Direct analysis of crenarchaeol IPLs in these cores showed that the
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MH-crenarchaeol and the DH-crenarchaeol concentrations were constant with sedi-
ment depth (Fig. 7.4a,b). The HPH-crenarchaeol concentration, however, decreased
with sediment depth by an order of magnitude in the control cores. Such a rapid de-
cline in HPH-crenarchaeol concentration with sediment depth has been previously
reported for Arabian Sea sediments (Lengger et al., 2012b). Some differences were
apparent in crenarchaeol IPL concentrations when comparing control and incubated
cores (cf. Figs. 4a and b), with slightly higher concentrations of HPH-crenarchaeol
in the deeper sediments of the incubated than in the control cores. However, varia-
tion between cores was too large to allow any conclusions. In any case, there was no
evidence that the addition of phytodetritus resulted in substantial growth of benthic

Thaumarchaeota.

The 8"C values of the acyclic, bicyclic and tricyclic biphytanes released from GDGTs
were measured in sediment slices down to 15 cm depth and varied between -18 to
-20 %o with depth in both the control and the incubation core (Fig. 7.4c and d).
The only value outside of this range was in the top slice of the incubated core, which
showed slightly more depleted values for the bicyclic and the tricyclic biphytane,
-25 %o. The acyclic biphytane in this segment of the core, however, had a §°C of
-18 %o comparable to values in the other cores. Thus, the difference in the §°C
of biphytanes between incubation and control cores were all < 2 %o, indicating a
limited enrichment in C and even more depleted 8'°C values in one sample (the
top slice AS"C. __ values for the bicyclic and tricyclic biphytanes was -6 %o; Fig.

7.3d). In contrast, bacterial PLFA such as the anteiso C _  fatty acid in the upper

15:0
3 cm, had substantially enriched 6"°C values, with AS"°C, __ ranging from +10 to
+140 %o (Fig. 7.3c). This was seen for most of the sediment PLFAs (Moeseneder et

al., unpublished results).
4 Discussion
4.1 Sources of GDGTs

Our lipid analyses show unambiguously the presence of crenarchaeol IPLs in the ma-
rine sediments studied. HPH-crenarchaeol was present in all cores. It is the preferred
biomarker for living Thaumarchaeota, as it is relatively labile (Lengger et al., 2012b)
and its concentration compares well with thaumarchaeal 16S rRNA copy numbers,
as reported by Pitcher et al. (2011b). However, it has also been shown that archaeal

phospholipids are preserved well over timescales of at least 100 days (Logemann et
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al., 2011). A substantially higher abundance of HPH-crenarchaeol relative to the
crenarchaeol glycolipids was found in the surface sediments from outside the OMZ,
and also in the surface sediments from the NE Pacific, compared to the sediments
from within the OMZ (Fig. 7.2a,b), similar to what was observed previously (Leng-
ger et al., 2012b). This was attributed to the fact that Thaumarchaeota, as aerobic
ammonia oxidizers, are dependent on oxygen and that they are thus more active and
abundant in the surface sediments underlying oxic bottom waters. This indicates that
HPH-crenarchaeol is likely derived from living Thaumarchaeota in the oxygenated
surface sediments from the NE Pacific and from outside the OMZ in the Arabian
Sea, while the relatively low amounts present in the surface sediments from within
the OMZ of the Arabian Sea likely reflect remains of lipids produced in the overly-
ing oxic surface waters and preserved under the favorable low oxygen conditions of
the OMZ, i.e. lack of oxidation and biodegradation. Alternatively, it is possible that
thaumarchaeal communities differ depending on the oxygen concentrations, and
that Thaumarchaeota present at much reduced oxygen levels (within the OMZ) pro-
duce relatively more DH-crenarchaeol. However, this is less likely, as it has not been
observed in cultured sedimentary Thaumarchaeota (Schouten et al., 2008; Pitcher et
al. 2011a; Sinninghe Damsté et al., 2012). Interestingly, the suboxic incubation of
the sediment core retrieved from outside of the OMZ also showed low abundances
of HPH-crenarchaeol, but no increase in abundance of the DH-crenarchaeol. It
is thus likely that the HPH-crenarchaeol is not being produced under low oxygen
conditions, but is rapidly degraded under low oxygen conditions. All the other cores
that were incubated at conditions similar to their natural conditions (Pozzato et al.,

2013) showed no differences to the control cores.

The control cores from the NE Pacific showed a strong decrease with depth of the
HPH-crenarchaeol concentrations, while the MH- and DH-crenarchaeol concen-
trations did not change (Fig. 7.4a and b). This compares well with the results of
Lengger et al. (2012b) for sediment cores from the Arabian Sea taken outside the
OMZ, where it was found that HPH-crenarchaeol was more labile and concentra-
tions decreased quickly with depth, while the concentrations of the glycolipids MH-
and DH-crenarchaeol were not changing over depth. This is consistent with the idea
that most of the MH- and the DH-crenarchaeol is fossil and stems from the water
column, while most of the HPH-crenarchaeol in the NE Pacific was produced by
active benthic Thaumarchaeota, and quickly degraded upon burial (Schouten et al.,

2010; Lengger et al., 2012b). If so, our results indicate that thaumarchaeal cell num-
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bers rapidly decrease with sediment depth in NE Pacific sediments. However, there
are no indications as to why this abundance is decreasing: oxygen profiles measured
at Station M in the NE Pacific show that oxygen is penetrating into the upper 3 cm
(Reimers, 1987) and the zone of aerobic ammonia oxidation based on pore water
profiles was identified as 0-4 cmbsf (up to 4 pmol . kg NH,*), below which [NH,’]

increased to 10 pmol . kg” (Reimers et al., 1992). Also molecular biology results for
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Figure 7.4. Averages of IPL-crenarchaeol concentrations and standard deviations of the two
control cores (a) and the two incubated cores (b) plotted with sediment depth at station M in
the NE Pacific. The stable carbon isotopic composition of acyclic, bi- and tricylic biphytanes is
shown as the average plotted with the standard deviation of, typically, two measurements, for

the control core (c) and the incubation cores (d).
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these cores do not show a corresponding decrease of rRNA or rDNA with depth
(Moeseneder et al., 2012).

The crenarchaeol natural abundance "*C values in the Arabian Sea and NE Pacific
sediments, as determined from the bi- and tricyclic biphytane values, were similar
to those reported for other deep sea marine sediments and thaumarchaeal biomass,
i.e. from -18 to -25 %o (Hoefs et al., 1997; Kénneke et al., 2012; Schouten et al.,
2013 and references cited therein). All cultured Thaumarchaeota up to now are aero-
bic ammonium oxidizers, growing chemolithoautotrophically by oxidizing NH, to
NO, and fixing HCO; via the 3-hydroxypropionate/4-hydroxybutyrate pathway
(Berg et al., 2007; Walker et al., 2010). Fractionation factors for bulk biomass and
biphytanes from DIC were reported for V. maritimus, a Thaumarchaeote, to be ca.
20 %o (Konneke et al., 2012). The 8"C values of the biphytanes are thus consis-
tent with the interpretation that crenarchaeol is likely derived of chemoautotrophic
Thaumarchaeota. Since *C-DIC values usually do not differ by more than a few %o
between the surface waters and the deep ocean as well as pore waters of surface sedi-
ments (slightly more depleted), and fractionation factors are not precisely known, it
is not possible to make statements about the provenance of the biphytanes just by
their 8"°C values. 8"°C values are agreeing with the values usually found for biphy-
tanes (cf. Hoefs et al. 1997), which are similar to the bulk organic carbon values
encountered in marine sedimentary environments, but slightly less depleted, as they
are using the 3-hydroxypropionate/4-hydroxybutyrate pathway, in contrast to phy-
toplankton. This was also shown previously by Kuypers et al. (2001), who found
values for biphytanes which were more enriched in *C than today in the Cretaceous,
consistent with the global shift in $"*C of DIC, while algal biomarkers were less en-

riched due to the higher CO, concentrations.

Since GDGT-0 can be produced by many different archaea (e.g. Koga and Nakano,
2008; Schouten et al., 2013), it is unclear what its sources are in the Arabian Sea
and abyssal NE Pacific sediments. However, the natural abundance 8"*C value of
GDGT-0 (acyclic biphytane) is similar to that of crenarchaeol (bi- and tricyclic
biphytane) (Figs. 2¢,d and 4c,d), which agrees with data from cultures that shows
that thaumarchaeal biphytanes are characterized by identical 8"*C biphytane values
(Kénneke et al., 2012; Sinninghe Damsté et al., 2012). Other archaeca commonly
present in marine sediments are involved with methanotrophic or methanogenic

processes and would show a severe depletion in 6"°C (Pancost et al., 2001; Blumen-
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berg et al., 2004). This suggests that the biphytanes analyzed here, acyclic, bicyclic,

and tricyclic, are all derived from Thaumarchacota.
4.2 Uptake of *C label in archaeal and bacterial lipids.

The results for all labeling experiments, independent of oxygen concentrations, type of
carbon supply (POM vs. DOM), location and core depth, show that Thaumarchaeo-
ta did not incorporate a detectable amount of the diatom carbon. The 8C values
for the bicylic and tricyclic biphytanes of the incubated cores were not significantly
enriched in PC with maximum AS"C, __ value of only +2 %o. Similarly, the acyclic
biphytane, mainly derived from GDGT-0, produced by Thaumarchaeota, but pos-
sibly also by other archaea, showed no substantially enriched values in the incubated
cores compared to the control cores. Thus, apparently the Thaumarchaeota did not
take up the supplied labeled OM, at least not in detectable amounts and on the
time scale of the experiments (4-7 days). These results contrast those obtained for
bacteria specific PLFAs. In the NE Pacific sediments, the ASBCmc_Crr for aC15;o’ ranged
from+10 to + 140 %eo. Furthermore, *C-uptake was also noted for benthic foramin-
ifera in these sediments (Enge et al. 2011), of which some were enriched in *C up

to more than 1000 %o.

In the Arabian Sea, in the same sediment cores, bacterial PLFAs were enriched by +
80 to + 100 %o in *C in the cores from within the OMZ and +8 to +20 %o in the
cores from outside the OMZ (Pozzato et al., 2013). Furthermore, these authors also
reported a substantial enrichment in C of +5 to+720 %o of several meio- and mac-
rofaunal specimen for the Arabian Sea incubations (Pozzato et al., 2013). This lack
of incorporation of *C into biphytanes is in agreement with the observation that no
increase in concentrations of IPL-crenarchaeol, in particular HPH-crenarchaeol, was
noted between incubated and control cores, suggesting no increase in thaumarchaeal

biomass, consistent with the 16s rDNA results of Moeseneder et al. (2012).

There could be several explanations for the lack of C label incorporation into
Thaumarchaeota. Most likely, the lack of label incorporation is due to chemoau-
totrophy being the preferred metabolism of Thaumarchaeota, i.e. the sedimentary
Thaumarchaeota are active, but are not incorporating the phytodetrital organic car-
bon. Further evidence that the benthic community as a whole remained active dur-
ing the experimental treatments is the clear evidence of tracer processing by all other

major benthic compartments (see discussion above). Thaumarchaeota, have, up to
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now, only been shown to incorporate inorganic carbon (Wuchter et al., 2003; Sin-
ninghe Damsté et al., 2012), and pyruvate (Tourna et al., 2011) and other simple or-
ganic compounds (Ouverney and Fuhrman, 2000; Herndl et al., 2005; Takano et al.,
2010) and possibly are not adapted to take up the more complex OM. Strikingly, not
only the complex, polymeric carbon of the POM, but also the DOM-experiments
did not result in labeling, even though the organic carbon in this form is broken

down into supposedly easily processed, soluble compounds.

Alternatively, they are capable of mixotrophic growth, but the incorporation of the
8"C could not be detected due to low labeling of tracer OM. If Thaumarchaeota do
use some of the added carbon, but are growing too slowly, they will not incorporate
C in detectable amounts within the 4-7 days incubation period. If incubation times
would have been longer, however, it would not be possible to determine whether the
archaea are incorporating the *C directly from the organic matter, as the label would
have been distributed over the different pools of organic and inorganic carbon. If the
low amount of labeling is due to low growth rates, then thaumarchaeal growth rates
must be very low. Incorporation into lipids would require an incorporation of only
~0.003 atm % "*C for detection (i.e. a 8"*C-shift of 3 %o, which can unambiguously
be interpreted as labeling with errors of + 1 %o, as common for irm-GC-MS). If re-
pair and exchange, i.e. recycling, of lipids is not considered, and the Thaumarchaeota
are in the exponential growth phase, the minimal growth rate needed to detect this
incorporation can be calculated (cf. alkenone lipids for eustigmatophyte algae; Popp
et al., 2006) based on the isotope dilution theory of Laws (1984) :

1 p*
=—Z.h|1-—
wpn - 53)

where y represents the growth rate,  the incubation time, P* the atom%-excess of

(Eq. 1)

the product, in our case the biphytane, and A* the atom%-excess of the substrate
added. In our case, the added labeled carbon (53% in the NE Pacific, but only
11-20 % in Arabian Sea incubations) equals A’, and the product excess " would
correspond to our minimum incorporation of 0.003 atom% . Since the incubation
time #was 7 d for the Arabian Sea cores (less for the NE Pacific incubations, 4 d), the
minimum growth rate for detection would then be as low as ~1.42-3.90 . 10° d"',
corresponding to a generation time of ~48-134 yrs. If a steady state and just replace-

ment of lipids is assumed, the necessary turnover time of the sedimentary lipid pool
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¢, for detection (causing a 3%o shift) can be calculated with the incubation time 7,

according to a linear model shown in equations 2a,b,c.

A* 'tinc
t, =
P* (Eq. 2a)
_ . conc
®  prod.rate
(Eq. 2b)
conc-P*
prod.rate=———
inc
(Eq. 2¢)

The minimum turnover time, i.e. the time needed for replacement of the lipids pres-
ent in sediments, is thus 70-194 years. Lin et al. (2012) conducted labeling experi-
ments over 340 days but only analyzed the dihexose-GDGTs, which, due to their
higher resilience to degradation (Lengger et al., 2012b) are perhaps less suitable for
stable isotope probing experiments. They hypothesized even that turnover times of
1700 up to 20500 years were possible. Such a slow metabolism is in agreement with
postulations by Valentine (2007) that archaea are particularly adapted to and thriv-
ing in low energy conditions, and are thus not stimulated by sudden high organic
matter inputs. Their role in benthic carbon processing is thus likely low compared to

the more active bacteria, meio- and macrofauna (Moodley et al., 2005).

Finally, it also possible that the undetectable labeling in IPL-crenarchaeol is due to a
large contribution of fossil IPL-crenarchaeol present in sediments, and thus the cell
numbers are much lower than would be expected from the amount of IPL-GDGTs,
but lipid production rates are actually high. Experimental and environmental data
(Harvey et al., 1986; Lengger et al., 2012b) and theory (Schouten et al., 2010)
have suggested that MH- and DH-crenarchaeol can be preserved better than HPH-
crenarchaeol, and it has been shown that even phosphate-containing ether lipids can
be preserved over at least 100 days (Logemann et al., 2011). Furthermore, silica

column separation has been found to discriminate against the HPH-crenarchaeol
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(only 20% recovery), leading to an enrichment of MH- and DH-GDGTs in the
isotopically measured IPL-fraction (Lengger et al., 2012b). This may substantially
lower the sensitivity for label detection. A fossil contribution could also be the rea-
son for the low to non-detectable *C incorporation into DH-GDGTs reported by
Lin et al. (2012). Furthermore, the lack of "*C incorporation into biphytanes in the
>400 day long in situ labeling experiments conducted by Takano et al. (2010), may
be explained by the fact that they were analyzing core lipid-GDGTs, for which the
fossil contribution is expected to be even higher than for IPL-GDGTs.

The high label incorporation into bacterial PLFA observed during both experiments
(Arabian Sea: Pozzato et al., 2013; NE Pacific: this study) reflects the comparatively
much higher involvement of bacteria in processing of phytodetrital organic matter.
Additionally, it may also confirm that bacterial PLFA are better biomarkers for living
organisms due to their much higher turnover rates, when compared to archaeal ether

lipids as discussed above.
5 CONCLUSIONS

Labeling experiments with sediments receiving a pulse of *C-enriched diatom OM
in two different oceanic settings showed that there was no enrichment in *C in
biphytanyl chains stemming from archaecal GDGTs. This was in strong contrast to
the bacteria specific fatty acids, and biomass of meio- and macrofauna, which were
highly enriched in "*C. Also, no changes of IPL-crenarchaeol concentrations were
observed between the experiment and the control cores. Our results suggest that the
role of benthic archaea in the direct processing organic matter reaching sediments
is minor, and possible uptake of carbon derived from phytodetritus proceeds either
slowly or, more likely, not at all. Another reason for not detecting the *C label in
archaeal lipids could be a high fossil contribution to the analyzed intact polar lipid
fractions masking any "*C uptake. The much larger stability of intact polar tetraether
lipids compared to bacterial ester lipids, could thus make them a less sensitive tool to

determine the carbon uptake of active Thaumarchaeota.
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ABSTRACT

Thaumarchaeota are amongst the most abundant microorganisms in aquatic envi-
ronments, however, their metabolism in marine sediments is still debated. Labeling
studies in marine sediments have previously been undertaken, but focused on com-
plex organic carbon substrates which Thaumarchaeota have not yet been shown to
take up. In this study, by supplying different *C-labeled substrates which have previ-
ously been shown to be incorporated into archaeal cells in water incubations and/or
enrichment cultures, we investigated the activity of Thaumarchacota in sediments.
For this, we determined the incorporation of '*C-label from bicarbonate, pyruvate,
glucose and amino acids, into thaumarchaeal intact polar lipid-glycerol dibiphytanyl
glycerol tetracthers (IPL-GDGTs) during 4-6 day incubations of marine sediment
cores from three different sites at the Iceland Shelf. Thaumarchaeal intact polar lip-
ids were detected at all stations and concentrations remained constant or decreased
slightly, upon incubation. No "C incorporation in any IPL-GDGT was observed
at stations 2 (clay-rich sediment) and 3 (organic-rich sediment). In contrast, a large
uptake of *C label (up to + 80%o) was found in bacterial/eukaryotic IPL-derived
fatty acids for station 3. In IPL-GDGTs recovered from the sandy sediments at sta-
tion 1, however, some (1-4%o) enrichment in 8'*C was detected from incubations
with bicarbonate and pyruvate. The low incorporation rates suggest a low activity of
Thaumarchaeota in marine sediments and/or a low turnover rate of thaumarchaeal
IPL-GDGTs due to their low degradation rates. Cell numbers and activity of sedi-
mentary Thaumarchaeota based on IPL-GDGT measurements may thus have previ-

ously been overestimated.
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1 INTRODUCTION

Thaumarchaea are ubiquitous microorganisms (Hatzenpichler, 2012 and references
cited therein) which have recently been discovered to form a kingdom, consisting
of one phylum, the Thaumarchaeota (Brochier-Armanet et al., 2008; Spang et al.,
2010). They were initially discovered as the Marine Group I Crenarchaeota in the
coastal and open ocean (DeLong, 1992; Karner et al., 2001) where they are abun-
dantly present in the epipelagic zone (e.g. Francis et al., 2005; Beman et al., 2008)
but also in deep water (Fuhrman and Davis, 1997; Herndl et al., 2005; Agogué
et al., 2008) where they can be as abundant as the total bacterial population.
Thaumarchaeota have also been detected in marine sediments (Hershberger et al.,
1996; Francis et al., 2005).

The metabolism of Thaumarchaeota has long been unclear due to a lack of enrichment
cultures. Hoefs et al. (1997) suggested, based on "*C-enrichment of thaumarchaeal
lipids compared to algal biomarkers, the possibility of autotrophic assimilation of
dissolved inorganic carbon (DIC), using a different pathway than via Rubisco, or,
alternatively, the heterotrophic uptake of small organic molecules. Indeed, *C-la-
beling studies with bicarbonate showed the incorporation of *C-labelled DIC into
thaumarchaeal membrane lipids and thus their autotrophic metabolism (Wuchter
et al., 2003). Unambiguous proof of the growth of Thaumarchacota on inorganic
carbon came with the first enrichment culture of a Thaumarchaeote, Nitrosopumilus
maritimus, which was growing chemolithoautotrophically on bicarbonate, and gain-
ing energy by the oxidation of ammonia to nitrite (Kénneke et al., 2005). It was
suggested that 3-hydroxypropionate/4-hydroxybutyrate pathway was used by these
microorganisms (Berg et al., 2007), which was supported by genetic analyses of C.
symbiosum (Hallam et al., 2006b) and N. maritimus (Walker et al., 2010). However,
in these two species, also genes involved in heterotrophic metabolisms were detected,
which implies their potential for mixotrophy. Furthermore, the uptake of pyruvate
into cell material in cultures of a Thaumarchaeote enriched from soil, Nitrososphaera

viennensis, was demonstrated (Tourna et al., 2011).

Indeed, there is some environmental evidence for a mixotrophic metabolism of
Thaumarchaeota. Ouverney et al. (2000) as well as Herndl et al. (2005) showed,
via MICRO-CARD-FISH using *H-labeled amino acids, that thaumarchaeal cells
present in sea water take up amino acids. There is also circumstantial evidence for

mixotrophy of Thaumarchaeota, such as the radiocarbon values of archaeal lipids in
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Figure 8.1. Structures of crenarchaeol and GDGT-0 (a), IPL-crenarchaeol species (b) and biphy-

tanyl chains released from crenarchaeol and GDGT-0 by chemical degradation (c).

the deep ocean (Ingalls et al., 2006), thaumarchaeal activity (as quantified by up-
take of substrate measured by MAR-FISH) being correlated to the presence of urea
(Alonso-Séez et al., 2012) and the possession of genes for urea transporters (Baker et
al., 2012). Mufimann et al. (2011) found thaumarchaeal cell numbers in waste reac-
tors that were too high to be supported by the rates of ammonia oxidation, and a lack
of incorporation of *C-labelled DIC into thaumarchaeal lipids during growth, also
suggesting heterotrophy of Thaumarchaeota. Circumstantial evidence, based on the
correlation of organic carbon concentration with archaeal biomarker lipids, suggests
that Archaea in deep subsurface marine sediments (<1 m) use organic carbon (Biddle
et al., 2006; Lipp et al., 2008; Lipp and Hinrichs, 2009), however, this empirical
correlation could also be due to preservation factors affecting biomarkers and total

organic carbon in a similar way (Hedges et al., 1999; Schouten et al., 2010).

Cell membranes of Thaumarchaeota consist of glycerol dibiphytanyl glycerol tet-
racther lipids (GDGT) in the form of intact polar lipids (IPL; Schouten et al.,
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2008; Pitcher et al., 2011c; Sinninghe Damsté et al., 2012; Fig. 8.1 a). They possess
GDGTs which are also present in other Archaea (Koga and Nakano, 2008), such as
GDGT-0, -1, -2 and -3 (Fig. 8.1b), but also a specific lipid named crenarchaeol (Sin-
ninghe Damsté et al., 2002b). Stable isotope probing (SIP) experiments targeting
the biphytanyl chains contained in crenarchaeol (Fig. 8.1¢), have been undertaken
in order to determine the uptake of different substrates. This revealed the incorpora-
tion of *C from bicarbonate into crenarchaeol (Wuchter et al., 2003). Pitcher et al.
(2011a) showed that this uptake was dependent on ammonia oxidation in North
Sea water, as addition of inhibitors for ammonia oxidation, nitrapyrine (N-serve)
or chlorate, resulted in a decreased incorporation of *C-labelled DIC. Other SIP
experiments carried out with organic substrates were less successful: Lin et al. (2012)
achieved only a 2 %o enrichment in one of the biphytanyl chains of crenarchaeol, but
2 %o depletion in the other biphytanyl chain when adding ">C -labeled phytodetrital
organic carbon to sediment slurries. Lengger et al. (2013; chapter 7, this volume)
found no incorporation of *C in crenarchacol when analyzing sediment from the
Arabian Sea and the North East Pacific incubated in situ with >C-labeled phytode-
tritus. Takano et al. (2010) also did not find incorporation of "*C in the biphytanyl
chains in an incubation experiment with C —labeled glucose in sediment from
Sagami Bay, Japan, but remarkably did find labeling of the glycerol moieties of the
GDGT molecules. Thus, not much evidence for substantial incorporation of carbon
from organic substrates into thaumarchaeal lipids is observed in SIP experiments
performed with sediments. It is possible that the types of substrate used in these
studies were not suitable, i.e. not readily taken up by the Thaumarchaeota, and that
other organic compounds would result in higher incorporation. Interestingly, none
of the previously conducted labeling studies in sediments used *C-labelled DIC. Bi-
carbonate had previously unambiguously been shown to be incorporated by pelagic
Thaumarchaeota (Wuchter et al., 2003) and by Thaumarchaoeta enriched from sedi-
ments (Park et al., 2010) and soils (Jung et al., 2011; Kim et al., 2012a).

To shed further light on the metabolism of sedimentary Thaumarchaeota, we per-
formed labeling experiments using *C-labeled substrates, i.e. bicarbonate, pyruvate,
amino acids and glucose in sediment cores from the Iceland shelf. The results are

discussed with respect to the uptake of substrates as well as the turnover rates of
thaumarchaeal GDGTs.
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2 MATERIALS AND METHODS
2.1 Sampling stations

Sediment cores were sampled at three stations, located on the Iceland Shelf, during
the ‘Long Chain Diols’ cruise on the R/V Pelagia in July 2011 (Fig. 8.2). Station 1
(63°21’N 16°38’W), South of Iceland, was at 240 m water depth and consisted of
dark, sandy sediment. Station 2 (66°18'N 13°58'W ) is located North-East of Ice-
land, at 261 m water depth, and the sediment was sandy-clayish. Sediment at Station
3 (67°13’N 19°07°W), North of Iceland, at 503 m water depth, and further offshore
than the other two stations, consisted of dark, soft, black mud. From each station,
multicores were retrieved in polycarbonate core tubes. Ten cores from each station
were retrieved in tubes of 10 cm diameter with drilled holes downwards, spaced 1
cm apart, and used for incubation. Cores sampled with tubes of 5 cm diameter were
used for oxygen microprofiling, pore-water extraction, and four cores from each sta-

tion were sliced and stored for density and total organic carbon (TOC) analysis.
2.2 Core characterization

For each station, control cores were sliced into 1 cm thick layers from 0 — 10 cm
core depth. The water content of each sediment was determined by weighing prior
to and after freeze-drying. Total organic carbon was determined from freeze-dried
sediments following overnight acidification with 2N HCI, subsequent washes with
bidistilled H,O and water removal by freeze-drying. The decalcified sediments were
measured on a Flash EA 1112 Series (Thermo Scientific, Waltham, MA) analyzer
coupled via a Conflo IT interface to a Finnigan Delta”* mass spectrometer. Standard

deviations from three measurements ranged from 0.0 to 0.6 % TOC.

Two cores (5 cm diameter) from each cast were used for oxygen microprofiling with
an OX-100 Unisense oxygen microelectrode (Unisense, Aarhus, DK; Revsbech,
1989). A two-point calibration was carried out with bottom water from the same
station bubbled with air at 4°C for at least 5 min (100% saturation) and a solution of
0.1 M sodium ascorbate in 0.1 N NaOH in Milli-Q Water (0% saturation) and the
electric current measured in pA was converted to mg - I O,. The sensor was moved

with a micromanipulator one mm at a time.

Pore water was extracted on board from slices of several cores by centrifugation. Five

mL from each depth was preserved air-free with added HgCl, for analysis of the 5"°C
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of the dissolved inorganic carbon (DIC) at 4°C, and 3 mL were preserved at -20°C

for analysis of phosphate, ammonia, nitrite and nitrate.

Dissolved inorganic phosphate, ammonia, nitrite and nitrate were measured on
a Traacs 800 Autoanalyzer (Seal Analytical, Farecham, UK). Ortho-phosphate
was measured using potassium antimonyltartrate as a catalyst and ascorbic acid as
a reducing reagent which resulted in formation of a blue (880 nm) molybdenum
phosphate-complex at pH 0.9-1.1 (Murphy and Riley, 1962). Ammonia was measured
via formation of the indo-phenol blue-complex (630 nm) with phenol and sodium
hypochlorite at pH 10.5 in citrate (Helder and de Vries, 1979). Dissolved inorganic
nitrite concentrations were measured after diazotation of nitrite with sulphanilamide
and N-(1-naphtyl)-ethylene diammonium dichloride to form a reddish-purple dye
measured at 540 nm. Nitrate was first reduced in a copperized Cd-coil using imidazole

as a buffer, measured as nitrite and concentrations were calculated by subtraction of

nitrite (Grasshoff et al., 1983).

8"3C of DIC was measured in pore water from all stations, and bottom water samples
from the experiments, on a Thermo GasBench II coupled to a Thermo Delta Plus
and is reported in the delta notation against theVienna Pee-Dee Belemnite (V-PDB)
standard. To this end, 0.5 mL of each sample was? injected into gastight exetainers,
containing 0.1 mL of 80% H,PO,, that had been flushed for 15 min each with
He. Performance was monitored by analysis of an in-house laboratory standard of
Na,CO, with a "°C of -0.57 %o after every 12 measurements and an in-house labo-
ratory standard of CaCO,, with a §"°C value of -24.2 %o at the start and the end of
every series. Measured values of these standards were usually not deviating by more
than 0.5 %o from the calibrated (on NBS-19) values.

2.3 Incubation conditions

Ten cores from each station were used for incubations (Table 8.2). For this, splitable
polycarbonate core tubes with 10 cm diameter were prepared by drilling two rows
of 1 mm holes spaced at distances of 1 cm. The two rows were 90° contorted; holes
were filled with silicon and covered with plastic non-permeable tape (see setup in
Fig. 8.3). The cores were, after recovery from the multicorer, transferred as quickly
as possible to a temperature-controlled room kept at 4°C, and the bottom water was
sampled with a sterile pipette for determination of pH, 8"°C of DIC and nutrients as

described above. Four whole cores at each station were incubated with *C-labelled
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substrates, i.e. bicarbonate, pyruvate, amino acids and glucose, and one whole core
(‘background’) was injected with MilliQQ water only. Four more cores were incubated
with solutions containing one of the substrates and a nitrification inhibitor, and one
(‘background + inhibitor’) with MilliQ water and the nitrification inhibitor. The
incubation solutions were injected into the seven injection ports from the surface
downwards, i.e. the first 8 cm were supplied with the labeled substrate. Injection
solutions contained 99% '*C-labelled substrates as supplied by Cambridge Isotope
Laboratories (Andover, MA, USA). The substrates were dissolved in MilliQ-H,O
in concentrations of 3.7 mg - mL" for NaHCO," (Bic), 1.01 mg - mL" for Glucose
(Glu), 0.89 mg - mL" for a mix of 16 algal amino acids (AA; 98% labeled) and 1.24
mg - mL" of sodium pyruvate (Pyr). 200 pL were delivered to each slice by injec-
tion through the two 90° contorted injection ports, which corresponded to a total
addition of 1.6 g *C - m? sediment for the bicarbonate, and 1.2 g *C - m™ for the
organic compounds. The nitrification inhibitor was Nitrapyrine (N-Serve, Pestanal)
at 11.5 pg - mL"', which is known to inhibit archaeal ammonia oxidation (Park et al.,
2010; Pitcher et al., 2011a). As Nitrapyrine cannot be dissolved in pure water, 5% of
EtOH was added and the solutions were kept at 30°C to prevent precipitation of the

Nitrapyrine. Nitrapyrine-free incubation solutions were kept at the same conditions.

After injection, the cores were stored in the dark at 4°C in a water bath - boxes with
core holders filled with water for 62 h (38 h for Station 3), after which the bottom
water was sampled for ®DIC and N- and P-nutrients as described above and re-

injected with a fresh solution of the substrates in water, with or without nitrapyrine
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added. During the incubation time, the cores were covered lightly with a rubber
stopper, so that the escape of air was possible, and acrated through a sterile plastic
pipette, with air pumped by an aquarium pump and filtered through a 0.2 pm filter
for sterilization purposes. After 144 h (96 h for Station 3), bottom water samples
for PDIC (dissolved inorganic carbon) and N- and P-nutrients were taken again,
and oxygen microprofiles were measured as described above on all cores (except for
Station 2, where cores were too short and thus surfaces too low in the core tubes, to
allow measurements in more than three cores). Subsequently, the upper 10 cm of the
sediment were sliced in 1 cm resolution and each slice mixed thoroughly, split in half
and both parts were frozen at -80°C immediately. The incubations at station 3 were

shorter due to time constraints.

2.4 Lipid extraction, separation and measurements

The freeze-dried sediments of 0-1 cm, 1-2 cm and 7-8 cm depth intervals of the in-
cubation and background cores were ground and extracted by a modified Bligh-Dyer
extraction method (Pitcher et al., 2009b). Briefly, they were extracted ultrasonically
three times in a mixture of methanol/dichloromethane (DCM)/phosphate buffer
(2:1:0.8, v:viv), centrifuged and the solvent phases were combined. The solvent ra-
tio was then adjusted to 1:1:0.9, v:v:v, which caused the DCM to separate. Liquid
extraction was repeated two more times, the DCM fractions were combined, the sol-
vent was evaporated and bigger particles were removed over cotton wool. An aliquot
of the extracts was stored for high performance liquid chromatography /electron
spray ionization tandem mass spectrometry (HPLC/ESI-MS?) analysis, and another
aliquot was separated into core lipid (CL)- and intact polar lipid (IPL)-GDGTs by
silica column separation with hexane/ethyl acetate (1:2, v:v) for the CL-fraction
and MeOH to elute the IPL-fraction. 0.1 mg C, internal standard (Huguet et al.,
2006¢) were added to the CL-fractions. The IPL-fraction was split in three aliquots:
5% were used to determine the carry-over of CL-GDGTs into the IPL-fraction and
measured directly via HPLC-APCI-MS, 60 % were kept for ether cleavage in order
to determine the *C incorporation into the biphytanes (see below), and 35 % were
subjected to acid hydrolysis under reflux for 2 h with 5% HCI in MeOH, followed
by addition of water and extraction (3x) of the aqueous phase at an adjusted pH
of 4-5 with DCM. This yielded the IPL-derived GDGTs which were measured via
HPLC/APCI-MS. The C,, internal standard was used to quantify the IPL-derived



Low turnover rates of archaeal lipids on the Iceland Shelf

GDGTs and the carry over, but was added after the aliquot for *C analysis was taken
in order to prevent any possible interference of alkyl chains released from the internal

standard molecule.
2.5 3"*C analysis of biphytanes

Aliquots (60%) of the IPL-fractions were subjected to chemical treatment in order
to cleave GDGTs, releasing the biphytanyl chains (Fig. 8.1¢) according to Schouten
et al. (1998). For this, the IPL fraction was refluxed in 57% HI for 1 h to break the
ether bonds and produce alkyliodides and subsequently extracted three times with
hexane. The hexane phase was washed with 5% NaS,O_ and twice with water. The al-
kyliodides were cleaned over ALLO, with hexane/DCM (9:1, v:v), hydrogenated with
H,/PtO, in hexane for 1 h (Kaneko et al., 2011) and eluted over Na,O, with DCM.
As the H,/PtO, hydrogenation-procedure has never been tested for stable carbon
isotope analysis, we used four CL-fractions of extracts from Station 1 and Station 2,
split them in half and hydrogenated one half with the conventional LiAIH, reduc-
tion method described by Schouten et al. (1998), the other half with the method
described here and by Kaneko et al. (2011). The conventional method consisted of
LiAIH ,in 1,4-dioxane for 1 h under reflux, then the remaining LiAIH , Was reacted
with ethyl acetate, bidistilled H,O was added and the biphytanes were extracted with
DCM from the dioxane/H,O mixture. Additional purification was done by elution
over an AL,O, column using hexane. The results showed that the "°C values of the
biphytanes were not significantly different when H_/PtO, treatment and LiAIH, hy-
drogenation were compared (Table 8.1). However, when amounts were compared,
it was obvious that hydrogenation with H_/PtO, resulted in higher yields. This is
probably due to the fact that the H,/PtO, treatment requires fewer workup proce-
dures after hydrogenation (only one drying step) than the LiAIH, treatment, which

requires two column separations in addition to a drying step.
2.6 3"C of phospholipid-derived fatty acids

In order to demonstrate that the incubation experiments did result in label uptake
by the sedimentary microbial community, we determined the uptake of *C-label by
bacteria and eukaryotes by isotopic analysis of polar lipid-derived fatty acids (PLFA).
For this, one third of the extract of the 0-1 cm sediment slice from Station 3, from
the cores incubated with bicarbonate, glucose, amino acids and the background core

(all without nitrapyrine), were used and analyzed for PLFA according to Guckert et
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al. (1985). Briefly, the aliquots were separated over a silica column with DCM, ac-
etone and methanol, respectively, with the methanol-fraction containing the PLFA.
PLFA fractions were saponified in methanolic KOH (2 N) and, after adjusting to
pH 5, the resulting fatty acids were extracted with DCM and methylated with BF -
MeOH (with a §"C of -25.4 + 0.2 %0V-PDB) before measurements by gas chroma-
tography — isotope ratio mass spectrometry (GC-irMS). The 8"°C values for the fatty

acids were corrected for the added carbon.
2.7 HPLC-APCI-MS and HPLC-ESI-MS?

The CL-fractions, hydrolyzed IPL- fractions and the IPL-fractions themselves (to
determine the carry-over of CL into the IPL fraction) were analyzed by HPLC-AP-
CI-MS as described previously (Schouten et al., 2007). HPLC/ESI-MS? in selected
reaction monitoring (SRM) mode, as described by Pitcher et al. (2011b), was used
to analyze selected IPL-GDGTs. IPL-GDGTs monitored were monohexose (MH)-
crenarchaeol, dihexose (DH)-crenarchaeol and hexose, phosphohexose (HPH)-cre-
narchaeol. Performance was monitored using a lipid extract of sediment known to
contain the monitored GDGTs that was injected every 8 runs. Response areas per
mL sediment (mL sed) are reported, as absolute quantification was not possible due
to a lack of standards. The values reported are the averages of duplicate injections and

their standard deviations.
2.8 GC-MS and GC-irMS

GC-MS was used to identify the biphytanes and phospholipid-derived fatty acid
methyl esters (FAME) using a TRACE GC with a DSQ-MS. The gas chromato-
graph was equipped with a fused silica capillary column (25 m, 0.32 mm internal
diameter) coated with CP Sil-5 (film thickness 0.12 pm). The carrier gas was helium.
The compound specific isotope composition of the biphytanes and fatty acids was
measured with an Agilent 6800 GC, using the same GC column conditions, coupled
to a ThermoFisher Delta V isotope ratio monitoring mass spectrometer. The isotopic
values were calculated by integrating the mass 44, 45 and 46 ion currents of the peaks
and that of CO_-spikes produced by admitting CO, with a known "*C-content into
the mass spectrometer at regular intervals. The performance of the instrument was
checked by daily injections of a standard mixture of a C, and a C,, perdeuterated
n-alkane. Two replicate analyses (one in the case of the fatty acids) were carried out

and the results were averaged in order to obtain the average and standard deviations.
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Table 8.1. 5"*C values of the acyclic, bicyclic, and tricyclic biphytanes obtained via H,/PtO, and

LiAIH, reduction of alkyliodides formed via Hl ether cleavage.

6"3C (%o)
acyclic bicyclic tricyclic
Sample  H,/PtO, LiAIH, H/PtO, LA, H,/PtO, LiAIH,

gt?t'cc:: ' 203£04 -202£00 -197£07 -200%06 -195+1.1 -212+08
?tgtlc(:: ' 199106 -220£02 -184%02 -202+16 -190+02 -19.8+06
Station 2

0-1cm -22.7+0.7 -220+04 -242+1.0 -224%+03 -226+t1.6 -220x04
Station 2

1-2 em -240+10 -256+02 -223+14 -256+08 -226+0.2 -25.0x0.6

Total amount / ug
acyclic bicyclic tricyclic

Sample H,/PtO, LiAIH, H,/PtO,  LiAlH, H,/PtO, LiAIH,
Station 1

0-1cm 0.79 0.28 0.27 0.16 0.31 0.18
Station 1

1-2cm 0.42 0.16 0.14 0.07 0.15 0.08
Station 2

0-1cm 0.45 0.34 0.17 0.16 0.23 0.23
Station 2

1-2cm 0.13 0.05 0.04 0.0 0.06 0.0

The stable carbon isotope compositions are reported in the delta notation against
the V-PDB standard. Some values of the biphytanes could not be determined due to
low concentrations, mainly in the background cores at station 2. For calculations of

incorporation thus, the background values from station 1 were used.
3 REesuLTS
3.1 Sediment characteristics

The sediments at stations 1-3 consisted of sand, sandy clay, and dark and soft mud,
respectively. Oxygen penetration depth was on average 17 mm at station 1, while
oxygen penetrated slightly less deep at station 2 (13 mm on average) and station 3

(15.5 mm on average; Fig. 8.4). At station 1, organic carbon contents were low with
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0.6 % at 0-1 cm depth and 0.3 % at 1-2 cm and 6-7 cm depth. Organic carbon con-
tents were higher at station 2 and amounted to 1.4-1.7% and were highest at station
3 (2.0-2.5%). The pH of the bottom water hardly differed between stations and was

typically marine, i.e. 8.2 at station 1, 8.0 at station 2, and 7.9 at station 3.

Pore water concentrations of nutrients, as shown in Fig. 8.4, showed similar trends
with depth at the three stations. Inorganic phosphate concentrations were 1 pmol -
I"" in the bottom water and generally increased with depth up to 7-14 pmol - 1" Am-
monia concentrations increased as well with sediment depth, from 0.19 to 1.3 pmol
- I in bottom water to 44-70 pmol - I"" at depth. Nitrite concentrations were an or-
der of magnitude higher in the pore water (0.32-0.62 pmol - I') than in the bottom
water (0.055 pmol - 1), and increased with sediment depth. Nitrate concentrations
were high in the bottom water, 14 pmol - I, and generally decreased quickly with
depth in the sediment to values between 0.6 and 3 pmol - I''. The 8"°C of the DIC
showed also similar profiles at the three stations. It decreased from 1 %o in the bot-
tom water to -3 %o in the pore water. At station 2, §"°C of the DIC could only be
measured in the bottom water and the four uppermost pore water samples, but, in
these samples, showed the same decrease with depth as observed at Station 1, from
-1.3 %o to -2.9 %o.

3.2 GDGT-abundance

GDGT-concentrations averaged over all cores from the incubations (10 per station)
are shown with standard deviation in order to give an impression of the range of con-
centrations found (Fig. 8.5). GDGT-0 and crenarchaeol were present as a core lipid
in concentrations of 0.4 to 0.8 pg - mL sed', and 0.08 to 0.12 pg - mL sed' for the
minor isoprenoid GDGTs (i-GDGTs; GDGT-1, -2 and -3). Concentrations were
similar at all stations and did not show substantial changes with sediment depth.
IPL-derived GDGTs were present in lower concentrations and amounted to 0.09
to 0.3 (GDGT-0), 0.07 to 0.18 (crenarchaeol) pg - mL sed’. Concentrations were

generally lower at station 1 compared to stations 2 and 3.

Direct analysis of individual IPL-crenarchacol showed that the head groups mainly
consisted of monohexose (MH)- and hexose, phosphohexose (HPH)- headgroups,
with only a small contribution of dihexose (DH)- head groups (Fig. 8.5¢). The pro-
portion of HPH- to the total peak area of IPL-crenarchaeol was ca. 80 - 90% in the

surface sediments (0-1 and 1-2 cm) of all stations. At station 1 and 2, this decreased
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a POZ [umol . L] NO; [umol . "] 813C - DIC [%o]
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Figure 8.4. Oxygen microprofiles and pore water results vs. depth at station 1 (a), 2 (b) and 3

(o).
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to 10 — 25 % in the deepest sediment slice analyzed, 6-7 cm. At station 3, HPH-

crenarchaeol dominated at all sediment depths (Fig. 8.4).
3.3 Incubation experiments

Incubations experiments were started directly after core recovery and initial sampling
by injection of solutions, which contained *C-bicarbonate, pyruvate, glucose , ami-
no acids or just water (incubated for comparison and further called the “background
core”) over the first 7 cm of the cores. The cores were incubated at iz situ tempera-
tures (4°C) for 6 days (4 days for station 3) and subsequently sliced and stored for
analysis of "C-enrichment in lipids. Oxygen penetration depths were measured and
bottom water was sampled at the start of the experiment, after 48 hours (36 for Sta-
tion 3) and at the end of the incubations. At all stations, nutrient concentrations of
the bottom water did not change over the 6 days (5 days for station 3) of incubation,
except for nitrate, which generally showed a decrease (Table 8.2). The bottom water
pH remained mostly constant, except at station 1, where it changed during from 8.2
to 8.0 in all incubations, similar to the other sediment cores and perhaps indicating
that the initial value of 8.2 might have been due to an error in the measurement.
The 8"C of the DIC in the bottom water substantially increased in the cores where
PC-labeled compounds and bicarbonate was added, but not in the background cores
(Table 8.2). In cores from station 2, oxygen penetration depths decreased to 6-9
mm in all incubation experiments except for the core incubated with pyruvate and
inhibitor, as well as in cores from station 3, where a decrease in oxygen penetration
depth to 8-10 mm was observed (Table 8.2). In all cores from the three stations,
no major differences in IPL-crenarchaeol concentrations upon incubation could be

detected (Fig. 8.6-8).

The 8"°C-values of the biphytanes released from the IPL-GDGTs of the background
cores were ranging from -17 to -24 %o at all stations (Table 8.3), which is within
the natural variation observed for biphytanes sourced by Thaumarchaeota in marine
sediments (Hoefs et al., 1997; Kénneke et al., 2012; Schouten et al., 2013). No sub-
stantial *C enrichment of biphytanes was observed in nearly all of the incubation
experiments (Fig. 8.9). The only exception was the tricyclic biphytane in some of the
incubations at station 1 (with *C-labelled substrates bicarbonate, bicarbonate and
inhibitor, and pyruvate and inhibitor at nearly all depths) and one incubation (with
pyruvate and inhibitor at 6-7 cm depth) at station 2 with enrichments ranging from

2 to 4 %o. However, due to the large standard deviations in the §'°C values of the BG
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Figure 8.5. GDGT-0 and crenarchaeol concentrations (averages), for CL-GDGTs (a) and IPL-

derived GDGTs (b) at all three stations and core depths. Proportions of head groups of IPL-

crenarchaeol at all three stations (c)..
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Table 8.2. The bottom water NO,” concentrations and 6'*DIC changes over the incubation time

(B,.,). as well as oxygen penetration depths measured after the incubations. In brackets, the av-

erage values of oxygen penetration depth for the cores before incubation. BG ... background,

Bic ... bicarbonate, Pyr ... pyruvate, +Inh ... nitrification inhibitor nitrapyrine added.

NO, A6™DIC, 0, pen. depth
Station Incubation [umol - I"] [%o] [mm]
t=0h t=62h t=144h t=62h t=144h t=144h

(before: 17)

BG 17.9 19.1 4.1 0.6 2.8 11
Bic 15.9 16.2 8.2 66.5 156.2 16
1 Pyr 18.1 19.2 59 109.1 457.0 16
BG+Inh 15.5 16.3 13.9 -0.5 26 20
Bic+Inh 11.5 12.0 3.8 135.3 275.5 20
Pyr+Inh 254 25.6 14.3 72.7 671.1 16

(before: 13)

BG 12.14 11.37 0.09 -0.5 29 9

Bic 5.55 4.05 0.07 336.5 606.0 6

) Pyr 13.77 12.48 0.12 366.6 1570.7 6
BG+Inh 10.72 1045 0.19 0.1 35 5
Bic+Inh 7.22 6.79 0.09 2554 570.1 6
Pyr+Inh 5.01 3.17 0.06 5113 11364 16
(before: 16)

BG 13.84 0.00 0.13 1.5 -2.3 nd.”

Bic 13.83 12.60 0.08 558.2 814.3 nd.”

Pyr 6.45 4.23 0.12 11089 1496.3 nd.

Glu 14.14 12.03 0.11 90.4 194.2 nd.

3 AA 15.34 13.55 0.15 82.7 201.9 nd.
BG+Inh 16.06 13.39 0.11 0.3 49 8
Bic+Inh 15.23 14.05 0.18 2448 520.3 nd.”
Pyr+Inh 8.92 6.68 0.10 682.7 1644.5 8
Glu+inh 5.86 4.77 0.03 110.8 301.2 10
AA+Inh 14.36 13.41 0.09 62.2 368.2 nd.

172 *n.d. - could not be determined
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cores, only the enrichment of 2-5 %o in the 1-2 cm slices of station 1 is statistically
significant at a 95% confidence level (t(2)= 6.6 — 9.0, P=0.05).

To determine whether the added "C-labelled substrate was incorporated into sedi-
mentary microbial biomass at all, phospholipid-derived fatty acids, stemming from
bacteria or eukaryotes, were analyzed from the surface sediments of the bicarbonate,
amino acids and glucose incubation experiments. 8'°C values of the most common
fatty acids, C, and C ,  were enriched in **C by up to 80 %o in the amino acid and
glucose incubation experiments compared to the background (Table 8.4). The cores

incubated with '*C-labeled bicarbonate showed no *C-enriched fatty acids.
4 DiscussioN
4.1 Biomarkers indicative for live sedimentary Thaumarchaeota

The only biomarker lipids up to now which are probably indicative for live
Thaumarchaeota are crenarchaeol IPLs (Pitcher et al., 2011b). Of these, the ones
with a glycosidic head group likely contain a substantial fossil component, while
the hexose, phosphohexose (HPH)-crenarchaeol is more labile and its concentra-
tion corresponds well to DNA-based thaumarchaeal abundance (Pitcher 2011a and
2011b; Schouten et al., 2012; Lengger et al., 2012b). The presence and dominance
of HPH-crenarchaeol in the sediments strongly suggests that live Thaumarchaeota
were present in sediments at all the stations (Fig. 8.5). This was expected for the
surface sediment, as oxygen and ammonium were present (Martens-Habbena et al.,
2009; Erguder et al., 2009; Hatzenpichler, 2012). The ammonium concentration
profiles, with concentrations decreasing upwards, agree with aerobic ammonia oxida-
tion proceeding in the oxygenated parts, using the ammonium diffusing from below.
However, HPH-crenarchaeol was present down to 7 cm depth, below the oxygen
penetration depth, which could indicate that either live Thaumarchaeota were pres-
ent at depth, using a metabolic process different from aerobic ammonia oxidation,
or that this HPH-crenarchaeol is not stemming from live Thaumarchaeota at depth
and was partly preserved. In any case, it is not yet known what exactly the preferred
environment for Thaumarchaeota is, as they have been found to be active in low and
high ammonia and low and high oxygen environments (Martens-Habbena et al.,
2009; Erguder et al., 2009; Hatzenpichler, 2012).

173



Chapter 8

Table 8.3. Background (BG) values of §"*C of the biphytanes measured in the sediment, i.e. §'*C of the biphytanes that were incubated just with water,

but under the same conditions. These values were used for determination of the A8'™C: BG values were subtracted from the 6'*C of the corresponding

value measured from the cores incubated with label (Fig. 8.9). Numbers indicate the depth interval the sample was coming from, + : nitrification inhibitor

nitrapyrine added for incubation, - : no inhibitor added. Values at station 2 could not be determined due to low concentrations.

Station 1 Station 2 Station 3
6"3C 6"3C 6"3C
[%0] [%o] [%o]
Inh. mmn_.h_mqﬂnr acyclicBP  bicyclicBP tricyclicBP acyclicBP bicyclicBP  tricyclicBP acyclicBP  bicyclicBP tricyclic BP
0-1 -220+£0.1  -205=x11 -19.9+0.3 n.d.’ nd.” nd.” -204+0.2 -202+1.2 -19.8+0.8
1-2 -214+£05 -20.7£0.1 -20.2+0.0 nd.” nd.” nd.” -196+12 -183+14 -17.7+£19
6-7 -214+02 -224+19 -21.5+23 nd.” nd.” nd.” -206+04 -20.1+04 -19.2+ 0.6
N 0-1 n.d.” nd. nd.” nd.” nd.” nd.” -193+06 -19.7+06  -194+03
1-2 -220+0 -21.2+04 -213+0 -229+09 -214+14 -203+09 -194x0.1 -19.9+04 -19.2+0.2
6-7 -224+0 -20.0+ 0.6 -22.2+0 -220+00 -21.0+04 -200+04 -224+00 -214+04 -20.7 0.1

"n.d. - could not be determined.
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Figure 8.6. IPL-crenarchaeol profiles of the incubated cores for Station 1 - background (BG), bi-
carbonate (Bic) and pyruvate (Pyr) without (left plot) and with nitrification inhibitor (right plot).
Top graphs shows the values from 0-1 cm depth, graphs in the middle the profiles from 1-2 cm

depth and at the bottom the profiles from 6-7 cm depth.
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4.2 Activity indicators and label uptake during incubation

Several parameters can be monitored during the incubation experiments to cast hints
on sedimentary microbial activities stimulated by the addition of substrates. During
incubation, a decrease of oxygen penetration depths would indicate an increased aer-
obic metabolism at the surface, utilizing oxygen and preventing it from penetrating
deeper, which was expected in the slices where organic carbon was added. However,
at station 1, this was not observed and oxygen penetration depths only decreased in
the background core (Table 8.2). This could be due to the aeration carried out by
bubbling air into the bottom water of the core, and oxygen penetrating deeper into
the sandy sediment. However, the cores from station 2 showed a decrease of oxygen
penetration depth after incubation, except for the core incubated with pyruvate and
inhibitor. Also the cores from station 3, i.e. those where oxygen penetration depth
could be measured, showed a decrease, indicating that the oxygen was consumed
upon incubation, independent of the type of substrate added to the cores. Ammonia
and nitrite concentrations in the bottom water showed no changes during the incu-
bations, but nitrate concentrations were, at station 2 and station 3, below detection
limit after 6 and 5 days, respectively, suggesting consumption of nitrate (Table 8.2).
This may indicate a strong contribution of denitrification to organic carbon process-
ing in these sediments. The increase in 8"*C of the DIC in the bottom water of all
cores compared to the background cores (Table 8.2) clearly showed that the organic
substrates added were respired. Indeed, the strong labeling of the PLFAs at station
3 indicated that the organic substrates were readily taken up by bacteria, and poten-

tially non-photosynthetic eukaryotes, and incorporated into their biomass.

For archaeal lipids, however, there are no indications of any substantial uptake of
PC-label. IPL-GDGT abundances did not substantially change upon incubation,
suggesting that Thaumarchaeota abundances did not change (Fig. 8.5 showing an
average of all incubated cores, with standard deviations). However, this could also
indicate that the majority of IPLs in these sediments were fossil (cf. Schouten et
al., 2010; Logemann et al., 2011; Lengger et al., 2012b) and not part of living
Thaumarchaeota, and thus not affected at all by the incubation. This could include
HPH-GDGTs as well, though it is also possible that the bias during analysis, i.e.
loss during silica column chromatography (cf. Lengger et al., 2012b), resulted in
an underrepresentation of HPH-GDGT-derived biphytanes measured by irmGC-

MS. Importantly, in nearly all of the incubation experiments, the 8"*C values of all
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measured biphytanes changed by less than 2 %o and sometimes even decreased in
PC-content compared to the background values (Fig. 8.9). In some of the experi-
ments, mainly at station 1, a slight enrichment in the tricyclic biphytane of up to 4 +
2 %o was observed though this difference is not statistically significant for individual
experiments. Furthermore, the bicyclic biphytane, also predominantly derived from
crenarchaeol, shows in general lower *C-enrichments than the tricyclic biphytane
and also no statistically significant enrichments for individual experiments. Thus,
there is no evidence for substantial uptake of *C-label in archacal GDGTs, like is
observed for the PLFA.

This apparent lack of uptake could be due to three reasons. Firstly, it is possible that
the Thaumarchaeota were active, but the substrates were not taken up. However, in
case of the bicarbonate incubations this is unlikely as, in water incubations as well as
enrichment cultures — including those of sedimentary Thaumarchaeota - it has been
shown to be readily incorporated into biphytanes (Wuchter et al., 2003; Park et al.,
2010; Pitcher et al., 2011a). Secondly, it is possible that most of the IPLs measured
(i.e. MH- and DH-GDGTs, assuming the chromatographic discrimination against
the HPH-GDGTs) are fossil, and thus only a very small amount of these IPLs are
part of live and active sedimentary Thaumarchaeota. Finally, it is also possible that
a higher proportion of the IPLs are part of sedimentary Thaumarchaeota, but that
their metabolism and growth rates are so slow (as opposed to Thaumarchaeota in sea
water and enrichment cultures), that no incorporation could be detected over the

time scales investigated. These options are discussed in further detail below.

4.3 Estimating growth rates of Thaumarchaeota and turnover rates of IPL-
GDGTs

To investigate whether growth rates as well as degradation rates of IPL-GDGTs were
responsible for the apparent lack of substantial *C-labeling, we used data from our
experiments to estimate minimal growth rates and the turnover time of IPL-GDGTs.
The largest labeling was found at station 1 in the sandy sediment, indicating that
Thaumarchaeota may have been active there. If a labeling of 2 %o of biphytanes is
assumed, this can be converted to growth rates by using a formula used for growth
of phytoplankton based on the isotope dilution theory of Laws (1984; Eq. 1), with
 representing the growth rate, L, the incubation time, P* the atom%-excess of the
product, in our case the biphytane, and A* the atom%-excess of the substrate added

(cf. alkenone lipids for eustigmatophyte algae; Popp et al., 20006) :
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tinc A® (Eq. 1)

Unfortunately, as natural concentrations of the added substrates were not deter-
mined, A* could not be calculated for the incubation experiments with pyruvate,
glucose and amino acids. In the bicarbonate experiments, we calculated A* based
on the amount of added 99%-labeled DIC and natural sy">C and concentration
of DIC (Table 8.2). For P* we used the highest enrichment observed s at 6-7 depth
with no inhibitor, i.e. 4 %o. This gives an estimate of the maximum p calculated
to be 6.3 x10* d!, corresponding to a generation time of 3 yrs. Clearly for the
other bicarbonate experiments, generation times will be much higher (e.g. for a 2
%o enrichment, 9 yr). Interestingly, growth rates as low as estimated here have been
predicted by Valentine (2007), who stated that the archaeal domain, other than bac-
teria and eukaryotes, has adapted to low energy conditions and is thus character-
ized by the exceptional ability to live in low energy environments and is not quick
in adapting to settings with higher concentrations of available carbon and redox
substrates. However, this has not been observed for pelagic Thaumarchaeota as SIP
experiments showed a substantial enrichment in *C in IPL-GDGTs (Wuchter et al.,
2003; Pitcher et al., 2011a). Indeed, the generation times calculated from enriched
North Sea water labeling experiments conducted by Wuchter et al. (2003; A*=5%;
P*=0.46% - 400 %o enrichment) and Pitcher et al. (2011a; A*<9%; P*<0.07 % — 44

%o enrichment) were at least an order of magnitude lower — 50 and 88 d, respec-

Table 8.4. 5'C values of fatty acids measured in the 0-1 cm slice in cores from station 3, incu-

bated without inhibitor, for 5 days.

61C
%o
Fatty acid BG Bic Glu AA
Cio -255+0.2 -253+0.6 20.6 £0.5 30.0+3.9
C -24.6 -245+0.2 66.2 +0.4 63.1 £2.1

18:0

“Single measurement
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tively, than observed here. Also sedimentary Thaumarchaeota have been shown to
incorporate *C from bicarbonate in enrichment cultures, resulting in biphytanes
with *C contents as high as 50 at% (Park et al., 2010).

The calculations above assume exponential growth of sedimentary Thaumarchacota
and an immediate translation of this signal into the lipid pool. If, on the other hand,
steady state conditions are assumed, i.e. cell numbers and lipid concentrations are
not increasing but remain constant, the turnover time for the sedimentary lipid pool

¢, can be calculated according to Lin et al. (2012) :

A* 'ti’nc
pe

ttD -

(Eq. 2)

Using Eq. 2, the turnover time of IPL-crenarchaeol in sediments would thus be at
least ~4 yrs based on the 4 %o enrichment of the tricyclic biphytane in the bicarbon-
ate incubation experiment. Since labeling was not detected in the other sediments,
this turnover time estimate is likely to be a minimal estimate. This large turnover
time is not an unusual postulate for thaumarchaeal lipids in sediments, as also Lin et
al. (2012) found very low *C incorporation rates of labeled glucose into sugar moi-
eties of glycosidic GDGTs over >400 d and used these to estimate turnover times of
diglycosyl-lipids of 1,700 — 20,500 years. This is in strong contrast to GDGTs in the
water column: Using the SIP data of Wuchter et al. (2003) and Pitcher et al. (2011a)
from incubations of North Sea water, we obtained t, of 76 and 128 d, respectively,
for the thaumarchaeal GDGTs.

One possible reason for the slow label incorporation rates is that the incubations
were performed shipboard at atmospheric pressure on cores from 200 to 500 m
depth and thus the change in the pressure upon recovery of the sediment cores could
have caused rupture of the cells. However, if our results are compared to the in situ-
incubations carried out by Takano et al. (2010), it is obvious that iz sizu-incubations
did not result in significant incorporation into the biphytanyl chains either. Another
possibility, as suggested ibid., is that biphytanyl chains are not or hardly produced
by sedimentary Thaumarchaeota, but recycled, and the sugar headgroups and/or the
glycerol are only newly generated and *C-labeled. However, as also the incorporation
into the sugar headgroups of GDGTs, as reported by Lin et al. (2012), is similarly

low, it suggests that there is indeed a lack of, or only very slow, *C-uptake into IPL-
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GDGTs. It seems that stable carbon isotope probing is most likely not the method of
choice for thaumarchaeal activity measurements in sediments, where conditions are
favorable for preservation of fossil GDGTs providing a large background signal. In
the water column, however, where growth of Thaumarchaeota is faster and lipids are
likely degraded on shorter time scales, due to the abundant presence of oxygen and
lack of mineral matrix protection (Keil et al., 1994; Hedges and Keil, 1995), stable
isotope incubations are useful for determining activities of Thaumarchaeota. In sedi-
ments that contain a high proportion of fossil IPL-GDGTs which are not part of live
Archaea, the incorporation of *C into the lipids of the few active Thaumarchaeota is
probably not enough to change the 8'°C of the IPL-GDGTs to a significant degree

over the commonly used time scales of SIP experiments.
5 CONCLUSIONS

Incubations of sediment cores from the Iceland Shelf were used in order to deter-
mine the metabolism of sedimentary Thaumarchaeota. Thaumarchaeal IPLs were
present in sediment cores recovered from the Iceland Shelf and the presence of labile
IPL-biomarkers for Thaumarchaeota, such as HPH-crenarchaeol, suggested the pres-
ence of living Thaumarchaecota. However, incubations with '*C-labeled substrates
bicarbonate, pyruvate, glucose and amino acids did not result in any substantial
incorporation of the "*C into the biphytanyl chains of these lipids. Turnover times
and generation times of thaumarchaeal lipids were estimated to be at least several
years suggesting slow growth of sedimentary Thaumarchaeota in contrast to other
sedimentary organisms, as well as a slow degradation of IPL-GDGTs, in contrast to

bacterial or eukaryotic PLFAs.
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SUMMARY






Paleoclimate reconstructions are vital for climate modelling and climate change pre-
dictions. Paleotemperature, an important variable in paleoclimate determinations,
can be reconstructed using proxies. Some of them rely on specific organic com-
pounds, so-called biomarker lipids. One of these organic paleotemperature proxies
is the TEX,, a ratio of different glycerol dibiphytanyl glycerol tetraether (GDGT)
lipids produced by Thaumarchaeota. These archaea constitute a phylum whose
members are ubiquitous in the environment, and are the second most abundant
micro-organisms in the ocean. Their cell membranes mainly consist of GDGT-core
lipids (CL) with attached polar head groups (also called intact polar lipid-GDGTs;
IPL-GDGTs). IPL-GDGTs are often used as biomarkers for live Archaea due to the
labile bonds between the head groups and the lipids, whose cleavage constitutes the
first step in lipid diagenesis, leaving the more stable CL-GDGTs. Thaumarchaeal
GDGTs contain different numbers of cyclopentyl or cyclohexyl moieties, and their
relative proportions are dependent on the growth temperature. After cell death, IPL-
GDGTs are transformed into CL- GDGTs which are exported from the water col-
umn to the sea floor and preserved over long timescales — up to hundreds of Myrs
— and thus provide information about past sea surface temperatures. However, sedi-
mentary Archaea producing the same GDGTs or differential degradation of GDGT
isomers in the sediment could alter the original GDGT-distribution stored in the

sedimentary archive and thus bias paleotemperature assessments.

In this thesis, the effect of post-depositional processes on biomarkers and proxies
was investigated, specifically on the GDGT-distribution and the TEX, . The appli-
cability of IPL-GDGTs as biomarkers for live Archaea was critically assessed and the
contribution of live Archaea to the sedimentary IPL-GDGT pool was studied. First,
several extraction methods were tested, and experiments showed that Bligh-Dyer
extractions were most capable of extracting all IPL-GDGTs, including relatively po-
lar ones, such as those with a hexose, phosphohexose head group. However, further
sample processing such as column chromatography can result in a reduction of the
latter IPLs by up to 80%. Based on the results, a modified Bligh-Dyer extraction
with as little further treatment as possible was used in the thesis to allow measure-
ment of the full range of IPL-GDGTs in sediments, and silica column chromatogra-
phy was additionally used for quantification of GDGTs derived from IPL-GDGTs
and of CL-GDGTs.
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Summary

Determination of IPL-GDGT concentrations in surface sediments from the Arabian
Sea and a 186 mbsf core from the Peru Margin, showed that glycosidic IPL-GDGTs
are preserved over geological time scales (Myr). IPL-GDGTs with a phosphate head
group, however, were degraded much faster (within 7 kyr). Previously reported mea-
surements of archaeal biomass in deeply buried sediments were based mainly on
glycosidic GDGTs and are thus probably substantially overestimating of the actual
number of live archaeal cells. Some sedimentary in situ production, based on the
presence of sub-surface (-1 cmbsf) peaks of the phosphate-containing IPL-GDGTs
was found. However, it was also observed that these IPL-GDGTs were more labile,
probably due to a lack of matrix protection, and did not accumulate as IPL-GDGTs
or CL-GDGTs. The minor amounts of in situ production in sediments were not
influencing the TEX_ of the CL-GDGTs. The TEX of individual [PL-GDGTs
showed differences dependent on the head group, with the highest TEX,, values in
the dihexose-GDGTs, and the lowest values in the hexose, phosphohexose-GDGTs.
These differences were universally observed in sediments, water column samples,
and enrichment cultures, suggesting that they occur already upon IPL-assembly in
the archaeal cell. Differences in degradation rates between thedifferent IPL-GDGTs
and the differences in TEX_, per head group can cause small changes in IPL-derived
TEX,, values upon progressing degradation, i.e. the hexose, phosphohexose-GDGTs
with lower TEX, values are degraded first resulting in slightly higher IPL-derived
TEX,, values compared to CL-TEX_, in accordance with other studies. A slight
decrease of TEX, with increasing oxygen exposure time and increasing water depth
was found in the Arabian Sea. This trend could be explained with in situ production
in the water column, as it was also observed in suspended particulate matter from

the overlying water column.

In order to determine sedimentary in situ production, incubation studies with *C-
labeled substrates were performed. The substrates used were phytodetritus from
Thalassiosira diatoms, bicarbonate, pyruvate, glucose and mixed amino acids. How-
ever, no incorporation of *C-label was observed in the phytodetritus, glucose and
amino acid labeling experiments, and no enrichment higher than 3%o could be de-
tected in the isoprenoid chains of any of the GDGT lipids when bicarbonate or
pyruvate was used. This is in contrast to bacterial phospholipid fatty acids, which
were shown to be substantially enriched in "*C after incubation with labeled organic
compounds. This suggests that sedimentary Thaumarchaeota are mainly autotrophic

and only play a minor direct role in benthic organic carbon processing. The low



Summary

incorporation rates suggest a low activity of Thaumarchaeota in marine sediments
and/or a low turnover rate of thaumarchaeal IPL-GDGTs due to their low degrada-
tion rates, as a high background concentration of fossil IPL-GDGTs could mask the
labeling. This also suggests that IPL-GDGTs are not as suitable for stable isotope

probing experiments as bacterial phospholipids.

Thus, the work in this thesis has shown that some IPL-GDGTs can be preserved
over geological time scales and are thus not an accurate measure for live archaeal
biomass. Cell numbers and activity of sedimentary Thaumarchaeota based on gly-
cosidic IPL-GDGT measurements may thus have previously been overestimated. In
situ production might occur in sediments in small numbers, but is not large enough
to significantly affect the TEX, . In conclusion, post-depositional processes have, in
the settings investigated, no impact on the functioning of the TEX,, as a paleotem-

perature proxy.
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SAMENVATTING






Paleoklimaatreconstructies zijn essentieel voor het testen van klimaatmodellen en
dus voor het voorspellen van toekomstige klimaatveranderingen. De paleotempera-
tuur, een belangrijke parameter in paleoklimaatbepalingen, kan met behulp van zo-
genaamde proxies worden gereconstrueerd. Sommige proxies zijn gebaseerd op spe-
cifieke organische stoffen, zogenaamde biomarker lipiden. Eén van deze organische
paleotemperatuurproxies is de tetracther index, TEX,, een ratio van verschillende
glycerol dibifytanyl glycerol tetraether (GDGT) lipiden, geproduceerd door Thau-
marchaeota. Dit type archaea is alomtegenwoordig in het milieu als nitrificeerder en
vormt de op één na in aantal belangrijkste groep microdrganismen in de oceaan. Hun
celmembraan bestaat voornamelijk uit GDGTs (zogenaamde ‘core’ lipiden, CL),
met daaraan gebonden polaire kopgroepen (ook wel intacte polaire lipiden-GDGTs
genoemd; IPL-GDGTs). IPL-GDGTs worden vaak als biomarker voor levende ar-
chaea gebruikt omdat de labiele binding tussen lipiden en kopgroepen snel na de
dood van de archaea verbroken wordt. Hierdoor blijven de stabielere CL-GDGTs
over. GDGTs in de celmembranen van Thaumarchaeota vertonen variatie in het
aantal cyclopentyl- en cyclohexylgroepen, waarbij er meer ringen aanwezig zijn bij
een hogere groeitemperatuur. Na de celdood worden IPL-GDGTs afgebroken tot
CL-GDGTs en worden zij naar de zeebodem getransporteerd, waar zij gedurende
langere perioden — tot wel honderden miljoenen jaren — bewaard kunnen blijven.
De CL-GDGT distributie in oude sedimenten kan op deze manier de temperatuur
van vroegere tijden reflecteren. Sedimentaire archaea, die dezelfde GDGTs produce-
ren, of selectieve degradatie van specifiecke GDGTs in het sediment, kunnen echter
de originele GDGT-distributie in het sedimentaire archief veranderen en daardoor

paleotemperatuurbepalingen beinvloeden.

In het onderzoek beschreven in dit proefschrift werd de invloed van sedimentaire
processen op GDGTs en de TEX,, proxy onderzocht. De toepassing van IPL-
GDGTs als biomarkers voor levende archaea is kritisch geévalueerd, alsmede de bi-
jdrage van levende archaea aan de hoeveelheid sedimentaire IPL-GDGTs. In het
eerste gedeelte van het proefschrift wordt het testen van extractiemethoden beschre-
ven, waarbij aangetoond wordt dat Bligh-Dyer extractie de meest geschikte methode
voor volledige extractie van IPL-GDGTs is, met inbegrip van IPL-GDGTs met sterk
polaire kopgroepen, zoals hexose, fosfohexose GDGTs. De volgende stap in de op-
werkingsmethode van GDGTs, de kolomscheiding, kan leiden tot een reductie in
concentratie van sommige IPLs tot wel 80%. Om dit te vermijden werd er in dit

onderzoek een Bligh—Dyer extractie toegepast met zo min mogelijke opeenvolgende
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opwerkingstappen om het verlies aan IPL-GDGTs sterk te beperken. Daartoe werd
een silica kolomscheiding toegepast om GDGTs van IPLs en CL-GDGTs te schei-

den en als aparte groepen te kunnen kwantificeren.

Door de bepaling van IPL-GDGT concentraties in sedimenten van een 186 m lange
boorkern van de kustzone van Peru werd ondeke dat glycosidische IPL-GDGTs over
langdurige tijdsperioden (miljoenen jaren) gepreserveerd kunnen worden. Daaren-
tegen bleek dat IPL-GDGTs met een fosfaat-kopgroep in oppervlaktesedimenten
van de Arabische Zee relatief snel (binnen zevenduizend jaar) werden afgebroken.
Gepubliceerde schattingen van het aantal levende archaeale cellen in diepe mariene
sedimenten zijn grotendeels op de concentratie van glycosidische IPL-GDGTs geba-
seerd en overschatten daarom waarschijnlijk het aantal levende archaeale cellen. Ma-
xima in concentraties van fosfaat-bevattende IPL-GDGTs vlak onder het sediment-
wateroppervlak toonden aan dat er ook sprake is van benthische in-situ productie
van nitrificerende Thaumarchaeota. Deze benthisch geproduceerde IPL-GDGTs zijn
echter relatief labiel en worden snel afgebroken, waarschijnlijk door het ontbreken
van matrixbescherming. De geringe hoeveelheid in-situ productie in sedimenten

beinvloedt daarom niet het oorspronkelijke TEX8 . signaaal van de CL-GDGTs.

De TEX,, —waarden van verschillende groepen van IPL-GDGTs verschilden afhan-
kelijk van de kopgroep, met de hoogste TEX, , waarden voor de dihexose-GDGTs,
en de laagste waarden voor de hexose, fosfohexose-GDGTs. Deze verschillen werden
zowel in sedimenten, gesuspendeerd materiaal in de waterkolom, als in verrijkings-
culturen van Thaumarchaeota waargenomen. Dit geeft aan dat deze verschillen reeds
tijdens de biosynthese optreden. Verschillen in degradatiesnelheid tussen de verschil-
lende IPL-GDGTs en de verschillen in TEX,, per IPL componentklasse kunnen
tot kleine veranderingen in de TEX_, -waarde van IPL-GDGTs leiden; de hexose,
fosfohexose-GDGTs met een lagere TEX,, waarde worden eerst afgebroken, resulte-
rend in een hogere IPL-TEX_ waarde vergeleken met die van de CL-GDGTs. Deze
verschillen zijn al eerder gerapporteerd. In de Arabische Zee dalen de TEX,, waarden
van CL-GDGTs? met met toenemende waterdiepte. Dit kan verklaard worden met

een toenemende bijdrage van GDGTs uit het diepere gedeelte van de waterkolom.

Om de omvang van de sedimentaire in-situ productie van GDGTs vast te stellen
werden incubaties met *C-gelabelde substraten uitgevoerd. De gebruikte substraten
zijn fytodetritus van 7halassiosira diatomeeén, bicarbonaat, pyruvaat, glucose en een

mengsel van aminozuren. Er werd geen inbouw van het “C-label waargenomen in
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de experimenten waar fytodetritus, glucose en aminozuren gebruikt werden, terwijl
in de experimenten met bicarbonaat en pyruvaat een verrijking van <3 %o werd
gevonden. Bacteriéle fosfolipiden, daarentegen, waren na verloop van de incubatie
met organische substraten aanzienlijk verrijkt in C. Dit geeft aan dat sedimentaire
Thaumarchaeota voornamelijk autotroof zijn en maar een kleine rol spelen in de
benthische verwerking van organische koolstof. De lage gemeten inbouwsnelheid
van "C toont aan dat Thaumarchaeota in mariene sedimenten niet erg actief zijn
of dat hun lipiden een lage omzettingssnelheid hebben. Dit laatste zou verklaard
kunnen worden door hun lage degradatiesnelheid, waardoor er een hoge achter-
grondconcentratie van fossiele IPL-GDGTs aanwezig is die het signaal van de nieuw
geproduceerde, *C-gelabelde lipiden verdunnen. Archaeale IPL-GDGTs zijn dus
minder goed bruikbaar voor stabiele isotopen inbouw-experimenten, in tegenstelling

tot hun bacteriéle equivalenten.

De resultaten beschreven in dit proefschrift laten zien dat sommige IPL-GDGTs
over geologische tijdschalen kunnen worden gepreserveerd. Zij zijn dus niet goed
bruikbaar als ‘biomarker’ voor levende Archaea. Eerdere bepalingen van het aantal
levende archaeale cellen in diepe mariene sedimenten gebaseerd op de concentratie
van glycosidische IPL-GDGTs hebben zeer waarschijnlijk tot een overschatting ge-
leid. In-situ productie van kleine hoeveelheden GDGTs in sedimenten is mogelijk,
maar niet belangrijk genoeg om de TEX_ te beinvloeden. Uiteindelijk oefenen post-
depositionele processen dus geen grote invloed uit op de toepassing van de TEX_ als

paleotemperatuurproxy.
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shores. As I arrived on Texel, it felt surreal to live in this beautiful place, and like I
had always been longing for the beautiful light and the great skies. Texel has tried me
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