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a b s t r a c t

The Paleocene–Eocene Thermal Maximum (PETM; ∼56 Ma) and Eocene Thermal Maximum 2 (ETM2;
∼53 Ma) are geological short (o200,000 years) episodes of extreme global warming and environmental
change. Both the PETM and ETM2 are associated with the injection of 13C-depleted carbon into the
ocean–atmosphere system as revealed through a globally recognized carbon isotope excursion (CIE) and

fossil matter, i.e. multiple carbonate phases, bulk organic matter, and terrestrial and marine biomarker
lipids, making it difficult to constrain the actual CIE in atmospheric and oceanic carbon pools. Here we
analyzed the stable carbon isotopic composition (δ13C) of glycerol dibiphytanyl glycerol tetraether lipids
(GDGTs) derived from marine Thaumarchaeota in sediments deposited during the PETM in the North Sea
Basin and ETM2 in the Arctic Ocean. The δ13C values of these lipids are potentially directly recording
variations in δ13C dissolved inorganic carbon (DIC) and can thus provide a record of marine δ13C DIC
across both these Eocene carbon cycle perturbations. Reconstructed pre-CIE δ13CDIC values are slightly
lower (0.5–1‰) than modern day values, possibly because Thaumarchaeotal lipids are not only derived
from surface waters but also from 13C-depleted subsurface waters. Their values decrease by ∼3.6 (70.3)
‰ and ∼2.5 (70.7)‰ during the PETM and ETM2, respectively. The CIE in crenarchaeol for ETM2 is
higher than that in marine calcite from other locations, possibly because of the admixture of deep water
13C-depleted CO2 generated by the euxinic conditions that developed occasionally during ETM2.
However, the reconstructed PETM CIE lies close to the CIE inferred from marine calcite, suggesting that
the δ13C record of crenarchaeol may document changes in marine DIC during the PETM in the North Sea
Basin. The δ13C of thaumarchaeotal lipids may thus be a novel tool to reconstruct the δ13C of DIC in
sediments that are devoid of carbonates, but relatively rich in organic matter, such as shallow marine
coastal settings.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

The Paleocene–Eocene Thermal Maximum (PETM) is character-
ized by a rapid large decrease in stable carbon isotope ratios (δ13C)
in marine and terrestrial carbonates and organic matter and
massive dissolution of seafloor carbonates, providing evidence
for the massive and rapid injection of 13C-depleted carbon in the
oceans and atmosphere (Dickens et al., 1997; Zachos et al., 2005;
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McInerney and Wing, 2011). Several mechanisms have been
proposed to explain the global negative carbon isotope excursion
(CIE), amongst others the release of thermogenic methane due to
contact metamorphism (Svensen et al., 2004), rapid burning of
terrestrial organic matter (Kurtz et al., 2003), the release of carbon
stored in permafrost soils at high latitudes triggered by orbital
forcing (DeConto et al., 2012), and the dissociation of methane
hydrates (Dickens et al., 1995). Several of these hypotheses provide
mechanisms that not only explain the CIE of the PETM, but also
offer an explanation for the several smaller CIEs that have
occurred after the PETM, such as the Eocene Thermal Maximum
2 (ETM2) and H2 event (Cramer et al., 2003; Lourens et al., 2005;
Nicolo et al., 2007; Sluijs et al., 2009; Stap et al., 2010; Westerhold
et al., 2009; Slotnick et al., 2012). However, authentication of the
sources of the 13C-depleted carbon strongly depends on the
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magnitude of the actual CIE recorded in the PETM sediments
(e.g., Pagani et al., 2006; Dickens, 2011). Unfortunately, the
reported magnitude of the CIEs vary widely between different
marine and terrestrial carbon records, such as carbonate
shells, bulk organic matter and specific terrestrial and marine
biomarkers (see Table 1 in McInerney and Wing, 2011). These
variations in shape and magnitude of individual carbon isotope
records are often caused through changes in: (1) the relative
abundance of mixed components with different δ13C values
within a measured substrate, (2) change in isotope fractionation
through physiological change, and (3) the isotope composition
of the carbon source, or combinations of these (Sluijs and
Dickens, 2012 and references cited therein). Although the
magnitude of the biases generated by these factors is relatively
well known, assessing the magnitude of these biases for any
individual δ13C record remains a challenge (Sluijs and Dickens,
2012).

In this study, we investigate the potential use of the stable
carbon isotopic composition (δ13C) of the biomarker lipid cre-
narchaeol, which exclusively occurs in ammonia-oxidizing Thau-
marchaeota (Pitcher et al., 2011 and references cited therein), to
reconstruct the variations in δ13C of marine dissolved inorganic
carbon (DIC), the largest carbon reservoir in the global exogenic
carbon pool, during the Eocene hyperthermals. Several studies
using 13C-labeling experiments and cultivation studies showed
that Thaumarchaeota have a chemoautotrophic lifestyle (Jung
et al., 2011; Park et al., 2010; Wuchter et al., 2003), using
ammonium as electron donor, which is oxidized to nitrite
(Hallam et al., 2006; Könneke et al., 2005; Wuchter et al., 2006).
Based on the relatively 13C-enriched isotopic composition of
crenarchaeol, and the isoprenoidal ether-bound lipids (biphy-
tanes) derived thereof, compared to algal biomarkers, it was
suggested that Thaumarchaeota take up bicarbonate as a carbon
source (Hoefs et al., 1997; Pearson et al., 2001a; Kuypers et al.,
Table 1
Stable carbon isotope values of TOC and biphytanes for three PETM sections in Denmar

Sample code Location Age De

(m

PS090785 Fur, Denmark CIE PETM 30
PS090784 Fur, Denmark CIE PETM 20
PS090783 Fur, Denmark CIE PETM 17
PS090782 Fur, Denmark CIE PETM 2
PS090781 Fur, Denmark CIE PETM 1
PS090751 Fur, Denmark CIE PETM 0
PS090750 Fur, Denmark CIE PETM 0
PS090749 Fur, Denmark Latest Paleocene −0
PS090748 Fur, Denmark Latest Paleocene −0
PS090747 Fur, Denmark Latest Paleocene −0

PS090790 Ølst-Hinge, Denmark Earliest Eocene 9
PS090788 Ølst-Hinge, Denmark Earliest Eocene 6
PS090787 Ølst-Hinge, Denmark Earliest Eocene 4
PS090786 Ølst-Hinge, Denmark Earliest Eocene 0
PS090789 Ølst-Hinge, Denmark CIE PETM −1

PS090746 Store Bælt, Denmark CIE PETM 128
PS105882 Store Bælt, Denmark CIE PETM 129
PS090745 Store Bælt, Denmark CIE PETM 130
PS103458 Store Bælt, Denmark CIE PETM 131

302-4-27�1-59-60 Lomonosov Ridge, Arctic Ocean Post-ETM2 367
302-4-27�1-118-120 Lomonosov Ridge, Arctic Ocean CIE ETM2 368
302-4-27�1-122-124 Lomonosov Ridge, Arctic Ocean CIE ETM2 368
302-4-27�1-132-134 Lomonosov Ridge, Arctic Ocean CIE ETM2 368
302-4-27�1-139-141 Lomonosov Ridge, Arctic Ocean CIE ETM2 368
302-4-27�2-12-14 Lomonosov Ridge, Arctic Ocean CIE ETM2 369
302-4-27�2-31-32 Lomonosov Ridge, Arctic Ocean Pre-ETM2 369

n.d.¼not detected.
2001). Furthermore, Kuypers et al. (2001) found that the 13C of the
crenarchaeol was enriched by 3‰ compared to modern values
during the mid-Cretaceous oceanic anoxic event 1b and attributed
this to the 2–3‰ δ13C offset between modern and mid-Cretaceous
DIC. Confirmation came from Berg et al. (2007), showing that
Thaumarchaeota assimilate carbon through the 3-hydroxypropio-
nate/4-hydroxybutyrate biochemical pathway, which involves the
direct utilization of bicarbonate.

The active uptake of HCO3
− by Thaumarchaeota suggests that

the δ13C composition of Thaumarchaeal lipids may be independent
to variations in CO2 concentrations, unlike phytoplankton (e.g.
Laws et al., 1995), and predominantly depend on the δ13C of
HCO3

−. This is supported by labeling studies with enrichment
cultures of marine Thaumarchaeota, which showed no limitation
on growth rates of the Thaumarchaeota in response to increased
aqueous HCO3

− -levels (Park et al., 2010). Importantly, Könneke
et al. (2012) found that the δ13C composition of both biomass as
well as crenarchaeol of the Thaumarchaeote Nitrosopumilus mar-
itimus was indeed independent of DIC concentrations, and the
carbon isotopic fractionation between crenarchaeol and DIC was a
consistent −19.770.5‰. Interestingly, reported δ13C values of
crenarchaeol in modern marine sediments range from −18‰ to
−23‰, average around −2171‰ (Schouten et al., 2013). Assuming
that DIC of marine surface waters at the studied sites is roughly
between −1‰ and 1.5‰ (Kroopnick, 1985) and sedimentary
crenarchaeol is mainly derived from pelagic sources (e.g.
Schouten et al., 2010; Lengger et al., 2012), the δ13C values of
crenarchaeol are thus fairly consistent with a fractionation
of ∼20‰ as observed in N. maritimus. The δ13C composition of
biphytanes derived from GDGTs produced by Thaumarchaeota
may thus reflect changes in past δ13C values of marine DIC. This
is a major advantage compared to other biomarker proxies
reconstructing the CIE because bicarbonate comprises the largest
carbon reservoir in the global exogenic carbon pool. Furthermore,
k and for the ETM2 section (IODP 302) from the Lomonosov Ridge, Arctic Ocean.

pth Stable carbon isotope composition (δ13C) in ‰ VPDB

) TOC BP-0 BP-1 BP-2 BP-3

.51 −27.170.1 −22.770.1 −22.970.3 −21.970.3 −21.370.4

.51 −29.870.1 −25.270.1 −24.470.2 −22.870.5 −22.570.4

.51 −31.570.0 −27.170.1 −26.270.3 −24.070.0 −23.870.1

.51 −30.870.1 −28.370.3 −25.970.2 −25.570.2 −25.170.2

.06 −30.970.2 −27.270.6 −24.370.1 −23.770.2 −23.870.3

.15 −31.070.1 −27.270.5 −24.570.2 −23.570.2 −23.470.1

.08 −30.870.0 −25.370.2 −24.570.3 −23.270.2 −23.270.1

.08 −25.970.2 −25.770.2 −31.570.1 −22.170.3 −21.170.3

.16 −25.870.0 −30.470.2 −31.470.4 −22.570.1 −21.770.4

.29 −26.770.0 −26.270.1 −26.670.2 −22.470.3 −21.670.2

.27 −26.470.0 −23.170.2 −24.770.5 −22.570.3 −22.970.5

.84 −27.270.0 −22.370.3 −22.6 −21.770.2 −21.570.3

.52 −26.570.0 −24.070.3 −22.570.2 −22.970.1 −22.570.2

.02 −27.070.0 −24.370.3 −20.070.2 −21.070.1 −20.470.2

.20 −31.070.1 −27.470.0 −25.670.2 −24.370.1 −24.370.2

.45 −29.570.1 −27.870.4 −24.070.3 −22.770.2 −22.570.1

.27 −28.670.1 −26.370.0 −25.770.3 −23.270.0 −22.570.2

.89 −31.370.1 −26.870.3 −24.270.1 −23.270.5 −23.170.4

.85 −30.770.1 −26.170.3 −24.670.2 −23.870.3 −23.770.2

.99 −29.1 −25.770.1 −28.370.8 −23.870.2 −22.770.1

.58 −29.3 −26.170.1 −27.371.4 −25.470.9 −22.770.0

.62 −29.8 −25.670.1 n.d. n.d. −22.770.2

.72 −30.8 −24.770.0 −25.5 −24.970.0 −23.070.4

.79 −31.2 −22.670.3 −20.870.2 −21.370.0 −20.270.1

.00 −27.5 −23.370.2 −19.070.2 −21.470.3 −20.970.1

.21 −27.5 −23.070.4 −21.070.1 −20.470.2 −19.570.3
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since crenarchaeol is a unique biomarker lipid for marine Thau-
marchaeota, the CIE in crenarchaeol should not be affected by
mixing of different components with different δ13C values as with
e.g. TOC.

To test this hypothesis, we analyzed the δ13C compositions of
the biphytane moieties derived of archaeal GDGTs, obtained after
ether-bond cleavage with HI/LiAlH4, from sediment records span-
ning the PETM and ETM2 in the North Sea Basin and Arctic Ocean,
respectively. We compare the δ13C values of the biphytanes with
each other, in order to constrain sources of GDGTs and utilize the
δ13C value of the biphytane specifically derived from crenarchaeol
to reconstruct δ13CDIC across the Eocene hyperthermals.
2. Materials and methods

2.1. Samples and sampling sites

In this study, we used sediment samples that were previously
used for other palynological and (organic) geochemical studies of
the North Sea Basin PETM (Nielsen et al., 1986; Schmitz et al.,
2004; Schoon, 2013) and Arctic Ocean ETM2 (Schoon et al., 2011;
Sluijs et al., 2009) (Table 1). Sediments that cover the Paleocene–
Eocene transition are derived from three sites located in Denmark
(Fig. 1). At time of deposition, Denmark was situated in the eastern
part of the semi-enclosed, epicontinental, North Sea Basin. Two of
the study sites are outcrops, of which one is located in the western
Limfjorden area on the island Fur and the other is the Ølst-Hinge
clay pit located in central Jutland. The third study site is an
offshore section located in the sea strait Store Bælt cored in 1983
(Borehole no. 83101 carried out by the Danish Geotechnical
Institute) in between the Danish islands Sjælland and Fyn
(Nielsen et al., 1986). The PETM has been recognized at these sites
on the basis of a negative 6–8‰ CIE in total organic carbon (TOC)
and on the concomitant abundance peaks of dinocysts that belong
to the organic-walled dinoflagellate cyst genus Apectodinium,
including the species Apectodinium augustum, which is diagnostic
of the PETM (Heilmann-Clausen and Schmitz, 2000; Schmitz et al.,
Fig. 1. Palaeogeographical map of the Late Paleocene and early Eocene showing the
study locations of the PETM (Denmark) and ETM2 (Lomonosov Ridge).
Adapted from Sluijs et al. (2009).
2004). The continuous section at Store Bælt records the entire CIE
of the PETM. The Fur section, however, is interrupted by a
glacially-disturbed interval of 10–20 m and possibly the maximum
of the CIE of the PETM is missing (Schoon, 2013). The part of the
Ølst-Hinge section studied here is a record of the earliest Eocene
and includes the recovery phase of the CIE of the PETM.

Samples from ETM2 are derived from the Integrated Ocean
Drilling Project (IODP) Hole 302‐4 A, which was retrieved in 2004
(Backman et al., 2006). The site is located on the Lomonosov Ridge
at ∼851N palaeolatitude in the Central Arctic Ocean (O'Regan et al.,
2008) (Fig. 1). This marine sedimentary sequence contains the
ETM2 interval between 368.9 and 368.2 m composite depth (mcd)
based on the 3.5‰ CIE in TOC and the presence of the dinocyst
species Cerodinium wardenese and Hystrichosphaeridium tubiferum
(Sluijs et al., 2009). During the early Eocene this location was
warm and strongly influenced by freshwater input and high
nutrient concentrations (Sluijs et al., 2009).

2.2. δ13C analyses of GDGT-derived biphytanes

All sediment samples were extracted by means of a Dionex
Accelerated Solvent Extractor (ASE) using a 9:1 (v:v) mixture of
dichloromethane (DCM) and methanol (MeOH), at high pressure
(7.6�106 Pa) and temperature (100 1C). An aliquot of the total
extract was separated into an apolar and a polar fraction using a
small column with activated alumina (Al2O3) using n-hexane/DCM
(9:1, v/v) and MeOH/DCM (1:1, v/v) as eluents, respectively. The
GDGTs, present in the polar fraction, were analyzed by high
pressure liquid chromatography-mass spectrometry (HPLC-MS)
as previously described by Sluijs et al. (2009) for Arctic Ocean
ETM2, and Schoon (2013) for the North Sea Basin PETM, to
determine their relative abundances.

To be able to analyze the stable carbon isotopic composition of
these lipids, the polar fractions were refluxed with 56 wt% HI (in
H2O) for 1 h, which cleaves the ether bonds of GDGTs and releases
their isoprenoid carbon skeletons (Schouten et al., 1998). The
biphytanes were analyzed by gas chromatography (GC), gas
chromatography/mass spectrometry (GC/MS) and isotope ratio
monitoring-GC/MS as described in Schoon et al. (2011). All carbon
isotopic values were determined at least in duplicate and are
averaged to obtain a mean and a standard deviation (s), which are
reported in the δ13C notation relative to the VPDB standard.
3. Results

3.1. Variation in GDGT distribution

HPLC–MS analysis of the North Sea Basin PETM sediments
showed that crenarchaeol is the most dominant GDGT throughout
the entire Fur section (Figs. 2A and 3). Before and after the CIE,
crenarchaeol is only slightly higher in relative abundance than
GDGT-0, but during the entire PETM interval the abundance of
crenarchaeol increases up to 75% of total GDGTs (Fig. 3).
The relative abundance of GDGTs in sediments deposited in the
Arctic Basin do not show substantial variations across ETM2, with
crenarchaeol being generally more abundant than GDGT-0 (Fig. 4).
In both the PETM and ETM2 sediments, GDGT-1, -2, and -3 are only
minor components (combined ranging from 0% to 20% of all
GDGTs) (Figs. 3 and 4). TEX86 temperatures derived from these
GDGTs at the North Sea Basin PETM sections vary from ca. 17–24 1C
prior to the CIE to up to 30 1C during the CIE (Schoon, 2013). For
the Arctic ETM2 section, TEX′86 temperatures were 21–23 1C prior
to the CIE and rose to up to 26–27 1C during the CIE (Sluijs et al.,
2009). Values of the BIT index, a proxy for the input of soil-derived
GDGTs (Hopmans et al., 2004), are generallyo0.1 prior to, and



Fig. 2. (A) HPLC–MS base peak chromatogram from a sediment extract and (B) partial GC–MS chromatogram of hydrocarbons released from HI/LiAlH4 treatment of a
sediment extract from the CIE of the PETM (130.89 m at Store Bælt; Table 1), (C) Structures of the GDGTs and associated biphytanes.

Fig. 3. Fractional abundance of GDGTs (percentage of total isoprenoid GDGTs) and δ13C records of the TOC, and the acyclic (BP-0), monocyclic (BP-1), bicyclic (BP-2) and
tricyclic (BP-3) biphytanes of the section at Fur, Denmark across the PETM. The dashed line indicates the onset of the CIE, whereas the grey area indicates the entire PETM
interval. Abbreviations: LP¼Late Paleocene, GS–ØC¼Glauconitic Silt–Østerrende Clay, SC¼Stolleklint Clay.
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during, the CIE in the Arctic Basin sediments (Sluijs et al., 2009) as
well as during the CIE in the North Sea basin PETM sediments
(Schoon, 2013), signifying low soil input (Schouten et al., 2013 and
references cited therein). Only prior to the PETM, North Sea Basin
sediments have elevated BIT values ranging from 0.3 to 0.7
(Schoon, 2013).

Upon chemical degradation of the GDGTs with HI/LiAlH4, four
biphytanes, i.e., an acyclic (BP-0), a monocyclic (BP-1), a bicyclic
(BP-2) and a tricyclic (BP-3) biphytane (e.g. Fig. 2A and B), were
generated. The latter structure contains, besides two cyclopentane
moieties, also a cyclohexane moiety and has been shown to
exclusively derive from crenarchaeol (Schouten et al., 2000;
Sinninghe Damsté et al., 2002). Theoretically, the abundance of
the released biphytanes depends on the relative concentration of
the GDGTs and on the type of GDGT. For instance, both GDGT-0
and GDGT-1 contribute to the total pool of BP-0. However, GDGT-1
is only a minor contributor to the total pool of GDGTs and contains
only one BP-0 moiety. This is in contrast to GDGT-0, which is a
dominant GDGT in all samples and contains two BP-0 moieties
(Fig. 2C). Therefore, GDGT-0 contributes substantially more to the



Fig. 4. Fractional abundance of GDGTs (percentage of total isoprenoid GDGTs) and δ13C records of the TOC, and the acyclic (BP-0), monocyclic (BP-1), bicyclic (BP-2) and
tricyclic (BP-3) biphytanes from sediments deposited during ETM2 in the Arctic Basin. The dashed line indicates the onset of the CIE, whereas the grey area indicates the
entire ETM2 interval.

Fig. 5. Predicted (from measured GDGT distributions) and measured average fractional abundances of the four biphytanes released from the GDGTs present in the sediments
representing intervals of the pre-CIE, CIE, post-CIE PETM and in the interval representing the entire ETM2.
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total BP-0 pool than GDGT-1. Thus, if we assume that GDGT-4 does
not contribute to the total pool of GDGTs in the PETM and ETM2
sediments and that GDGT-2 consists of two BP-1 moieties, it is
possible to predict the distribution of the biphytanes from the
distribution of the GDGTs. The relative amount of the biphytanes
can then be calculated using the following formulas:

f BP-0 ¼ f GDGT−0 þ 1=2� f GDGT−1 ð1Þ

f BP-1 ¼ 1=2� f GDGT−1 þ f GDGT−2 þ 1=2� f GDGT−3 ð2Þ

f BP-2 ¼ 1=2� f cren þ 1=2� f GDGT−3 ð3Þ

f BP-3 ¼ 1=2� f cren ð4Þ
in which f stands for the fraction of the component. This calculated
distribution fits generally well with the actual biphytane distribu-
tion observed after HI-LiAlH4 degradation (Fig. 2A, B and Fig. 5).
At the onset of the CIE of the PETM, the ratio of BP-2 and BP-3 with
respect to BP-0 increased substantially, in agreement with
the dominance of crenarchaeol in these sediments (Fig. 5). After
the PETM, the biphytane abundance equals those from prior to the
PETM (Fig. 5). We further observe no substantial variation in
biphytane distribution in the sediments from the Arctic Basin
from before, during or after ETM2 (Fig. 5). That is, BP-0 is the most
abundant, followed by BP-2 and BP-3. In all samples BP-1 is lowest
in abundance (Fig. 5).
3.2. Stable carbon isotopic compositions of acyclic and cyclic
biphytanes

Despite the fact that GDGTs were detected in all sediments by
HPLC–MS, it was not always possible to obtain δ13C values of the
biphytanes. For example, in most Late Paleocene sediments, with
TOC contents o1%, biphytanes were below detection limit or only
present in trace amounts. This corresponds well with the fact that
absolute GDGT concentrations in these sediments are low
(o0.1 μg g−1; Schoon et al., 2012). Therefore, we could only obtain
relatively complete (i.e. covering the CIE) biphytane δ13C records
for the PETM of the Fur section and ETM2 of the Arctic Basin,
whereas for the other two Danish PETM sections we only obtained
CIE and post-CIE δ13C values.
3.2.1. PETM—North Sea
In general, BP-3 is most enriched in 13C, with δ13C values

varying from −20‰ to −25‰, whereas BP-0 is generally the most
13C-depleted from −22‰ down to values of −31‰ (Table 1).
Intermediate δ13C values are recorded for the other biphytanes.
At the Fur section, BP-2 and BP-3 have δ13C values of around −22‰
and −21‰, respectively, prior to the CIE of the PETM (Fig. 3). Both
biphytanes show an initial shift of 1.5–2.0‰ coincident with the
onset of the CIE in OC (Fig. 3) and peak δ13C values are reached just
before the glacially-disturbed interval with a maximum negative



P.L. Schoon et al. / Earth and Planetary Science Letters 373 (2013) 160–168 165
shift of 3.2‰ in BP-2 and 3.6‰ in BP-3, respectively. Subsequently,
the δ13C values of these biphytanes increase, towards values
slightly more negative than pre-excursion values. We observe a
different δ13C pattern for BP-0 and BP-1. Prior to the CIE in OC both
biphytanes show a distinct negative shift to depleted values of
∼−31‰ after which they return to initial δ13C values of around
−25‰ at and just after the onset of the CIE. Subsequently, both
BP-0 and BP-1 δ13C values show a gradual negative shift towards
peak values of around −28‰ and −26‰, respectively. The δ13C
biphytane values of the CIE and post-CIE sections at Store Bælt and
Ølst-Hinge, compare well with those in the equivalent sections at
Fur (Table 1).

3.2.2. ETM2—Arctic ocean
Biphytane values range from −19‰ to −28‰ for the Arctic Basin

sediments (Table 1). As for the PETM in the North Sea, BP-3 is the
most enriched in 13C, whereas BP-0 is in general the most
13C-depleted. Prior to the CIE of ETM2, BP-2 and BP-3 have similar
δ13C values of around −21‰ and −20‰, respectively. All biphy-
tanes shift towards more negative δ13C values during the CIE,
though these shifts occur slightly after the CIE in OC, i.e. at
368.79 mcd versus 368.72 mcd, respectively (Fig. 4). The negative
shift recorded in BP-3 is ∼2.5‰ (Fig. 4), whereas the negative shift
in BP-2 is larger, ∼4.2‰. For BP-0 a similar shift is observed at ∼3‰
but much larger shift is found for BP-1, ∼6‰ (Fig. 4 and Table 1).
Fig. 6. (A) Cross-correlations of the stable carbon isotope composition of BP-3 with
those of BP-0, BP-1 and BP-2. The dotted line indicates the 1:1 line. (B) Difference in
stable carbon isotope composition (Δδ13C) of BP-3 and BP-0 as a function of the
ratio of crenarchaeol and GDGT-0.
4. Discussion

4.1. Sources of the ether-bound biphytanes

The tricyclic biphytane (BP-3), which consists of two cyclopen-
tyl moieties and one cyclohexyl moiety (Fig. 2C), derives exclu-
sively from crenarchaeol, a specific membrane lipid of
Thaumarchaeota (Pitcher et al., 2011 and references cited therein).
The bicyclic biphytane (BP-2) is also part of the carbon skeleton
within crenarchaeol but can also be sourced from other GDGTs,
such as GDGT-3 or GDGT-4 (Fig. 2C). This latter GDGT was not
analyzed in this study. It is likely that BP-0 predominantly derives
from GDGT-0, while BP-1 is mainly sourced from GDGTs-1 and -2,
which only have minor contributions to the GDGT-pool in the
PETM and ETM2 sediments (Figs. 3 and 4).

Könneke et al. (2012) showed in their culture study of
N. maritimus that biphytanes derived from a single GDGT have
identical δ13C values. Therefore, to examine whether the individual
biphytanes in the PETM and ETM2 sediments are all derived from
Thaumarchaeota, we compared the δ13C compositions of BP-0,
predominantly derived from GDGT-0, BP-1 and BP-2, which can
originate from multiple GDGTs, with that of BP-3, which derives
solely from thaumarchaeotal-derived crenarchaeol (Fig. 6A).
The most significant relationship observed is that between BP-3
and BP-2, which generally have similar δ13C values and lie close to
the 1:1 line. This strongly suggests that BP-2 is also predominantly
derived from crenarchaeol (cf. Schouten et al., 1998). The correla-
tion between the δ13C values of BP-3 and the other two biphytanes
(BP-0 and BP-1) is considerably less and frequently they have
substantially different δ13C values. The δ13C values of both BP-0
and BP-1 are nearly always depleted in 13C compared to the δ13C
values of BP-3, i.e. on average by 3‰ for BP-0 and 1.5‰ for BP-1
(Fig. 6A). These 13C-depleted values relative to those of BP-2 and
BP-3 suggest they may have additional sources other than Thau-
marchaeota, such as methanotrophs and methanogens, which are
known to synthesize lipids with more depleted δ13C values (e.g.,
Summons et al., 1998). Schouten et al. (1998) showed that in
marine sediments the isotopic difference between BP-3 and BP-0
is larger with higher concentrations of BP-0 (i.e., GDGT-0)
compared to that of BP-3 (i.e., crenarchaeol). They attributed this
trend to an additional 13C-depleted source of GDGT-0, likely
through a contribution of methanogens. However, we do not
observe such a trend in our data (Fig. 6B). Instead, we find a
relatively consistent isotopic offset of 370.9‰ between BP-0 and
BP-3 for the CIE of the PETM and ETM2, independent of the
relative amount of crenarchaeol. Nevertheless, the difference in
isotopic compositions does suggest sources in addition to Thau-
marchaeota for GDGT-0. This is, however, not the case for the post-
PETM samples from the North Sea, which exhibit no significant
isotopic difference.

An input of GDGTs from sources other than Thaumarchaeota
could potentially bias TEX86 records as this index includes GDGTs-1
and -2 and assumes they are solely derived from Thaumarchaeota.
Indeed, the relatively negative δ13C values of BP-1 before the onset
of the PETM in sediments from the Danish section at Store Bælt
coincide with relatively cool temperatures and a large variability in
TEX86 temperatures from 17–24 1C (Schoon, 2013). This coincides
with relatively high BIT values (40.3) suggesting that GDGT-1
carries a large imprint of soil-derived GDGTs which potentially
could be depleted in 13C relative to their marine counterparts. Since
GDGT-1 is in lowest abundance, the imprint of soil derived GDGTs
could be most noticeable with this isomer, in contrast to the other
biphytanes that are derived from more abundant GDGTs such as
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GDGT-0 and crenarchaeol. The input of soil derived GDGTs could
thus potentially have biased the sedimentary GDGT distribution, in
particular GDGT-1 and -2, and lead to lower and variable TEX86

values. However, Schoon (2013) also found that independently
reconstructed continental air temperatures using the distribution
of branched GDGTs, derived from soil bacteria, show similar trends
as the TEX86 record, suggesting that input of non-Thaumarchaeotal
sourced GDGTs may have not affected TEX86 records to a large
degree.

In any case, the similar isotopic composition, and changes
therein, between BP-3 and BP-2 (Fig. 6B) supports the idea that
both biphytanes derive from crenarchaeol and therefore their δ13C
values reflect that of crenarchaeol.

4.2. Magnitude and timing of the CIE in Thaumarchaeota

The magnitude of the carbon isotope excursion for BP-2 and
BP-3 at the Danish PETM section at Fur, where we have a complete
isotope record, is 3.670.3‰ (Fig. 3). This is considerably less than
measured in OC (5–6‰) and n-alkanes (6–7‰) at this location
(Schoon et al., 2012), but is similar to the ∼3‰ CIE measured in
marine calcite elsewhere (McInerney and Wing, 2011; Dickens,
2011) and isotope records of marine organic matter (Sluijs and
Dickens, 2012). Possibly, peak values are masked by the glacially-
disturbed interval at Fur (Schoon et al., 2012) and, therefore, the
CIE in crenarchaeol may be underestimated. However, the δ13C
values of BP-3 at the CIE sections of Store Bælt and Ølst-Hinge are
nearly identical to that of Fur (Table 1), suggesting that the
minimum values in the crenarchaeol record at Fur correspond to
the minimum values in the exogenic carbon pool, and thus the CIE
in crenarchaeol is unlikely to be higher than 3.6‰.

The magnitude of the CIE recorded in BP-3 at ETM2 is
∼2.570.7‰. This is slightly lower than that measured for TOC
(3.1‰; Table 1), but similar when the OC record is corrected for
terrestrial organic matter contributions (2.5‰; Sluijs and Dickens,
2012). It is smaller than excursions found for marine biomarkers,
which ranged from 3.2‰ to 4.5‰ (Schoon et al., 2011), but larger
than the 1.4‰ excursion of benthic foraminifera as measured at
Walvis Ridge (Stap et al., 2010). The larger magnitude of the CIE in
the marine algal biomarkers may be due to enhanced CO2

concentrations leading to increased isotopic fractionations (e.g.
Schoon et al., 2011; Sluijs and Dickens, 2012). The difference
between the CIE in crenarchaeol versus that in marine calcite
potentially reflect mixing effects, local variations in the magnitude
of the different CIEs in the DIC (specifically bicarbonate) of the
semi-restricted Arctic Basin and South Atlantic Ocean, or it may
reflect an impact of environmental factors on the isotopic fractio-
nation of marine Thaumarchaeota.

Intriguingly, the timing of the CIE of crenarchaeol apparently
differs to that recorded in OC and marine biomarkers for ETM2.
Where the marine biomarker and marine organic matter CIEs all
track the negative shift in δ13CTOC at 368.90 mcd marking the onset
of ETM2 (Sluijs et al., 2009; Schoon et al., 2011; Sluijs and Dickens,
2012), the δ13C negative shift in BP-3 occurs later, i.e. between
368.79 and 368.72 mcd (Fig. 4). It is unclear why the sediment at
368.79 mcd does not show a more negative δ13C compared to pre-
CIE values. Although it is a single point in the record (attempts to
obtain isotope data for other depth intervals were not successful),
the other marine biomarkers in the same sediment interval
already show a negative shift of ∼1–2‰ (Schoon et al., 2012).
One possibility to explain the apparent delayed onset of the CIE of
crenarchaeol, as well as the relatively large CIE compared to deep
marine calcite, is that euxinic conditions developed in the deeper
part of the photic zone during ETM2, as evidenced by the presence
of derivatives of the biomarker isorenieratene derived from
anoxygenic phototrophic green sulfur bacteria (Sluijs et al.,
2009). In the contemporary euxinic Black Sea, Thaumarchaeota
reside at the deeper and colder chemocline (Coolen et al., 2007),
where δ13CDIC values are always substantially more negative than
at the surface (e.g.,∼−4.5‰ for the Black Sea chemocline; Freeman
and Wakeham, 1991) due to the production of depleted CO2 by
mineralization of descending particles rich in 13C-depleted organic
matter (Fry et al., 1991; Freeman and Wakeham, 1991). It is
therefore possible that the δ13C of crenarchaeol may be more
negative due to the migration of the Thaumarchaeota to deeper
waters. Indeed, the δ13C negative shift of the biphytanes at ETM2
coincides with peak concentrations of derivatives of the specific
biomarker isorenieratene and with a sharp cooling of tempera-
tures inferred from TEX′86 (Sluijs et al., 2009). Furthermore, BP-1
shows an even larger depletion in 13C at this time by up to 6‰,
suggesting that it is derived from deeper-dwelling archaea
(Table 1). This may imply that the Thaumarchaeota responded to
the arising euxinic conditions at this location by migrating down
towards the chemocline, thereby yielding lower TEX86 tempera-
tures (cf. Menzel et al., 2006) and depleted 13C-values.
At 368.79 mcd, where a CIE of crenarchaeol is not yet exhibited,
no isorenieratane was detected (Schoon et al., 2012) and thus
euxinic conditions, which likely already developed in the bottom
waters, did not reach the photic zone at this depth interval.
Possibly, the Thaumarchaeota migrated initially upwards during
the first stages of the CIE such that the CIE was partly offset by the
more enriched δ13CDIC in the surface waters compared to deeper
waters. This is supported by the recorded increase in temperatures
as derived from TEX′86.

The apparent correlation between development of photic zone
euxinia and increasing 13C-depletion in crenarchaeol during ETM2,
does not seem to apply for the eastern North Sea Basin during the
PETM. Schoon (2013) also found isorenieratene derivatives in the
sediments at the Fur section, suggesting that photic zone euxinia
existed throughout the CIE. However, the TEX86 temperature
records from all three Danish sites do not show any cooling events
during the CIE of the PETM but rather a warming trend, as
observed globally in PETM sections (Schoon et al., 2012).
This suggests that the niche of the Thaumarchaeota remained
relatively constant there and possibly at shallower depths than in
the Arctic Basin, with no apparent migration to deeper waters.

It remains also possible that the 2.5‰ CIE as recorded for ETM2
in the Arctic is simply larger than the CIE of the global exogenic
carbon pool. Similar to the PETM, the CIE of crenarchaeol at ETM2
in the Arctic Basin is smaller than that recorded in other biomar-
kers such as sulfur-bound phytane and C25 HBI, which showed
CIEs of 3.2‰ and 4.5‰, respectively (Schoon et al., 2011). Schoon
et al. (2011) attributed the large magnitude of the CIE in these algal
biomarkers to enhanced CO2 concentrations. In contrast, the δ13C
compositions of Thaumarchaeal lipids are independent to varia-
tions in DIC concentration, at least in culture experiments, and
may predominantly depend on δ13C of DIC only (Könneke et al.,
2012). Therefore, it may well be that the δ13CDIC in the Arctic basin
decreased relative to the global exogenic carbon pool, as pre-
viously hypothesized (Sluijs and Dickens, 2012) based on a
recorded regional increase in fresh-water input (Sluijs et al. 2009).

The δ13C values of BP-3 do not only allow to reconstruct
variations in δ13CDIC but possibly also absolute δ13CDIC values of
the upper part of the water column, assuming the constant
fractionation between biphytanes and DIC of ca. 20‰ observed
in cultures (Könneke et al., 2012) and present-day marine settings
(Schouten et al., 2013). Pre-PETM δ13CDIC estimates range between
−1‰ and −2‰, more negative than contemporary δ13CDIC values
observed in North Sea surface waters (∼1‰; Mook and Tan, 1991).
Pre-ETM2 δ13CDIC estimates are ∼0‰, also lower than those
observed in present-day Greenland Sea (∼ 1.5‰; Kroopnick et al.,
1985) and the estimated surface water δ13CDIC value of ∼1‰ in the
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Nansen Basin in the Arctic Ocean inferred from planktonic for-
aminifera (Bauch et al., 2000). This is in contrast with planktonic
and benthic foraminifera records, which suggests that late Paleo-
cene δ13CDIC is likely to have been slightly more enriched in 13C
compared to present day (Hayes et al., 1999; Zachos et al., 2001).
One explanation could be that while at present both the North Sea
and the Arctic Ocean are relatively open systems with inflow of
well oxygenated waters, in the Early Palaeogene they were likely
semi-enclosed basins with restricted inflow from the Atlantic or
Tethys Ocean (Moran et al., 2006; Brinkhuis et al., 2006; Stein
et al., 2006; Kender et al., 2012). This is comparable to estuarine
circulation conditions of the Black Sea, where, due to intense
recycling of CO2, surface water δ13CDIC values in the Black Sea are
in general lower than those of open waters (e.g., Fry et al., 1991).
Thus, local δ13CDIC values in the North Sea and Arctic Basins may
have been more negative, due to restricted circulation, compared
to the open ocean.

Alternatively, and perhaps more likely, the δ13C of crenarchaeol
is not reflecting the δ13CDIC of surfaces waters but that of the upper
part of the water column where there is a gradient in δ13CDIC, i.e.
an increasing depletion in 13C with depth. Several studies have
shown that GDGTs in surface sediments may not only derive from
surface waters but also from deeper water layers (e.g. Pearson
et al., 2001a; Huguet et al., 2007; Shah et al., 2008; Lopes dos
Santos et al., 2010). In fact, TEX86 values in surface marine
sediments have been shown to correlate well with the average
0–200 m water temperatures (Kim et al., 2012). Thus, the δ13C
value of crenarchaeol may well be a depth-integrated signal of the
upper part of the water column rather than merely of surface
waters. Furthermore, as discussed above, development of a strong
chemocline may also alter the depth habitat of Thaumarchaeota,
and thus the isotopic signal carried by crenarchaeol. These factors
may explain some potential differences in magnitude and timing
of the CIE in the δ13C value of crenarchaeol versus that of the
calcite of planktonic foraminifera.

Nevertheless, our results suggest that the δ13C values of
Thaumarchaeotal biphytanes have the potential to record varia-
tions in δ13CDIC and can give insight in the magnitude of the carbon
isotope excursions of the exogenic carbon pool during hyperther-
mals. The similar CIE of crenarchaeol compared to that of marine
calcite during the PETM suggests that the marine DIC pool shifted
with a maximum of 3.6‰, which is consistent with that found by
Sluijs and Dickens (2012) in marine organic matter from the
Lomonosov Ridge after correcting the TOC record for terrestrial
contributions. However, CIEs in δ13CDIC were unlikely uniform
across semi-enclosed basins, coastal seas and open oceans because
of regional deviations from the global exogenic carbon pool (e.g.,
Sluijs and Dickens, 2012). Therefore, to precisely constrain the
magnitude of the CIEs in global ocean DIC based on δ13C values of
crenarchaeol, data from other PETM sites are required. Further-
more, potential factors influencing the magnitude of isotopic
fractionation by Thaumarchaeota, such as temperature, growth
rate and mixotrophy, should also be tested using culture experi-
ments, although the relative consistent δ13C values of crenarchaeol
in modern settings (Hoefs et al., 1997; Schouten et al., 2013 and
references cited therein) suggest these factors may be of relative
minor importance.
5. Conclusions

We examined the potential use of stable carbon isotopes of
Thaumarchaeotal GDGTs as a proxy for δ13CDIC in order to
reconstruct the CIE of marine dissolved inorganic carbon during
Eocene hyperthermals. The similar δ13C composition of the tricyc-
lic and bicyclic biphytanes in PETM and ETM2 sediments suggest
they are both derived from the Thaumarchaeotal biomarker
crenarchaeol, while other GDGTs have a more 13C-depleted sig-
nature, suggesting additional sources. The reported, relatively
constant carbon isotopic fractionation (∼20‰) between the biphy-
tanes and DIC, allowed us to reconstruct δ13CDIC records across two
Eocene hyperthermals. We record δ13CDIC shifts of ∼3.6‰ (from
0.5–1‰ to ∼4.6‰) and ∼2.5‰ (from ∼0.5‰ to ∼3‰) in the δ13C of
crenarchaeol for PETM and ETM2, respectively, which are similar
and slightly higher, respectively, than that of marine calcite. This
suggests that the negative carbon isotope shifts recorded in
crenarchaeol may record changes in marine DIC at these sites
during these Eocene hyperthermals.
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