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ABSTRACT

The TEX86 is a proxy based on a ratio of pelagic archaeal glycerol dibiphytanyl glycerol 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 TEX86 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-MS2 revealed that surface sediments in the 
OMZ were relatively depleted in the phospholipid hexose, 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 concentra-
tion 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 incubation and modeling studies. 
Furthermore, in situ produced IPL-GDGTs did not accumulate as IPLs, and did not influence the CL-TEX86. 
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 TEX86 with sediment depth in the core 
lipids were observed. However, consistent differences between IPL-derived and CL-TEX86 were found. These 
could be explained by a different composition of CL-GDGT of the glyco- and phospholipids, in combination 
with dissimilar degradation rates of phospholipids versus glycolipids. We also observed consistent differences in 
both IPL-derived and CL-TEX86 between the different 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. 
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1 INTRODUCTION

The domain of Archaea consists of four kingdoms, the Eury-, Cren- and Nanoarchaeota 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), formerly classified as Group I Crenarchaeota. All Thaumarchaeota known so far are capable 
of ammonia oxidation (Könneke et al., 2005; de la Torre et al., 2008; Hatzenpichler et al., 2008; Park et al., 
2010) and are widespread in non-extreme environments (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 isopranyl chains linked to a glyc-
erol backbone via ether bonds (Kates et al., 1965; Langworthy 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 tetraethers, GDGTs) which can have varying numbers of cyclo-
pentane 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 preserved 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. 1a) and they expressed this in 
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Fig. 1. Core lipid GDGTs (a) and crenarchaeol-containing IPLs 

(b) analyzed in the sediment cores.  



S .  K .  L e n g g e r  e t  a l .  /  G e o c h i m i c a  e t  C o s m o c h i m i c a  A c t a  9 8  ( 2 0 1 2 ) ,  2 4 4  -  2 5 8

the TEX86 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 distribution was shown in mesocosms of enriched 
ammonia-oxidizing Archaea (AOA) (Wuchter et al., 2004; Schouten et al., 2007a) as well as suspended particu-
late matter 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 TEX86 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). Production of one or more of the GDGTs used for calcula-
tion of the TEX86 by sedimentary 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 presence 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 mem-
brane (Fig. 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 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. Steven-
son, 1978; Lebaron et al., 2001; Luna et al., 2002). IPL-GDGTs found in sediments and reported up to now as 
indicative of living Archaea are glycolipids with monohexose- and dihexose-GDGTs and GDGTs with an un-
known headgroup of m/z 341 (Biddle et al., 2006; Lipp and Hinrichs, 2009; Schubotz et al., 2009). However, 
IPL-studies of crenarchaeol-producing Thaumarchaeota in enrichments and cultures revealed the presence of 
glycolipids, 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 stable than diacylglycerolphosphoester-lipids and thus degradation rates of glycolipids may be much slow-
er 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 TEX86 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 concentrations of molecular oxygen in its core (Wyrtki, 
1971; 1973; Olson et al., 1993). Mean O2 concentration in the core of OMZ has been reported to be as low as 
13 µM, with seasonal minima ranging from 0.1-1.0 µM (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. 2). The relief allows sampling of sediments from different water depths in close lateral proximity, 
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and hence containing similar pelagic material, 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-headgroups and quantitatively compared CL- and IPL-derived 
GDGT concentrations and distributions as well as TEX86 values. The lipid profiles are discussed with respect to 
the impact of sedimentary in situ production and preservation potential of archaeal IPLs on the TEX86.

2 MATERIALS AND METHODS

2.1 Sampling

Sediment cores (multi cores) were taken in the Northern Arabian Sea along a transect on the Murray Ridge 
during the PASOM cruise (64PE301) in January 2009 (Fig. 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) 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 µmol.L-1. 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 HCl, 
subsequently washed with bidistilled H2O and freeze-dried. The decalcified sediments were measured on a 
Flash EA 1112 Series (Thermo Scientific) analyzer coupled via a Conflo II interface to a Finnigan Deltaplus 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.

For 14C dating, subsamples of parallel cores from the same multicore deployment were used. For each multicore 
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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 14C-age determinations were based on the carbonate from the tests of planktonic foramin-
ifera hand-picked from the 150 -595 µm 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). 14C  was measured using 
accelerated mass spectrometry at the Poznan radiocarbon laboratory. 14C-ages were subsequently corrected for 
reservoir age (400 yr) and calibrated to calendar ages using the Int09 calibration curve (CALIB software pack-
age, 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 sediment 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 car-
ried 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 be-
tween 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 N2. The extract was 
stored at -20°C. 

One aliquot of extract was directly analyzed by HPLC/ESI-MS2 for intact polar lipids (IPL), while another ali-
quot 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 µg C46-GDGT 
internal standard (Huguet et al., 2006c) was added. To the intact polar lipid fractions 0.1 µg 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. Bidistilled H2O was added and 
the pH was adjusted to 4-5 with methanolic 1M KOH, then the MeOH/H2O 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 
Na2SO4. This yielded the IPL-derived CL fraction. 

Station name Location Depth
[m]

P900   (Station 1) 22.54823 N

64.03983E 

885

P1300 (Station 4) 22.29993N

63.59980E

1306

P3000 (Station 10) 21.92877N

63.15823E

3003

Table 1. Locations and depths of the sampled surface cores, PASOM 

original station names in brackets.
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2.4 HPLC/APCI-MS and HPLC/ESI-MS2

Analysis of CL-GDGTs and IPL-derived GDGTs by HPLC/APCI-MS and calculation of TEX86 was carried 
out as described in the companion paper (Schouten et al., 2012). The average relative standard deviation for 
quantification of GDGTs, calculated 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 TEX86 values were typically < 0.01, corre-
sponding to errors of < 0.5 °C. Temperatures were calculated according to the TEXH

86 calibration (which is the 
log of TEX86) according to Kim et al. (2010).

Intact polar lipids, i.e. monohexose (MH)-crenarchaeol, dihexose (DH)-crenarchaeol and hexose, phosphohex-
ose (HPH)-crenarchaeol, were directly analyzed by HPLC/ESI-MS2 using a specific selected reaction monitor-
ing method (SRM; Pitcher et al., 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 perfor-
mance 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-
MS2 during batch runs. Standard deviations from triplicate extractions of sediment 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 sediment from 0-2 cm depth (“top”) and of 4 g of sediment 
from 20-24 cm depth (“bottom”) from P1300 were separated on an Agilent (San Jose, CA, USA) 1100 series LC 

Station Interval 

[cmbsf]

14C-age 

 [yr]

Mix depth

[cmbsf] 

Sed rates

[cm . kyr-1]

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)

Table 2.  Radiocarbon dating results. Medium 14C-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. 
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with an Inertsil diol column (250 by 10 mm; 5 µm 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-MS2 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/isopropanol/formic acid/14.8M aqueous NH3 (79:20:0.12:0.04, 
vol/vol/vol/vol) and B being isopropanol/water/formic acid/14.8 M aqueous NH3 (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 C46-GDGT internal standard method as described above. 

3 RESULTS

3.1 Oxygen concentrations, total organic carbon content (TOC) and sedimentation 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. 2). The oxygen concentration of the bottom water of P900 was 
below detection limit (<3 µmol.L-1), and of P1300 and P3000 at 14 and 83 µmol.L-1, 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 color 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). 
At P900, TOC ranged from 5 to 8 % (organic carbon . g sed dw-1), 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) but an increase in organic 
carbon content from 0.6 to 1% between 9 and 16 cm depth was observed at P3000. 

14C-ages determined from planktonic foraminiferal shells (Table 3.2) showed an age offset between the 14C-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/kyr at 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, 210Pb dating and Ti/Ca ratios of sediments from the same locations showed that sedimentation 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, 



S .  K .  L e n g g e r  e t  a l .  /  G e o c h i m i c a  e t  C o s m o c h i m i c a  A c t a  9 8  ( 2 0 1 2 ) ,  2 4 4  -  2 5 8

and the sum of GDGTs -1, -2, -3 and -4’ which are used for determination of the TEX86 (). Total IPL- and CL-
GDGT-concentrations in the core from P900 ranged from 4 to 8 µg.g sed dw-1 for IPL-derived GDGTs and 60 
to 110 for CL-GDGTs. These concentrations were one order of magnitude higher than in P1300 (1 to 2 and 10 
to 17 µg.g sed dw-1) and two orders of magnitude higher than in P3000 (0.3 to 1.7 and 1 to 7 µg.g sed dw-1). 
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. 5c) and the high-
est percentage of IPL-derived/CL-concentrations in all three cores, particularly in the core from P3000, with 
almost 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. 4), where a transient strong increase in CL-GDGTs concentra-
tions between 8 and 18 cm and an overall increase with depth were apparent (Fig. 4c). 

TEX86 values calculated from the CL-GDGTs varied no more than 0.03 (corresponding to 1°C; Kim et al., 
2010) with depth within the cores (Fig. 5). At P900 (Fig. 5a), they ranged from 0.79 to 0.76 and at P1300 from 

Figure 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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0.77 to 0.73, while the TEX86 values at P3000 did not change significantly with depth (0.71±0.01). The TEX86 
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 TEX86 values (down to 0.65), coinciding with 
the maximum in IPL-derived GDGT-0 concentration. The TEX86 of IPL-derived GDGTs was generally 0.01 
to 0.04 higher than the TEX86 of the core lipids, except in the surface sediments at P900 and P1300, where they 
were identical. 

TEX86 values differed significantly between stations: The CL-GDGTs in the top layer of sediment had a TEX86 
of 0.79 at P900, 0.76 at P1300 and 0.70 at P3000. Similar differences were also observed in the TEX86 values of 
the IPL-derived GDGTs (0.78, 0.76 and 0.72, respectively). The average TEX86 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. 
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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. 1). The three most abundant IPLs detected by this method were monohexose (MH)-crenarchaeol, dihex-
ose (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 detection limit in all cores and is therefore not shown in Fig. 6. The 
assay was developed 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 dynamics of IPL-GDGTs in the three different sediment cores.
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The depth profiles of the glycolipids MH- and DH-crenarchaeol differed from those of HPH-crenarchaeol (Fig. 
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 sta-
tions showed a strikingly different pattern compared to the glycolipids. While the HPH-crenarchaeol concen-
trations measured at P900 did not show significant trends with depth except for the deepest sediments (Fig. 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. 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. 6c). 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. 3c and Fig. 6c). 
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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. 7a).

For both sediments, it was found that the DH-GDGTs (combined with GDGTs having 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 TEX86 
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. 7b). 

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 transported GDGTs),  and GDGTs produced in situ by sedi-
mentary 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 headgroup (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 am-
monia-oxidation proceeds aerobically (Könneke 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 µM 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 
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into the sediments. Indeed,  pronounced (sub-) surface maxima of HPH-crenarchaeol, likely the most suitable 
tracer for living AOA (see Schouten et al., 2012), are observed in the cores from P1300 and P3000, where oxy-
gen penetrated the sediments (Fig. 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 µm 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-crenarchaeol likely stems from the water column where 
IPL-GDGTs are found in >0.7 µm 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 sta-
tions 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 
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where they are abundantly present (Schouten et al., 2012). Recent studies in the Arabian Sea water column sup-
port the latter hypothesis: only the HPH-crenarchaeol concentration profile matched the archaeal amoA gene 
transcript abundance (Pitcher et al., 2011b), whereas MH- and, to a lesser degree, DH-crenarchaeol concentra-
tions 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 derived 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. 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 HPH-
crenarchaeol concentration. The reason for this could be an analytical bias, as the SiO2 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 sed-
iment of P3000 core (located in oxic bottom waters), possibly from benthic Archaea other than Thaumarchaeo-
ta, i.e. Eury- or Crenarchaeota. Importantly, however, the amount of CL-GDGT-0 is not simultaneously in-
creasing; 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 probably 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 in sulfate-methane 
transition zones. Indeed, changes in CL distributions reflecting input of sedimentary methane-oxidizing Eu-
ryarchaeota 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 below 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 amounted to 5-20% of total GDGTs, with percentages of IPL-derived 
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GDGTs increasing 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 TEX86 paleothermometer

The TEX86 of the IPL-GDGTs did not differ in general from the respective CL-TEX86 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. 5). Nevertheless, the TEX86 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 consistently higher TEX86 of IPL-derived GDGTs than of CL-GDGTs 
for a large variety (in depth as well as age) of marine sediments and a large range of TEX86 values. Their ob-
servations on longer timescales (>100 kyrs) agree well with our short-timescale observations (<10 kyrs). The 
TEX86 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 TEX86-value than that of IPL-derived 
GDGTs, whereas MH-GDGTs have a similar TEX86 and DH-GDGTs a comparatively high TEX86. These 
different TEX86 values of the different IPLs are likely already biosynthetically determined in Thaumarchaeota, 
since Schouten et al. (2008) and Pitcher et al. (2011c) 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 remove GDGT-1 from the pool of IPL-GDGTs and bring it into the pool of 
CL-GDGTs. This process would result in increasing TEX86 values of the IPL-pool, which then mainly consists 
of MH- and DH-GDGTs, and a reduction of the TEX86 value of CL-GDGTs. Indeed, studies reporting high 
TEX86 values of IPL-derived GDGTs relative to CL-GDGTs also report high abundance of DH-GDGTs (Lipp 
and Hinrichs, 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; 2011c; Lengger 
et al., 2012a) could also cause a higher TEX86 of the GDGTs in the IPL fraction. 

Our results also explain the observations of Liu et al. (2011) that, in eight different settings, TEX86 of IPL-
derived GDGTs was strongly correlated with the TEX86 values of CL- GDGTs (R2=0.68) even if in situ tem-
peratures 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 TEX86 of 
the IPL-derived GDGTs compared to the CL-GDGTs, as an exchange of biphytanyl chains between both pools 
would ultimately lead to convergent TEX86 values. Furthermore, as shown in the companion paper (Schouten 
et al., 2012), the same offset between TEX86 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 likely 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 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 TEX86 of the IPL-
derived GDGTs, but the TEX86 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). 
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While we could not detect a strong effect on the TEX86 by benthic in situ production of GDGTs, a consistent 
decrease in TEX86 was observed in sediments, but also, as shown in the companion paper (Schouten et al., 
2012), in suspended particulate matter (SPM) with increasing water depth at which the sediment cores were re-
trieved from. For the core lipids, TEX86 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 TEX86 values correspond to 31.5 – 28.0°C using the Kim et al (2010) 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 
TEX86 values of CL-GDGTs in sediment traps from the Arabian Sea also decrease from 450 m depth down-
wards (Wuchter et al., 2006). The apparent decreasing trend in sedimentary TEX86 values with increasing water 
depth could be due to several reasons: (i) preferential 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 TEX86 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 TEX86 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 14C-depleted GDGTs in Santa 
Monica Basin sediments, inferring provenance from deeper water horizons. Furthermore, Ingalls et al. (2006) 
found evidence for deep water production based on 14C-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 TEX86 
is reflecting surface water conditions. Indeed, several studies have shown that TEX86 is frequently not reflecting 
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 TEX86 with 0-200m temperatures is similarly high as with SST. This 
correlation, however, strongly decreases with depth, suggesting there is no substantial deep water component . 
While there is a significant shift in TEX86 value corresponding to ca. 3 °C, the shift is relatively small consider-°C, the shift is relatively small consider-C, the shift is relatively small consider-
ing 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 TEX86 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 TEX86 
calibration studies. Methods used  for TEX86 calibrations and paleotemperature assessment are based on the 
analysis 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 TEX86 values of CL in surface sedi-
ments than in deeper sediments. Calibration studies have so far relied on CL-GDGTs in surface sediments, 
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while paleoclimate studies measure TEX86 values in deeper, older horizons, where potentially also some MH- 
and DH-GDGTs have been transformed to CL-GDGTs, thereby slightly increasing TEX86 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 TEX86 values shows that in situ production in the surface sediment does not substan-
tially influence the TEX86 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 TEX86 values of 
IPL-derived GDGTs and CL-GDGTs are likely due to differences between TEX86 values of phospholipids and 
glycolipids and their dissimilar degradation rates. The average TEX86 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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