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Recently, a new organic geochemical paleothermometer based on the relative abundance of long chain
alkyl 1,13- and 1,15-diols, the so-called long chain diol index (LDI), was proposed. Because of its novelty,
the proxy has not been reported for sediments older than 43 ka. We therefore determined the LDI for 14
sediment samples from the early Pleistocene between 2.49 and 2.41 Ma, comprising Marine Isotope Stage
(MIS) 98 to 95, and converted the values to sea surface temperature (SST) estimates to test whether the
LDI could be applied or not to the early Quaternary. We show that the long chain diols can be preserved in
marine sediments from the early Pleistocene, although at our study site this is limited to periods of
increased biomarker accumulation (glacials). Although the results are based on a limited time interval
and number of samples, the similarity between LDI-based SST and alkenone-based SST from the same
samples suggests that the LDI proxy may have potential for studies covering the entire Quaternary.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

During the past two decades proxies such as the alkenone-
based UK 0

37 index (Prahl and Wakeham, 1987) and more recently
TEX86 index (Schouten et al., 2002) have become important tools
for determining past sea surface temperatures (SSTs). The advan-
tage of such proxies over classical inorganic proxies based on (cal-
careous) (nanno)fossils is that the biomarkers are often preserved
in marine sediments, are not, for example hampered by carbonate
dissolution and can be applied in regions where classical faunal
proxies fail. Very recently, a novel paleothermometer was pro-
posed. This new proxy is based on the fractional abundance of
the C28 1,13- and the C30 1,13- and 1,15-diols (long chain diol in-
dex, LDI) and shows a strong linear correlation (R2 0.969, n = 162)
between the LDI for sediment core tops from the oceans and the
overlying annual mean SST (Rampen et al., 2012). Although long
chain diols are common biomarkers in marine sediments (Morris
and Brassell, 1988; Versteegh et al., 1997; Rampen et al., 2012),
their source organism(s) is(are) not well defined (Rampen et al.,
2012). So far, the C30 1,13- and 1,15-diols have been found in
eustigmatophyte algae (e.g. Volkman et al., 1992).

Because of its novelty, the LDI has been reported for only one
sedimentary record, spanning the last 43 ka (Rampen et al.,
2012). Its potential to derive SST using older marine sediments is
therefore unknown, although the C28 and C30 1,13-diols and C30

1,15-diols have been found in sediments as old as the early Ceno-
zoic (Yamamoto et al., 1996). Here we use marine sediments cov-
ll rights reserved.

; fax: +49 (0)471 48311923.
.

ering Marine Isotope Stage (MIS) 96 from Integrated Ocean Drilling
Program (IODP) Site U1313 to investigate whether or not this
proxy can be applied successfully to the early Pleistocene.

2. Materials and methods

In total, 14 sediment samples from the primary splice of IODP
Site U1313 covering the period between 2.41 and 2.49 million
years (Ma), comprising MIS 98 to 95, were used. The aim was to
cover one complete glacial/interglacial cycle from the early Pleisto-
cene to see whether LDI-based SST corroborates SST variation of
the order of 5 �C suggested by other proxies at the study site (Naafs
et al., 2010, 2012). Site U1313 is in the mid-latitude North Atlantic
at the upper western flank of the Mid-Atlantic Ridge (41�000N;
32�570W; 3412 m water depth). The present annual mean SST is
18.3 �C (Locarnini et al., 2006). The chronology used for the early
Pleistocene is based on tuning of sediment lightness (L�) to the glo-
bal benthic d18O stack (Naafs et al., 2012).

Homogenized freeze-dried sediment (±6 g) was extracted using
CH2Cl2 and automated solvent extraction (DIONEX ASE 200; 5 min,
100 �C, 1000 psi). The extract was derivatized with N,O-bis(tri-
methylsilyl)trifluoroacetamide and 1% trimethylchlorosilane
(BSTFA/TMCS, 200 ll, 2 h, 60 �C) shortly before analysis using gas
chromatography–time of flight mass spectrometry (GC–TOF-MS)
using conditions described by Hefter (2008). The fractional abun-
dances of diols were determined using characteristic fragment ions
(Versteegh et al., 1997): m/z 299 (C28:0 1,14-diol), 313 (C28:0 1,13-
and C30:0 1,15-diols), 327 (C28:0 1,12-, C30:1 and C30:0 1,14-diols)
and 341 (C30:0 1,13-diol). In addition to the LDI, the total relative
abundances of the C28 and C30 1,13-diols and C30 1,15-diols were
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Fig. 1. LDI-(red) and alkenone-based (black) SST for the period between 2.41 and 2.49 Ma, together with the total relative abundance of the C28 1,13- and the C30 1,13- and
1,15-diols (green) and C37 alkenone concentration (black). For reference the benthic foraminiferal d18O record from Site U1313 is also shown (Bolton et al., 2010). Gray bars
highlight glacial periods. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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calculated semi quantitatively by normalizing the peak areas (%) to
the sample with maximum peak area g�1 sediment (sum total peak
areas divided by dry wt. of each sample). The LDI-based SST and to-
tal relative diol abundance were then compared with reported
alkenone-based SST (Naafs et al., 2012) and newly obtained total
C37 alkenone concentration, calculated as per Naafs et al. (2010),
obtained from the same samples.

3. Results and discussion

Of the total of 14 samples, 9 contained sufficient long chain
diols to allow LDI-based SST to be determined (Fig. 1). The relative
abundance of the long chain diols was highest during glacials (MIS
98 and 96) and co-varied with the concentration of C37 alkenones
(Fig. 1). In the other 5 samples, mainly from interglacials, the long
chain diols concentration was too low to calculate the LDI. LDI-
based SST values are thus restricted mainly to the glacial MIS 96.
They vary between 21 and 17 �C during MIS 96, closely following
alkenone-based SST values (Fig. 1). The LDI SST depicts the same
glacial cooling as does alkenone-based SST during both MIS 98
and 96 and the subsequent return to interglacial values. Within
the limited number of samples, there is no systematic offset be-
tween LDI SST and alkenone SST. The results thus indicate that
the proposed calibration between the LDI and annual mean SST,
based on 162 core top samples from the oceans (Rampen et al.,
2012), may also be applicable to the early Pleistocene, when
boundary conditions were different from today. Assuming that
the alkenone-based SST values are accurate, this indirectly implies
that the source organisms, possibly eustigmatophyte algae, were
the same during the early Pleistocene as today, or were closely re-
lated and had a similar temperature dependence between the LDI
and SST.
In addition to the C28 1,13-, the C30 1,13- and 1,15-diols, one
sample contained significant amounts of the C28:0 and C30:0 1,14-
diols (2.429 Ma). These long chain diols have been reported in mar-
ine diatoms of the genus Proboscia and their relative abundance
has also been suggested to correlate with growth temperature
(Sinninghe Damsté et al., 2003; Rampen et al., 2007, 2009, 2011).
However, the temperature obtained for this sample, 29.0 �C using
the 1,14-diol index, vs. 18.2 �C (LDI) and 17.6 �C (alkenones) is
unrealistically high for early Pleistocene mid-latitude North Atlan-
tic glacial temperature values. Although based on only one sample,
this suggests that at our study site the 1,14-diol palaeothermome-
ter does not result in realistic SST estimates for this time period.

During the glacials of the early Pleistocene, surface water pro-
ductivity (based on C37 alkenones and dinoflagellate mass accumu-
lation rate) at the study site increased drastically due to the
southward migration of the Arctic Front to the mid-latitude North
Atlantic (Versteegh et al., 1996; Naafs et al., 2010). It is likely that
the elevated concentration of 1,13 and 1,15 diols during glacials in
the early Pleistocene is also related to increased surface water pro-
ductivity, possibly of eustigmatophyte algae. During the intergla-
cials in the early Pleistocene, Site U1313 was at the northern end
of the subtropical gyre, characterized by oligotrophic conditions,
and the amount of long chain diols in the sediments was very low.

4. Conclusions

Using a limited number of sediment samples from IODP Site
U1313 in the mid-latitude North Atlantic, we have shown preli-
minary results that indicate that the LDI may be used to obtain
SST estimates for the early Pleistocene (MIS 96) that are similar
to those based on other proxies. This suggests potential for this no-
vel paleothermometer for future application to studies comprising
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the entire Quaternary. However, future work involving continuous
marine sediment records from multiple locations and covering
longer time intervals are needed to validate these results before
the LDI can be considered a robust temperature proxy for the
Quaternary.
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