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Abstract

Organic temperature proxies provide powerful tools to reconstruct past sea sur-

face temperatures. An important requirement for those proxies is their stability

towards diageneis. The most prominent diagenenic process is oxic degradation

of organic matter, which is a selective process and degrades compounds at dif-

ferent rates. As proxies mostly comprise ratios of di�erent compounds, di�erent

degradation rates of the individual compounds involved will lead to a bias of

proxy based sea surface temperatures. Thus it is important to know how the

composition of biomarkers varies in terms of oxic degradation and the possi-

ble impacts on organic temperature proxies, i.e. UK
′

37 , LDI and TEX86. To

draw constraints on the impact of oxic degradation on those organic proxies,

surface sediments and four cores underneath the oxygen minimum zone o� Hon-

shu Island (Japan) were analyzed. Regarding the e�ect of oxic degradation on

the organic carbon and biomarker concentrations in the sediment it was ob-

served, that the concentrations increased where the oxygen concentrations of

the overlying waters were low and the following order of resistance towards oxic

degradation was established: TOC > alkenones > GDGTs. Sea surface tem-

perature reconstructions with LDI could not be established, because diols were

detected in only low amounts. An increase in UK
′

37 and therefore in temperature

is found for the surface sediments with high oxygen concentrations in the over-

lying water column, resulting in an overestimation of sea surface temperatures

of 5.5 ◦C. The likely cause for this increase is the preferential degradation of the

C37:3 alkenone. BIT values are slightly higher in the oxic environment than in

the suboxic environment, suggesting preferential preservation of the continental
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derived GDGTs under oxic conditions. While TEXH86 seemingly is not a�ected

by oxic degradation, the application of TEXL86 lead to an underestimation of

sea surface temperatures up to 6 ◦C, when the sediment samples are located

in the range of 0m to 1000m water depth. This is probably due to di�eren-

tial abundances of GDGT-3 above and below 1000m water depth. The study

demonstrates, that individual degradation rates within a compound class can

occur and thus bias the sea surface temperature towards higher temperatures.

It is therefore essential to know the oxygenation history of the study area when

those proxies are applied, especially reconstructions based on UK
′

37 . TEXL86
needs to be appplied with caution, when the water depth of the sediment is

above 1000m.



1. Introduction

1.1. Biomarker Lipids

Sedimentary organic matter (OM) in the oceans experiences contribution from

mainly two sources: the terrestrial and the marine environment. Higher plant

debris is transported by rivers to the ocean and is deposited on the continen-

tal slope. Those higher land plants are characterized by, amongst others, a

lower C/N ratio and by the abundance of speci�c organic geochemical com-

pounds such as lignin and leaf waxes (Meyers, 1997). Although those are very

prominent characteristics and despite the large input of 0.4× 1015 g C yr−1 it is

di�cult to detect substantial amounts of terrestrial organic matter in the oceans

(Hedges et al., 1997). Thus, the largest source of sedimentary organic matter

is the detrius of phytoplankton. As primary producer, phytoplankton mainly

depend on light and nutrient availability, has a high net production in terms

of growth rates and reproduction and thus contributes more to the sediment

than organisms with higher trophic levels (Killops and Killops, 2005). However,

in the marine realm light penetrates only tens of meters deep and continental

weathering increases the concentration of the essential biolimiting nutrients,

nitrogen and phosphorus, on shelf seas resulting in di�erent production rates

within the system (Meyers, 1997; Killops and Killops, 2005).

The OM that escaped nutrient recycling in the surface layer sinks down the

water column and undergoes decomposition during settlement (Meyers, 1997,

and references therein). The molecular composition of fresh organic matter,

listed in general order of abundance, consists of proteins, carbohydrates, nu-
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1. Introduction

cleic acids and lipids. Nucleic acids, carbohydrates, proteins are relatively easy

biodegradable while most lipids are preserved in the sediment. Lipids can pro-

vide information about the source organisms that produced those lipids. This

is the base for the so called biomarker principle. Biomarkers are compounds

preserved in the sediment, that can be linked to speci�c organisms because they

are the only organisms producing those compounds. For example high abun-

dances of isorenieratene, which is a characteristic pigment produced by green

sulphur bacteria, indicate past photic zone euxinia (Menzel et al., 2002) or di-

nosterol, which is mainly produced by dino�agellates, indicates the presence of

this algal group (Killops and Killops, 2005).

1.2. Organic Proxies

To assess past climate conditions, proxies are used. Proxies are based on

preserved fossil remains, which contain information on past environmental or

oceanographic processess. Information about sea surface temperatures can be,

for example, provided by the Mg/Ca ratio in planktonic foraminifera: magne-

sium is incorporated into the tests more easily with increasing temperatures

(Nurnberg et al., 1996; Elder�eld and Ganssen, 2000). The δ18O record pro-

vided by foraminifer re�ects not only sea surface temperatures, but also global

ice volume and local salinity (Shackleton, 1982, 1987). For the δ18O record it

becomes di�cult to disentangle the di�erent in�uences. Carbonate dissolution

is a problem that a�ects foraminiferal proxies and leading to gaps in the record

because target organisms got dissolved, i.e. during shoaling of the calcite com-

pensation depth (CCD) and low pH in the oceans during the PETM (Zachos

et al., 2005, 2007).

Another way to assess paleo environments is measuring the distribution of

biomarker lipids. As required for biomarkers, their production must be limited

to a few, preferably known, organisms. Furthermore, they should be ubiquitous

and with that cover a wide temperature range. Organic proxies are generally

2



1.2. Organic Proxies

Figure 1.1.: Structure of long-chain alkenones used for the UK
′

37 proxy

calibrated with core tops of sediments to establish a correlation between the

distribution of those lipids and sea surface temperature (SST) of the overlying

waters, e.g. Müller et al. (1998), Kim et al. (2008), Kim et al. (2010). Brassel

et al. (1986) proposed a very powerful tool for SST reconstructions, the UK37
index based on the degree of unsaturation in C37 alkenones derived from hap-

tophytes (Fig. 1.1). Until today, the biological function of those alkenones is

still unknown. Prahl and Wakeham (1987) introduced a modi�ed version of this

index, the UK
′

37 and a calibration for this proxy based on laboratory cultures

of Emilana huxleyi. Müller et al. (1998) then introduced a revised equation

derived from global core top calibaration, with an calibration error of 0.05 UK37
units, corresponding to 1.5 ◦C.

UK
′

37 =
[C37:2]

[C37:2 + C37:3]

UK37 = 0.033T + 0.043

UK
′

37 = 0.033T + 0.044

The production depth of alkenones is restricted to the penetration depth

of light. This depth is variable, ranging from 10m to 120m, but the best

correlation between alkenones and temperature has been established for the �rst

10m of the water column (Müller et al., 1998; Ohkouchi et al., 1999). Müller
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1. Introduction

Figure 1.2.: Overview of GDGT structures, Lengger et al. (2012)

et al. (1998) also assumed that the alkenone derived SST re�ects the annual

mean except in regions where phytoplankton growth season is short, such as

the subpolar regions, although a strong correlation with seasonal temperatures

has been reported for several other regions (i.e. Sikes et al. (2005); Yamamoto

et al. (2007); Versteegh et al. (2007); Leider et al. (2010)).

Another approach to reconstruct SST is the use of glycerol dibiphytanyl glyc-

erol tetraethers (GDGTs) introduced by Schouten et al. (2002). These GDGTs

are speci�c membrane building blocks of marine archaea which distribution is

depending on the surrounding temperature, and carry di�erent amounts (0�4)

of cyclopentyl moieties. A special GDGT is crenarchaeol which additionally

carries a cyclohexyl moiety (Figure 1.2). TEX86 is a SST proxy based on the

relative abundance of GDGTs preserved in the sediment. For an improved re-

construction, Kim et al. (2010) introduced the TEXL86 (low temperature) and

TEXH86 (high temperature). TEXL86 is more suited for the SST reconstruction

of (sub)polar oceans than previously TEX86. TEX
H
86, which is the log of TEX86
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1.2. Organic Proxies

was calibrated with data of temperate and tropical oceans. Kim et al. (2010)

suggests to apply TEXH86 to subtropical, tropical and former greenhouse world

oceans. The calibration error of TEXH86 is ±2.5 ◦C (Kim et al., 2010). In

contrast to TEXH86 GDGT-3 and the regio isomer of crenarchaeol have been ex-

cluded for TEXL86. TEX
H
86 not only includes GDGT-3 in the numerator but also

the crenarchaeol regio isomer. The threshold for the application of TEXH86 is

SST >15 ◦C, as below this threshold TEXH86 overestimates the sea surface tem-

perature. Although showing a larger error (±4 ◦C), TEXL86 is giving a better

estimation than TEXH86 of sea surface temperatures below <15 ◦C (Kim et al.,

2010). Although GDGTs are produced throughout the whole water column,

several studies have shown that TEX86 likely re�ects temperatures of the up-

per 100m of the water column (Wuchter et al., 2005, 2006). Because of their

e�cient packaging into larger sinking particles, GDGTs from the photic zone

reach the bottom much faster than the deeper produced GDGTs due to the ab-

sence of grazers and the related aggregates (Wuchter et al., 2005, 2006). TEX86

is correlated with mean annual SST, although a bias to seasonal temperature

has been reported for several regions (Kim et al., 2008; Herfort et al., 2006;

Schouten et al., 2002).

TEXL
86 =

GDGT − 2

GDGT − 1 +GDGT − 2 +GDGT − 3

SST (◦C) = 67.6× log
(
TEXL

86

)
+ 46.9

TEXH
86 =

GDGT − 2 +GDGT − 3 + cren− isomer

GDGT − 1 +GDGT − 2 +GDGT − 3 + cren− isomer

SST (◦C) = 68.4× log
(
TEXH

86

)
+ 38.6
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1. Introduction

Figure 1.3.: Strucutres of soil derived, branched GDGTs (Hopmans et al., 2004)

BIT =
[I + II + III]

[I + II + III] + [IV ]

Sinninghe Damsté et al. (2000) �rst discovered non-isoprenoidal GDGT lipids

in peats, lake and coastal sediments. These branched GDGTs are probably

produced by some Acidobacteria living in the anoxic part of soils (Weijers et al.,

2011; Sinninghe Damsté et al., 2011; Weijers et al., 2006a), and are characterized

by a di�erent degree of methylation (4 to 6 methyl groups) and di�erent number

(0-2) of cyclopentane moieties (Fig. 1.3). Soil derived isoprenoid GDGTs can

bias the TEX86 proxy (Weijers et al., 2006b), therefore the BIT (Branched

versus Isoprenoid Tetraether index) must be calculated to determine relative

contribution of GDGTs from soils (Hopmans et al., 2004). The BIT index

expresses the abundance of branched GDGTs and crenarchaeol in soils and

sediments. In marine environments, BIT is high (i.e. 0.9) close to river mouths,

but decreases to 0 with increasing distance from the shore (Hopmans et al., 2004;

Weijers et al., 2006b).
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1.2. Organic Proxies

Figure 1.4.: Structure of long chain diols building up the LDI

The most recent proxy is the LDI (Long-chain Diol Index) based on long-chain

diols, which have been �rst discovered by de Leeuw et al. (1981) (Fig. 1.4). Ver-

steegh et al. (2000) tested the long chain diols as a tool for tracing past sea

surface temperatures, since the composition of diols showed variations matching

changes in contemporary sea surface temperatures and the glacial-interglacial

cyclicity. Eustigmatophyte algae are known to produce these compounds (Volk-

man et al., 1992). However it is questionable if they are the sources, since these

algae are rarely reported in the marine environment, while diol distributions

of cultured eustigmatophytes are not comparable to the distribution in ma-

rine environments (Rampen et al., 2012, and references therein). By analyzing

the fractional abundance of C30 and C28 diols in surface sediments from dif-

ferent settings, Rampen et al. (2012) found a strong negative correlation for

the relative abundance of C28 and C30 1,13-diols with SST. In addition, the

C30 1,15-diol shows a strong positive correlation with mean annual SST. The

calibration with SST yields a correlation of mean annual SST of the �rst 30m

with an calibration error of 2 ◦C (Rampen et al., 2012).

LDI =
[C301, 15]

[C281, 13 + C301, 13 + C301, 15]

LDI = 0.033T + 0.095
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1. Introduction

Diagenesis during sedimentation and burial can potentially change the proxy

ratios giving an error in SST estimates. Diagenesis in geochemical terms in-

cludes processes that a�ect the composition of organic matter. Those processes

can, amongst others, involve oxidation, defuctionalization and aromatisation.

Oxic degradation is the most prominent process and the e�ect of oxygen on the

preservation of OM will be discussed in more detail in section 1.3.

1.3. In�uence of oxygen on the preservation of

organic matter

It has been a long and controversial discussion whether oxygen has an in�uence

on organic matter degradation, (i.e. Lee (1992); Hartnett et al. (1998); Hedges

et al. (1999, and references therein)). A very complex mixture of factors, such

as sedimentation rates, the �ux of organic carbon, bottom water oxygen con-

centrations and primary productivity govern the preservation/degradation of

organic matter in the ocean. Primary productivity, sedimentation rate and

oxygen concentrations play the most important roles. Oxygen concentrations

in the water column are less important, since the residence time of organic

matter at the sea�oor is much longer than in the water column. Thus, oxygen

concentrations at the sediment-water interface and in the sediment itself are

more important. By studying the organic matter content on the Washington

continental slope, Hedges et al. (1999) pointed out the importance of oxygen

exposure time. In example, the organic carbon to surface area ratio decreased

with increasing distance from the slope and increasing oxygen exposure time.

The oxygen exposure time increases due to lower sedimentation rain rates and

thus decreased burial e�ciency. As a consequence, the OM is exposed longer to

oxygen and thus more degraded. Demonstrating the e�ect of post-depositional

oxidation, Hoefs et al. (1998a) reported an OM loss of nearly 80% in oxidized

samples compared to the unoxidized part of a turbidite and attributed this to

8



1.3. In�uence of oxygen on the preservation of organic matter

the post-depositional penetration of oxic bottom-waters. They also reported

a drastic change in the biomarker composition: For example, compared to the

unoxidized part, the oxidized part of the core shows a drastic drop in isoprenoid

alkane and alkene concentrations, but an increase in n-alkanes. They also ob-

served a selective preservation of aliphatic biomacromolecules under oxic condi-

tions. Sinninghe Damsté et al. (2002) assessed the in�uence of oxygen on OM

preservation, especially on biomarkers, by investigating sediments in the oxygen

minimum zone (OMZ) of the Arabian Sea. Oxygen minimum zones are helpful

to study because they provide sites with oxic and oxygen-depleted bottom wa-

ters close to each other and thus both sites experience the same surface water

productivity. Di�erences in the composition of the sedimentary organic matter

due to primary productivity can be ruled out and oxygen is the main determin-

ing factor. By chosing three di�erent sites, one just in the OMZ, one just below

and another one well below the OMZ, they observed prominent di�erences in

the biomarker composition: Steroids are less resistant towards oxic degradation

than alkenones and alkyl diols which in turn are less resistant than terrestrial n-

alkanes. From this they concluded that the biomarker composition changes with

oxygen exposure time and paleoenvironmental reconstructions should be done

with caution. These �ndings are also consistent with the results of Hoefs et al.

(2002) who established a general order of resistance for the Madeira Abyssal

Plain (MAP) turbidites: n-alkanes>diols/keto-ols>alkenones>steroids.

Sinninghe Damsté et al. (2002) do not �nd an alteration of the UK
′

37 by

preferential degradation of the C37:3 alkenone which is in line with �ndings

of Madureira et al. (1995), Teece et al. (1998) and Prahl et al. (1989). A pref-

erential degradation of this alkenone would lead to a shift in the UK
′

37 ratio

and therefore to an over estimation of sea surface temperatures (Prahl et al.,

1988). Hoefs et al. (1998a) did observe a preferential degradation of the C37:3

alkenones in the oxidized part of turbidites compared to the C37:2 alkenone.

Already a low degree of selective degradation, with a degradation ratio (DR)

between 1 and 1.5 leads to an error in temperature estimations that are beyond

9



1. Introduction

the analytical error of 0.5 ◦C (Hoefs et al., 1998b). Zabeti et al. (2010) reported

a marine bacteria, Dietzia maris sp. S1 which seems to selectively degrade the

di- and tri-unsaturated alkenone and thus causing a bias towards warmer sea

surface temperatures. It is assumed that the additional double bond of the

C37:3 gives the alkenone a higher reactivity (Hoefs et al., 1998b). Shifts in UK
′

37

have also been reported by Hoefs et al. (1998b), Gong and Hollander (1999),

Huguet et al. (2009), Kim et al. (2009b) and Zabeti et al. (2010). Whether the

UK
′

37 is a�ected by this phenomenon of preferential C37:3 degradation might be

a re�ection of the bacteria population at the sampling site (Hoefs et al., 1998b;

Zabeti et al., 2010, and references therein), since some studies do not report

such preferential degradation.

Only few of degradation studies included GDGTs. Yamamoto et al. (2012)

reported for their sediment trap study constant TEX86 values throughout the

water column and from that concluded that TEX86 is not a�ected by degrada-

tion during settling.

For crenarchaeol and GDGT-0, Sinninghe Damsté et al. (2002) reported a

relatively high preservation e�ciency, but it is not less prone to oxic degradation

than other lipids. Schouten et al. (2004) examined the e�ect of redox conditions

on the TEX86 and found that TEX86 di�ered only within the analytical error

(TEX±0.02) in sediments deposited under di�erent redox conditions. Kim et al.

(2009b) exposed sediment samples from the Namibian upwelling region to three

contrasting redox conditions, testing the stability of TEX86. Statistical analysis

showed no signi�cant di�erences between the samples permeable for bacteria

and a control sample in an air-tight bag. Huguet et al. (2009) reported no bias of

TEX86 under oxic bottom-waters as long as the concentrations of soil derived

isoprenoid GDGTs are low. Continental derived isoprenoid GDGTs can bias

TEX86 since terrestrial organic matter is preferentially preserved over marine

organic matter, thus input of corresponding GDGTs from the continental realm

will bias TEX86 towards colder or warmer temperatures. For turbidites from

the Madeira Abyssal Plain, this phenomenom can lead to a bias ranging from

10



1.4. Aim of Study

−6 ◦C to 2 ◦C of todays SST (Huguet et al., 2008, 2009). The stability of TEX86

might be due to the preferential degradation of functional groups by bacteria.

The functional groups are the same for all GDGT structures and thus all are

supposed to be a�ected in the same rate.

For the LDI, no studies were carried out yet. Ferreira et al. (2001) found

sharp drops in diol concentrations, especially for the C30-1,15 diol, in Mediter-

ranean sapropels and attributed this to post-depositional oxidation. Decreased

concentrations in oxic environments for long-chain diols are also reported by

Hoefs et al. (2002) and Sinninghe Damsté et al. (2002). Sun and Wakeham

(1994) calculated low degradation rates for long-chain diols, suggesting a high

stability in anoxic environments. Unfortunately, these studies investigated only

the total C28-C32-diol concentrations, so that the di�erential behavior of the

LDI-diols remains unknown.

1.4. Aim of Study

Although many degradation studies included UK
′

37 , TEX86 rarely has been stud-

ied and LDI not at all. The extend of a potential bias caused by oxic degra-

dation on these proxies is often not well constrained. To gain insight in this,

the degradation of biomarker lipids and organic proxies in the very pronounced

oxygen minimum zone o� Honsu Island was examined. To this end the impact

on TEX86, U
K′
37 and LDI proxies were investigated in surface sediments and four

sediment cores exposed to a range in oxygen concentrations. The research will

provide constraints on the impact of oxic degradation on these organic proxies.

11





2. Study Area

2.1. Hydrography of coastal northeast Japan

The coast of northeast Japan is dominated by three major surface currents

(Figure 2.1): the Oyashio Current, the Kuroshio Current and the Tsugaru

Warm Current (TWC). The Kuroshio current splits in two at the south western

tip of central Japan. One branch �ows along the Japanese east coast, the other

branch enters the East/Japan Sea via the Korean/Tsushima Strait (KTS) and

exits the East Sea via the Tsugaru Strait as the TWC. The TWC sills at a depth

of 130m into the Paci�c Ocean where it overlays the cold waters of the Oyashio

Current (Chang et al., 2004; Shibahara et al., 2007). The Kuroshio Current is

a part of the wind-driven subtropical gyre circulation cell and transports warm

(≥15 ◦C) (Fig. 2.2), saline and oligotrophic waters from the south along the

north eastern coast of Japan (Oba et al., 2006). As a western component of

the Kamchatka-Alaskan Current the Oyashio Current transports cold (usually

<14 ◦C), less saline and nutrient-rich waters along the coast of Hokkaido. An

oxygen minimum zone (OMZ) exists in the intermediate waters of the Oyashio

region, probably due to high surface productivity and poor intermediate-water

ventilation (Ohkushi et al., 2003; Shibahara et al., 2007). The mixing front,

characterized by sharp salinity and temperature gradients, is situated around

37-39◦N but it shifts with season. Around October, the boundary is located at

40◦N and moves to 41.5◦N in December (Shibahara et al., 2007; Oba et al., 2006;

Hagino et al., 2005). But the intensity of the two currents and therefore their

mixing front is also strongly dependent on the atmosphere: two pressure cells,
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2. Study Area

Figure 2.1.: Location map of the three dominating currents in the NW Paci�c,
(Hoshiba et al., 2006)

the Aleutian Low and the Okhotsk High pressure cells determine the northward

or southward shift of the two currents (Harada et al., 2012; Oba et al., 2006).

In the past, the two currents shifted to the north or to the south respectively,

due to climate change (Oba et al., 2006).

The northern Paci�c's marginal seas play an important role for the ventilation

of the intermediate waters. Nowadays, the North Paci�c Intermediate Water

(NPIW) is characterized as a salinity minimum around 26.8 σθ at a depth

between 300�800m (Shibahara et al., 2007; Ikehara et al., 2006; Ohkushi et al.,

2003). However, the fundamental processes of the formation of the NPIW

are unclear (Keigwin, 1998). There are two di�erent theories about the origin

of the NPIW. The �rst theory is based on the assumption that the Okhotsk

Sea is the source region of the NPIW. The intermediate water is produced by

14



2.1. Hydrography of coastal northeast Japan

Figure 2.2.: Annual surface temperature for NE Japan (World Ocean Atlas,
2009)

brine rejection during sea ice formation in the Okhotsk Sea. These low saline

waters di�use downwards along the subpolar gyre and therefore ventilate the

NPIW. Since the water was not in contact with the atmosphere, it already

is characterized by signi�cant lack in oxygen. The oxygen content decreases

further away from the source and is recognizable as a distinct OMZ in the

central and northeast Paci�c (Keigwin, 1998).

The second theory assumes that the NPIW is formed at the Kuroshio-Oyashio

mixing front since this region contains the newest NPIW that is formed in

the Paci�c. This theory also assumes that the oxygen concentration decreases

away from the source (Keigwin, 1998). Keigwin (1998) came to the conclusion

that the Okhotsk Sea plays an important role for the NPIW independently

from the two theories. The Okhotsk Sea de�nitely provides the source water

for the Oyashio Current and possibly provides also the source water for the

NPIW. Thus, changes in the Okhotsk Sea a�ect and have a�ected NPIW and
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its ventilation. Thereby, the intensity of the OMZ is coupled to ventilation

changes in the Okhotsk Sea (Ohkushi et al., 2003).

Several paleoceanographic studies have been carried out on the oxygena-

tion history of the OMZ, intermediate and bottom waters, by interpreting

foraminiferal assemblages in the northeast Paci�c covering the timespan from

the Last Glacial Maximum (LGM) to present day (Shibahara et al., 2007; Ike-

hara et al., 2006; Ahagon et al., 2003; Ohkushi et al., 2003; Keigwin, 1998).

During the LGM, intermediate waters originated from the Bering Sea, due to

brine rejection, and were well ventilated as well as the bottom waters (Shiba-

hara et al., 2007; Ohkushi et al., 2003; Keigwin, 1998; Ikehara et al., 2006). This

changed in the Bølling/Allerød (B/A) period: The ventilation of the interme-

diate waters decreased, probably due to upwelling triggered by changes in the

thermohaline circulation (Shibahara et al., 2007). This had also an in�uence on

the local OMZ which was strengthened and probably most intense during the

B/A. Also the oxygen concentrations of the bottom water was at a minumum

during the B/A (Shibahara et al., 2007; Ikehara et al., 2006; Ahagon et al.,

2003). The situation became restored during the Younger Dryas (YD). In the

Holocene the ventilation of the Paci�c switched to the contemporary situation

and NPIW production started (Ohkushi et al., 2003). The early Holocene was

characterized by high oxygen concentrations in bottom waters and a well de-

veloped OMZ (Ikehara et al., 2006; Ohkushi et al., 2003), which changed again

in the mid Holocene to a weak OMZ. Because less sea ice is formed today, the

brine rejection decreased as well and therefore the important mechanism for

the NPIW ventilation also becomes weakened, which leads to a well developed

OMZ and low oxygen concentrations in the bottom waters (Shibahara et al.,

2007; Ikehara et al., 2006; Ohkushi et al., 2003).
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2.2. Characteristics of Study Area

Figure 2.3.: Bathymetric Map of sampling area (courtesy JAMSTEC)

2.2. Characteristics of Study Area

The sediment cores and surface sediments analyzed in this project were taken

underneath the pronounced OMZ o� Honshu Island (Figure 2.3), Japan. In

contrast to many other OMZ, the top of this OMZ shows a gradual decrease in

oxygen concentrations (Tab. 2.1, Fig. 2.4) over a large depth interval and thus

is located much deeper in the oceanic water column than other OMZs. The

studied area is in�uenced by the out�owing waters of the Tsugaru Strait, the

TWC and to some extend by the Oyashio Current.
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2.2. Characteristics of Study Area

Figure 2.4.: Oxygen concentrations of the study area, representing the cruise
transect: 41.5◦N, 141.5(purple line)/142.5(red line)/143.5(green
line)◦E (World Ocean Atlas, 2009)
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3. Methods

3.1. Sample Preparation

The cores were recovered during a research cruise on board the R/V Tansei-

maru from 21st to 25th of August 2011. First, the cores were sliced on board:

The �rst two centimeter were sliced in 0.5 cm intervals, followed by 1 cm in-

tervals for the following two to ten centimeters, the last ten centimeters were

then sliced in 2 cm intervals. As surface sediment samples served a 2 cm thick

slice from the other cores. After the arrival, the samples were freeze dried and

ground by using mortar and pestle.

3.2. Oxygen Measurements

Undisturbed cores recovered from 500, 1000 and 2000m depth were on board

incubated for seven hours. The incubator was set to the temperatures and O2

concentrations at the respective sites. After incubating the cores, O2 concen-

trations were measured with a microelectrode (OX-50, Unisense).

3.3. Sample Workup

To analyze total organic carbon (TOC) and bulk δ13C of organic matter, 10mg

to 15mg of sediment samples were decarbonated with 2N HCl and subse-

quently were washed with bidistilled water until pH≈7 prior to analysis on

the Organic Elemental Analyzer. For biomarker analysis, sediments (2 g to 9 g)
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3. Methods

were extracted using an Accelerated Solvent Extractor (ASE) (Dionex 350) at

100 ◦C and a pressure of 1.03× 106 Pa using a mixture of dichloromethane

(DCM)/methanol (MeOH) (9:1, v/v). The total lipid extract (TLE) was sep-

arated using an Al2O3 column, subsequently eluted with hexane:DCM (9:1,

v/v), hexane:DCM (1:1, v/v) and DCM:methanol (1:1, v/v). For the analy-

sis of GDGTs, the polar fraction (DCM:MeOH) was concentrated under N2,

dissolved in hexane:iso-propanol (99:1, v/v) and �ltered through a 0.4µm,

4mm-diameter PTFE �lter before injection into a high pressure liquid chro-

matography/mass spectrometer (HPLC/MS). An internal standard of 0.1µg

C46 GDGT was added. The ketone fraction (hexane:DCM, 1:1) was dissolved

in Ethyl Acetate (EtoAc). 0.221ng of a C19 ketone was added as an internal

standard to the fraction. Diols were analyzed by sylilating the polar fraction

with 10µl pyridine, 10µl N,O-bis(trimethylsilyl) tri�uoroacetamide (BSTFA)

and 5µl EtoAc and heating the mixture in an oven for 20 minutes at 60 ◦C. As

an internal standard, 2.58µg of a C22 7,16-diol was added. Both ketones and di-

ols were analyzed by gas chromatography (GC) and gas chromatography/mass

spectrometer (GC/MS).

3.4. Biomarker analysis

Bulk analysis was performed with a Thermo Scienti�c Flash 2000 Organic El-

emental Analyser, coupled to an Delta V advantage isotopic ratio-mass spec-

trometer (IR-MS, Thermo Scienti�c). Gas chromatography analysis was per-

formed using a Hewlett Packard 6890 chromatograph equipped with an �ame

ionization detector (FID) and using a silica column CP-Sil 5, 50mx0.32mm,

�lm thickness 0.12µm. Helium was used as a carrier gas and the oven heated

for 20 ◦C/min from 70 ◦C to 130 ◦C followed by a heating rate of 3 ◦C/min to

320 ◦C keeping this temperature for 25min. GC/MS analysis was performed

on a Thermo Finnigan TraceGC Ultra coupled to a DSQ quadropule mass spec-

trometer (MS), using a silica column: CP-Sil 5, 25mx0.32mm, �lm thickness
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3.4. Biomarker analysis

0.12µm. Helium was used as a carrier gas with a constant �ow of 2ml/min and

the oven heated 20 ◦C/min from 70 ◦C to 130 ◦C, continuing with 4 ◦C/min to

320 ◦C holding the time for 10min for the default method, and 25min for the

diol analysis. The long chain diols were analyzed using selected ion monitoring

(SIM) of m/z 299, 313, 327, 341 and 355 (Rampen et al., 2012). GDGTs were

analyzed using HPLC/APCI-MS Agilent Technologies, following Schouten et al.

(2007), equipped with an Prevail Cyano column, 150mmx2.1mm. The injec-

tion volume was 5µl. As an eluent, a 9:1 (v/v) mixture of hexane:iso-propanol

was used, the �ow rate of the mixture was 0.2ml/min. For increased detection

sensitivity, GDGTs were analyzed by using SIM of the [M+H]+ TEX86 and BIT

GDGTs.
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4. Results

4.1. Surface Sediments

4.1.1. TOC

Bulk parameters of the sediments have been measured for all four cores but

not for all the surface sediments. The TOC content at the surface is the lowest

(<1%) for TAN3, but is relatively constant for the other three stations, with

organic carbon contents between 2.5-3% (Fig. 4.1).

4.1.2. Alkenones and UK′
37

Figure 4.2 shows the abundance of compounds per gram TOC with varying

depth. The concentrations of alkenones per gram TOC are almost constantly

around 0.5µg/g. Alkenones increase in concentration with increasing depth

(Figure 4.3). Concentrations of 0.6ng/g dwt were detected at shallow depths,

between 55m to 200m. The highest concentration was measured at intermedi-

ate depth: 13.5ng/g. At the deeper sampling stations, concentrations decrease

again to 10ng/g. Temperatures of 18 ◦C were reconstructed at the shallowest

sampling station and steadily decrease for the other stations down to 14 ◦C and

remain around this temperature.
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4. Results

Figure 4.1.: TOC content for surface sediments at 202, 482, 1046 and 1938m
bottom depth

Figure 4.2.: Biomarker concentration in surface sediments normalized to TOC
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4.1. Surface Sediments

Figure 4.3.: Concentrations of alkenones (ng/g) dw Sed detected in the surface
sediments

Figure 4.4.: Sea surface temperature reconstructed with UK
′

37 in compari-
son to surface temperature (Japan Oceanographic Data Center,
www.jodc.go.jp).
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4. Results

4.1.3. GDGTs, TEX86 and BIT

Figure 4.2 shows the abundance of compounds per gram TOC with varying

depth. The concentrations for branched GDGTs are just 10% of those for iso-

prenoid GDGTs. One exception is TAN4 showing the lowest concentration for

both GDGTs. The concentrations of isoprenoid GDGTs increase slowly over the

�rst 1000m, from 0.2µg/g to 3.4µg/g TOC. The highest concentrations were

measured for TAN2, TAN1 and T9, with concentrations ranging from 7.9µg/g

to 11µg/g dwt, (Figure 4.5). The concentrations of branched GDGTs follow

the trend of isoprenoid GDGTs, but two orders of magnitude lower. At the

shallow sampling stations, concentrations are around 0.004µg/g to 0.007µg/g,

and at the deepest stations around 0.81µg/g. The BIT is always well below

0.1, but increased values at shallow depths can be observed: with increasing

depths, BIT decreases from 0.06 to nearly 0.01 (Fig. 4.6). TEXH86 shows small

variations in the reconstructed temperature, with values between 12 ◦C to 14 ◦C

(Fig. 4.7). TEXL86 shows low temperatures for the �rst 1000m, with temper-

atures of 7 ◦C to 10 ◦C. Beyond 1000m depth, TEXL86 is in the same range as

TEXH86. To assess a potential bias on the TEX86 temperatures caused by soil

derived GDGTs, the concentrations of crenarchaeol and branched GDGTs were

compared to each other (Fig. 4.8). The concentration of crenarchaeol decreases

two orders of magnitude with decreasing bottom depth, while the branched

GDGTs only decrease one order of magnitude.

4.1.4. Diols

The C28 1,13-diols and in two cases C30 1,13-diols were detected, but the abun-

dances were too low for LDI to be calculated (Fig. 4.9).
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4.1. Surface Sediments

Figure 4.5.: Concentrations of branched and isoprenoid GDGTs (µg/g) dw Sed
detected in surface sediments

Figure 4.6.: BIT calculated for all surface sediments
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4. Results

Figure 4.7.: Sea surface temperature reconstructed with TEXH86 and TEXL86
compared to SST

Figure 4.8.: Concentrations of branched GDGTs and crenarchaeol detected in
the core top sediments.
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4.2. Cores

Figure 4.9.: An example SIM chromatogram of TAN1. Diol concentrations
where to little to determine LDI

4.2. Cores

4.2.1. Bulk Parameters

The four cores were analyzed for total organic carbon (TOC) and δ13C. The

highest TOC values were measured at the surface and values varied between

0.3 and 3%. TAN3 shows the lowest TOC concentrations and TAN2 the most

constant values of 2.5-3% (Fig. 4.10). TAN3, TAN4 and TAN1 additionally

show a relative decrease of TOC content with depth. Bulk δ13C values range

between -22.4 and -21.3h for all cores (Fig. 4.11). δ13C decreases with increas-

ing depth, reaching lowest values of -21.4 and -21.2h for TAN2 and TAN3

respectively. TAN1 and TAN4 show slightly higher values of -21.8h.

4.2.2. Alkenone and UK′
37

The down core analysis of alkenone concentrations revealed a broad scatter in

every core (4.12), and no clear trends towards higher or lower concentrations are

recognizable. The concentrations, with few exceptions, do not exceed 0.6ng/g

dry weight sediment. The analysis of UK
′

37 shows also a broad scatter with ex-

treme temperature �uctuations between 17 ◦C to 29 ◦C (Fig. 4.12). Similar to

the concentration pro�le, no trend towards higher or lower temperature is rec-
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4. Results

Figure 4.10.: TOC values for all analyzed cores.

Figure 4.11.: Bulk δ13C values for all analyzed cores.
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4.2. Cores

ognizable. Instead, it is possible that the UK
′

37 has not been measured correctly,

since the samples were �rst �ltered prior to TEX86 analysis before analyzed for

UK
′

37 .

Figure 4.12.: Down core analysis of alkenone concentrations and UK
′

37 derived
SST
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4. Results

4.2.3. GDGTs, BIT and TEX86

TAN2 shows the lowest concentrations of branched GDGTs normalized to TOC,

while it has the highest concentrations of isoprenoid GDGTs, ranging from

12µg/g to 498µg/g TOC (Tab. 4.1 and 4.2). TAN4 shows the lowest concen-

trations of isoprenoid GDGTs normalized to TOC, and TAN3 has the highest

concentrations in branched GDGTs, ranging from 3µg/g to 6µg/g TOC. The

isoprenoid GDGT concentrations in TAN3 and TAN4 are relatively constant

and with 0.2µg/g comparatively low (Fig. 4.13). TAN2 and TAN1 show a

decrease in concentrations with increasing core depth: from 0.9µg/g dw Sed

down to 0.2µg/g dwt. Temperature reconstructions for TEXH86 and TEXL86 are

relatively constant for each core, showing a temperature of 8.4 ◦C for TEXL86
and 13 ◦C for TEXH86 (Figure 4.13). TEXH86 shows a shift towards colder tem-

peratures from TAN3�TAN1. The temperature estimations of both proxies are

similar in TAN1 and indicate a temperature of 12.5 ◦C. BIT shows constant

values well below 0.1 in each core. Only TAN4 shows a slight increase in BIT

with increasing depth, characterized by a BIT of 0.02 at the surface and 0.04

at the bottom of the core (Fig. 4.14).
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4.2. Cores

Figure 4.13.: Down core analysis of isoprenoid GDGT concentrations and
TEXH86 and TEXL86 for all four cores
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4. Results

Figure 4.14.: Down core analysis of branched GDGT concentrations (µg/g) dw
Sed and BIT
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5. Discussion

5.1. Factors controlling organic carbon and biomarker

concentrations

Figure 5.1 shows the oxygen concentrations for the transect. For the analyzed

surface sediments it is generally observed that the concentrations of organic

carbon, GDGTs and alkenones increase with water depth. This pattern could

be related to changes in primary productivity. Figure 5.2 shows the thirty year

record of chlorophyll-a concentrations o� NE Japan. Although the Japanese

east coast is a�ected by warm core rings (Mohiuddin et al., 2004) with increased

chlorophyll levels, the chlorophyll concentrations are similar over the study area,

with concentrations slightly higher at the coast (1.18µg/l) than at the open

ocean site (0.6µg/l). This is a rather negligible di�erence and is unlikely to

explain the high concentrations of biomarkers in o� shore regions, in particular

alkenones and TOC.

Instead, total organic carbon and biomarker concentration vary with oxygen

concentrations (Figures 4.1, 4.3 and 4.5), i.e. high amounts of lipids and TOC

have been measured where oxygen concentrations were low and decrease when

bottom water oxygen concentrations rise. This is a typical observation when

biomarkers are experiencing oxic degradation, and which has been reported by

other studies (Lengger et al., 2012; Hoefs et al., 2002; Sinninghe Damsté et al.,

2002). The lack of an age model and sedimentation rates make it di�cult

to evaluate the oxygen exposure time. Sedimentation rates could give an im-

pression about the time that the organic matter is exposed to oxygen (oxygen
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5. Discussion

Figure 5.1.: Oxygen concentration in (ml/l) versus depth

Figure 5.2.: Chlorophyll-a (µg/l) map, crosses indicate sampling stations
(World Ocean Atlas, 2009)
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5.1. Factors controlling organic carbon and biomarker concentrations

exposure time) once it got deposited on the sea �oor. The velocity of those

rates determine the burial e�ciency and thus how fast the organic matter is

sealed o� from oxic bottom waters and therefore from e�ective degradation. For

example, a low sedimentation rate leads to a decreased burial e�ciency and the

organic matter is exposed longer to oxygen and thus is degraded for a longer

time and faster than organic matter in environments with high sedimentation

rates and anoxic bottom waters.

The source of the OM deposited on the sea �oor is mainly of marine origin.

This is re�ected in the δ13C values of circa -22h which represents the end

member of marine surface sediments. Additionally, BIT is well below 0.1, which

is typical for marine environments (Weijers et al., 2006b; Hopmans et al., 2004).

In order to assess the e�ects of oxic degradation, the preservation factor (Pf)

has been calculated, according to (Hoefs et al., 2002).

Pf(%) =
[B]ox ∗ 2

([B]unox.1 + [B]unox.2)
(5.1)

where [B] is the concentration of a biomarker, [B]unox.1/unox.2 = two unoxidized

sample and [B]ox = oxidized sample. The unoxidized samples [B]unox.1/unox.2

are represented by the surface sediments at 1046m and 1938m depth, based

on the assumption that these are minor a�ected by oxic degradation. Table 5.1

shows the calculated Pfs for all stations and all analyzed biomarkers. Generally,

two trends can be observed. The �rst trend is an decrease in preservation of

biomarker with increasing oxygen concentrations. Second, a trend for the di�er-

ent component groups: GDGTs have lower preservation factors than alkenones.

Inferred from 14C analysis of alkenoens and GDGTs, Mollenhauer et al. (2008,

2007) attributes the age di�erence between crenarchaeol and alkenones to selec-

tive preservation. Alkenones, which are better preserved, show a higher 14C age

compared to the GDGTs. Similar conclusions were drawn by Kim et al. (2009a).

Within the group of GDGTs it is observed that the branched GDGTs (I, II and

III) have a higher preservation factor than the isoprenoid GDGTs, as previously
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5. Discussion

found by Huguet et al. (2008) in the oxic part of turbidites from the Madeira

Abyssal Plain. Soil derived GDGTs are preserved to a larger degree than marine

GDGTs and also degraded slower than the marine GDGTs. A seemingly higher

preservation factor at high oxygen concentrations was calculated for GDGT-3

compared to GDGT-1,-2 and the crenarcheol regio isomer. Within the cores,

isoprenoid GDGT concentrations are low for the shallow sampling sites. The

cores located at the deeper sampling sites show higher concentrations (Figure

4.13). This trend is consistent with the observation for the surface sediments.

The concentrations of branched GDGTs are always well below 0.1µg/g but

increase with increasing water depth.
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5. Discussion

5.2. Organic Proxies

5.2.1. UK′
37

The sea surface temperature reconstructed with UK
′

37 shows an increased tem-

perature of 5.5 ◦C over the �rst 100m water depth compared to the 14.2 ◦C±0.6
that were reconstructed for the deeper located surface sediments (Fig. 4.4). The

reconstructed temperature for the shallow depths does not match with todays

sea surface temperature. The temperature di�erence corresponds to a shift

of 0.11 units in the UK
′

37 index. This can have several reasons which will be

discussed here.

One reason for the higher temperatures at shallow water depth can be due to

warmer surface water temperatures on the shelf. This argument is comprehen-

sible, since shallow waters warm faster than the deep oceans. However, neither

the JODC temperature maps nor temperature maps of the World Ocean At-

las (2009) indicate higher temperatures close to the coast. Thus, di�erences

in reconstructed temperatures due to warmer water masses on the shelf are

unlikely. Another explanation for this phenomenon is the admixing of signals.

The Kuroshio-Oyashio mixing front is a potential source of warmer UK
′

37 signals,

since the Kuroshio Current transports warm (15 ◦C) waters from the south along

the Japanese east coast. The mixing front moves to 41.5◦N in December and

during that time could deposit alkenones with a warmer signal. Against this

theory speaks that the Kuroshio Current has a temperature of approximately

14 ◦C in December and the mixing front �ows eastwards as part of the North

Paci�c gyre. Higher temperatures should then not only be recorded on the shelf

but also at the other sampling stations. Thus, the mixing of warmer temper-

ature signals derived from the Kuroshio Current can be ruled out. Mixing of

warmer deeper sediment signals with cold surface temperature signals can also

occur by bioturbation in the sediment. The burrowing activities of detrivores

might mix recent alkenones with ancient alkenones and enhance oxygenation

44



5.2. Organic Proxies

of the sediment. In addition, the decomposition of organic matter by detri-

vores increases its surface area and with that enhances microbial degradation

(Middelburg et al., 1993). Hypoxia reduces bioturbation in terms of reducing

burrow length and depth. However, it is observed that some infauna remains

active but due to low DO and decreased bioturbation oxygen, di�usion into the

sediment is limited (Sturdivant et al., 2012). Over the �rst 100m, DO con-

centrations of 5.5ml/l were measured, which corresponds to the range typical

for oxic environments. Afterwards, concentrations decrease and oxygen di�uses

not more than 5mm into the sediment (Fig. 5.3). Concentrations of 5.5ml/l

and more would allow bioturbation by mesofauna and thus possibly upwards

mixing of older sediments with warmer UK
′

37 signals. Since an oxygen pro�le

for this depth is not available, bioturbation cannot be excluded. Unfortunately,

the UK
′

37 record in the cores sheds no light on possible bioturbation, since it was

not correctly measured (Fig. 4.12). However the downcore variation for TEX86

values (Fig. 5.4) are generally minor and especially for TAN3, recovered from a

shallow station, almost constant. Another potential source of warm UK
′

37 values

could be lateral transport of sediment from warmer areas. The lateral trans-

port of alkenones o� the coast of Honshu Island cannot be completely excluded

since a sedimentological description of the cores is not available. Lateral trans-

port is a common phenomenon described for alkenones (Benthien and Mueller,

2000; Kim et al., 2009a). The higher UK
′

37 values at shallow depths might be

caused by lateral transport from warmer water regions, although temperature

maps do not indicate such regions closeby. After excluding temperature dif-

ferences, admixing of signals and to a certain extend lateral transport being

the cause of higher UK
′

37 values at shallow depths, degradation is the last factor

that can have an impact on the temperature signal. As discussed in section

5.1, dissolved oxygen concentrations are the only factor that have an in�uence

on the compound concentrations at the di�erent depths. A phenomenon re-

lated to oxic degradation is the preferential degradation of the C37:3 alkenone

(Hoefs et al., 1998b; Gong and Hollander, 1999; Huguet et al., 2009; Zabeti
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5. Discussion

Figure 5.3.: Oxygen pro�les for samples at 500m, 1000m and 2000m depth re-
spectively. Negative depths indicate oxygen concentrations above
the sediment-water interface. Courtesy K. Oguri, JAMSTEC.
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Figure 5.4.: Measured TEX86 values for cores TAN1-4, blue line represents
TEXH86, the red line represents TEXL86
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et al., 2010) although alkenones are very stable towards degradation compared

to other compounds (Hoefs et al., 2002; Sinninghe Damsté et al., 2002). It is

assumed, that the additional double bound leads to a higher reactivity of the

C37:3 than the C37:2 alkenone. There is a little discrepancy about the impact

of the preferential degradation: while Hoefs et al. (1998b) report an tempera-

ture o�set of 5 ◦C, Gong and Hollander (1999); Huguet et al. (2009) estimates

an o�set of 2 ◦C to 2.5 ◦C compared to the reconstructed temperatures in the

anoxic parts of their samples. The o�set to the real temperature in this study is

5.5 ◦C warmer for the shallowest stations and �ts with preferential degradation

of C37:3. The o�set decreases to 3 ◦C and 2 ◦C warmer temperatures for the

intermediate stations. Hoefs et al. (1998b) de�ned a degradation factor (DF)

for alkenones to assess di�erences in degradation. In the equation, [B] again is

the concentration of the biomarker, [B]red is an unoxidized sample, which again

are represented by the sediment samples at 1046m and 1938m water depth,

and Box is an oxidized sample. Table 5.2 shows an increased DF for C37:3 over

the �rst 100m but then is equal to the DF C37:2. All these �ndings indicate

that the temperature o�set of the UK
′

37 is caused by degradation.

DF =
[B]red.
[B]ox.

Table 5.2.: Calculated degradation factor (DF) for alkenones

T1 T2 T3 TAN3 TAN4 T7 TAN2 T9 TAN1

C37:3 25 11 4 5 1 2 0.9 1 1
C37:2 14 7 3 4 1 2 0.8 1 1

5.2.2. BIT

The BIT index is always well below 0.1 which is typical for marine environ-

ments, but is slightly higher in the oxic surface sediments (0.06) than in sub-
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oxic sediments (0.01). Concentrations of branched GDGTs are high in areas

with high soil input, i.e. close to river mouths from where the BIT decreases

with increasing distance to the shore (Hopmans et al., 2004). For the surface

sediments, decreasing BIT with increasing distance to the shore is observed,

but since no rivers �ow into the study area, increased BIT due to riverine input

can be excluded. Another reason for increased BIT values is oxic degradation.

Huguet et al. (2008, 2009) studied the e�ect of oxic degradation of soil organic

matter in marine sediments and observed an increased preservation of soil de-

rived GDGTs compared to the isoprenoid GDGTs. Calculating the preservation

factor for oxidized and unoxidized parts of the turbidite reveals that branched

GDGTs are an order of magnitude better preserved than crenarchaeol (Tab.

5.1, Fig. 4.8). Huguet et al. (2008) attributed this behavior to some form of

matrix protection. The samples analyzed in this study show a similar behavior

as described by Huguet et al. (2008, 2009). However, the BIT value does not

rise as sharp as described for (Huguet et al., 2008), i.e. from 0.03 to 0.45. This

has liekly to do with the lower oxygen exposure time. Thus, the increased BIT

values are caused by the e�ect of oxic degradation.

5.2.3. TEXL
86, TEX

H
86

Figure 4.7 shows the SST reconstructed with TEXH86 and TEXL86 respectively.

The application of TEXH86 yielded temperatures similar to contemporary SST,

thus an impact of degradation can be excluded. This agrees with studies of

Schouten et al. (2004) and Kim et al. (2009b), testing the stability of TEX86

towards oxic degradation by analyzing sediment cores from the Arabian Sea

OMZ and incubation experiments. TEXL86 underestimates the sea surface tem-

perature by 2.5 ◦C to 6 ◦C over the �rst 1000m water depth compared to the

contemporary SST and TEXH86. Similar observations were reported by Wei

et al. (2011) in the Southern Chinese Sea. TEX86 underestimated the SST

by 4.3 ◦C to 9.2 ◦C for samples shallower than 100m. In addition, the GDGT
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composition at this depth di�ered from the composition of GDGTs from sam-

ples located >1000m depth (Wei et al., 2011). This is likely due to a steady

decrease for GDGT-3 below 500m depth, while all other GDGTs remain rel-

atively constant (Fig. 5.5, Tab. 5.1). A change in GDGT-3 concentrations

will change the overall proportion of GDGTs to each other, which are needed

for TEX86 calculations. TEXL86, in contrast to TEXH86 might be substantially

a�ected by this change, since it does not include GDGT-3 in the numerator as

well as in the denominator. For this reason, the changes in the proportion can

be displayed with the GDGT-2:GDGT-3 ratio.

[GDGT − 2]

[GDGT − 2 +GDGT − 3]

This ratio starts to increase at a depth of 500m to 1000m (Figure 5.6), which

is the same depth range were GDGT-3 concentrations start to decrease. To

examine if this changing ratio is a general phenomenon, the ratio was applied

on the core tops of Kim et al. (2010) (Fig. 5.7), which shows the same change

in proportion as for the sediment samples o� Honshu Island. This phenomenon

of changing GDGT-3 concentrations is related to depth rather than to the

temperature, since those core tops cover a broad temperature range (Fig. B.1).

Schouten et al. (2012) analyzed GDGTs as core lipids (CL) and intact polar

lipids (IPL) in suspended particle matter (SPM) of the Arabian Sea over a depth

range of 2000m. Calculating the GDGT-2:GDGT-3 ratio for their data reveals

the same pattern that has been found for the global core tops of Kim et al.

(2010) (Fig. 5.8), showing that there is an increased GDGT-3 production in

the water column. This signal disappears after approximately 1000m, possibly

due to admixing of di�erently produced GDGT ratios with increasing depth

(Wei et al., 2011). This additional production of GDGT-3 is likely the cause

for the ratio changes with depth. As a consequence, the o�set between TEXL86
and TEXH86 and the o�set between TEXL86 and sea surface temperature will

also change with depth. Thus, for the �rst 1000m occurs an underestimation
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for TEXL86 derived SST. Beyond this depth, the temperature reconstruction �ts

in the range of contemporary SST. For past SST reconstructions, it should be

considered that TEXL86 SST are related to the water depth of the sediments, and

TEXL86 will underestimate the SST when the sediment samples are recovered

from a depth range between 0m to 1000m. For this reason, TEXH86 remains

the reliable proxy for this study area, since it showed overall the best �t with

todays sea surface temperature.

Figure 5.5.: Fractional abundance of TEX86 GDGTs changing with depth.

Figure 5.6.: GDGT-2:GDGT-3 Ratio calculated for all core tops o� Honshu
Island
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5. Discussion

Figure 5.7.: GDGT-2:GDGT-3 Ratio calculated for all core tops used in Kim
et al. (2010)

Figure 5.8.: The GDGT-2:GDGT-3 ratio in the water column plotted for the
data of Schouten et al. (2012).
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The organic carbon and biomarker concentrations in the surface sediments and

in the core sediments follow the pattern of the oxygen concentrations, sug-

gesting that oxygen concentrations have an in�uence on the biomarker con-

centration. These �ndings are in good agreement with other studies. For the

biomarkers investigated in this study, the following order of relative resistance

towards degradation can be established: TOC > alkenones > GDGTs, which

is in agreement with other studies. Where surface sediments are exposed to

increased bottom water oxygen concentrations and experience degradation, it

is observed that UK
′

37 increases by 5.5 ◦C. Such rises in UK
′

37 are related to

the preferential degradation of the C37:3 alkenone. The small variations of the

preservation factors suggest, that isoprenoid GDGTs are degraded at similar

rates, thus there is no observed impact of degradation on the TEXH86 record.

The down core variations of TEX86 from di�erent oxygen regimes are small

as they �t contemporary temperatures. At the shallower depths, BIT values

are slightly higher, which is a result of selective preservation of terrestrial or-

ganic matter in the marine realm. The higher preservation factors of branched

GDGTs in comparison to isoprenoid GDGTs also suggest a slower degradation.

The di�erential abundances of GDGT-3 at depths below and above 1000m have

implications for the TEXL86 paleothermometry: this phenomenon can lead to an

underestimation of sea surface temperatures if this proxy is applied at depths

shallower than 1000m, in this case up to 6 ◦C. TEXH86 remains the more reliable

proxy in this study area.

Since oxic degradation alters the distribution of lipids within one compound
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class, biomarker ratios have to be applied with caution. The oxygenation history

of the sampling area is necessary to know, especially for UK
′

37 . In this study

TEXH86 seems to be stable towards oxic degradation.
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A. Abbreviations

ASE Accelerated Solvent Extractor

BIT Branched versus Isoprenoid Tetraethers

B/A Bolling Allerod

DCM Dichlormethane

DO Dissolved Oxygen

EtoAc Ethyl Acetate

GC Gaschromatography

GC/MS Gaschromatography/Mass spectrometry

GDGTs Glycerol dibiphytanyl glycerol tetraethers

HPLC/MS High pressure liquid chromatography/mass spectrometry

KTS Korean/Tsushima Strait

LGM Last Glacial Maximum

MAP Madeira Abyssal Plain

MeOH Methanol

NPIW North Paci�c Intermediate Water

OM Organic Matter

SST Sea Surface Temperature

TEX86 Tetraether Index of lipids with 86 carbons

TLE Total Lipid Extract

TOC Total Organic Carbon

TWC Tsugaru Warm Current

UK′
37 Unsaturated Ketone Index

YD Younger Dryas
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B. Figures

Figure B.1.: Water depth and temperature from core tops of Kim et al. (2010)
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Figure B.2.: Down core variations of the maximum assumed CaCO3 loss
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B. Figures

Figure B.3.: Statistics of annual sea surface temperature o� Honshu Island in
1 degree mesh size, these temperatures were used in this report to
compare them with the results of UK

′
37 , TEX

L
86 and TEXH86. (Japan

Oceanographic Data Center)
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