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Abstract 

 

This thesis presents detailed geochemical, hydrocarbon and biomarker analyses carried 

out on cored marine sediments from three International Ocean Discovery Program (IODP) 

Expeditions. IODP Expedition 313, New Jersey continental shelf, U.S. middle Atlantic margin 

(New Jersey–Delaware–Maryland), IODP Expedition 317, Canterbury Basin, New Zealand, 

and IODP Expedition 355, in the Arabian Sea, Indian Ocean. The three expeditions have been 

a focus of attention for an extensive study of eustasy, global climatic variations, and local 

tectonic activity controls on the regional depositional processes. The correlation between 

preserved organic matter in marine sediments and climate fluctuations has been widely 

discussed in the scientific community. While the ability to separate between influences of 

local and global events on the accumulated organic matter remains challenging, the current 

thesis aims to look into hydrocarbon and biomarker data from the three expeditions to 

compare these events.  

The main purpose of IODP Expedition 317 was to compare the relative influence of 

local tectonics and global sea level changes on sediments accumulated on the continental shelf 

and slope off the east coast of the Southern Island of New Zealand. Cored sediments were 

recovered from Early Oligocene to Holocene sequences, with a particular focus on the 

sequence stratigraphy of the last 19 million years, when global sea level changes were 

dominated by glacio-eustasy. Sediments drilled in a transect of two sites on the continental 

shelf (Sites U1351 and U1353) and one on the continental slope (Site U1352) were used in 

two studies. The first study provided the first examination of the organic geochemical record 

from Sites U1351, U1352, and U1353 using bulk geochemistry together with hydrocarbon and 

biomarker distributions for early Oligocene to early Pliocene samples. Based on these it is 

suggested that local tectonic activity has had a rapid and significant influence on the 

accumulation of organic matter on the continental shelf and slope. 

Samples for the second study were taken from early Oligocene to Holocene sediments 

from the same three drilling sites, with geochemical and lipid analysis carried out to identify 

the source of the organic matter, and reconstruct changes in sea surface temperature (SST), 

soil pH, and mean annual air temperatures (MAT) in the area influenced by local tectonic 

activity or global climatic events. A global climatic optimum and temperature increase at the 

early/middle Miocene boundary, combined with the increasing land mass of the sub-continent 

based on an increase in sedimentation rates since the middle Miocene, suggests gradual 

intensification in the amount of land vegetation. Interpretation of global eustatic and climatic 
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transformations confirms cooler Neogene SSTs were coupled with a decrease in global sea 

levels. A comparison study between IODP Expedition 317 Site 1352 samples and IODP 

Expedition 313 Sites M0027A and M0028A samples was performed. Overall, 43 samples 

from Expedition 313, dated from late Miocene to early Oligocene, were analysed for 

hydrocarbon and biomarker content. The hydrocarbon data as well as reconstructed SST, soil 

pH, and MAT from the New Jersey expedition were compared with results from 55 IODP 

Expedition 317 samples dated from early Oligocene to late Miocene. There is a decreasing 

SST trend from the early Miocene to the middle Miocene at both locations. Moreover, both 

sites show significant soil pH decreases during the mid-Miocene Climatic Optimum, and an 

increase in MAT during the same geological period.  

The last research project is based on IODP Expedition 355 drilling Site U1456 samples 

from the Laxmi Basin, Arabian Sea. Multi-proxy data has enabled reconstruction of the 

evolving provenance of deep sea sediments in the basin, by the use of heavy minerals, bulk 

isotopic data, bulk and molecular geochemistry, and biomarker and compound specific isotope 

analyses. The results show that the Indus River was the main source of the sediment into the 

basin for the last eight million years. Palaeothermometry of the last ten million years based on 

glycerol dialkyl glycerol tetraethers (GDGTs) and long chain unsaturated alkenones show SST 

fluctuations during this time. Our data indicate a significant increase of C3 vegetation input to 

the eastern Arabian Sea around 8 Ma, and increased erosion from the Himalayas around 6 Ma. 

Variation in precipitation patterns are shown by the δD data set as well as by other 

geochemical and biomarker parameters, and can be attributed to variation in Asian monsoon 

precipitation patterns. 

The results show warm water environments for the first part of the Neogene and a 

significant temperature decrease in the SST in the New Zealand region from ~15 Ma that can 

be coupled with decrease in global sea levels. Comparison between New Jersey and New 

Zealand samples suggest strong eustatic influence for the New Jersey region and local tectonic 

influence on the organic matter accumulation in New Zealand during Miocene. At the same 

time, the Arabian sea data shows relatively warm late Miocene that is characterised by 

increasing precipitation levels influenced by Asian monsoon precipitation patterns. 
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1. Introduction 

Climate variations during the Cenozoic Era are a source of broad debate in scientific circles 

(Haq et al., 1987; Zachos et al., 2001), and of a great interest to the general public. Variations 

in global sea level (eustasy) as well as continental tectonic shifts are among the major factors 

influencing the climatic shifts for the last 65 million years (e.g., Vail and Mitchum Jr, 1979; 

Haq et al., 1987; Raymo and Ruddiman, 1992). Marine sediments contain a stratigraphic 

record of these shifts are usually well preserved. Organic material that accumulated in the 

marine sediments, including kerogen, organic compounds, and specific biomarkers from 

terrestrial and oceanic input, carries an imprint of the climate variations through its influence 

on living organisms.  

Previous studies have shown strong correlations between variations in climate and tectonic 

activity  (Kennett, 1977; Stickley et al., 2009; Passchier et al., 2013). In particular positioning 

of the Antarctic continent near the southern pole and its isolation after the opening of the 

Southern Ocean (Kennett, 1977) led to the start of massive ice accumulation on the eastern 

part of the continent from the Early Eocene to the Middle Miocene (e.g., Langebroek et al., 

2010; Pross et al., 2012; Knorr and Lohmann, 2014). Development of the Antarctic 

Circumpolar Current (ACC) around Antarctica caused local cooling and further ice 

accumulation, and influenced global climate (Kennett, 1977). Low ACC temperatures 

influenced the global sea surface temperature (SST) by circulating cold water towards the 

Pacific, Atlantic, and Indian oceans. 

The International Ocean Discovery Program (IODP) provides an opportunity to work on 

marine sedimentary records from around the globe using cored rocks and sediments. This 

PhD thesis is based on the recovery of organic biogeochemistry data from three expeditions. 

The sedimentary records worked on are from (1) IODP Expedition 317, Canterbury Basin, 

New Zealand, (2) IODP Expedition 313, New Jersey continental margin, and (3) IODP 

Expedition 355, Arabian Sea Monsoon. The geological material analysed dates from the 
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Eocene to the Holocene from three different oceans (Mountain et al., 2010; Fulthorpe et al., 

2011; Pandey et al., 2016). The results show major changes in organic matter input into 

recovered sediments influenced by local tectonic activity, eustasy, and global climate 

changes.  

In addition to the continental isolation during the Cenozoic, two major continental collisions 

have occurred. The first one was when India and Asia collided, which started around the 

Eocene (Garzanti et al., 1987; Rowley, 1996). The collision started the uplift of the Tibetan 

plateau and the Himalaya mountains, causing the development of the global precipitation 

circulation system known as the Asian Monsoon (Kroon et al., 1991; Prell and Kutzbach, 

1992) and the Thermohaline circulation (Wyrtki, 1961). This circulation system potentially 

had a huge influence on the global climate by decreasing Indian Ocean salinity levels by 

increasing precipitation around the Indian Ocean region, including in the western Himalayas, 

Indonesia, and India (Duplessy, 1992). The second major continental collision happened 

between the northern part of Africa and central Asia, leading to the separation of the Palaeo-

Tethys Ocean into the Indian Ocean and Mediterranean Sea (Metcalfe, 2013). The 

disappearance of the big water mass in the west-northern part of the Indian Ocean caused 

aridification in the North African and Pakistan regions during the Late Miocene (Feakins and 

Eglinton, 2005). 

 

1.1. Palaeoenvironmental research in the Cenozoic  

The Cenozoic is the latest Era in Phanerozoic geological eras, and covers the last 66 million 

years (Cohen et al., 2013). The Cenozoic consist of three geological periods: the Paleogene 

(66.00–23.03 Ma), the Neogene (23.03–2.58 Ma), and the Quaternary (2.58–present). The 

Paleogene is subdivided into three epochs: the Paleocene (66.0–56.0 Ma), the Eocene (56.0–

33.9 Ma), and the Oligocene (33.9–23.03 Ma). The Neogene is subdivided into two epochs: 
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the Miocene (23.03–5.33 Ma) and the Pliocene (5.33–2.58 Ma). The Quaternary is the most 

recent geological period and it is divided into two epochs: the Pleistocene (2.58 Ma – 11.7 

thousand years ago [ka]) and the Holocene (11.7 ka to present) (Cohen et al., 2013). The 

Cenozoic era is characterised by significant climate variations (Zachos et al., 2001). The 

temperature variations were driven by different cycles. On the 105 to 107 year scale, tectonic 

activity is the major factor; and on the 104 to 106 years scale, climatic cyclicity is driven by 

orbital processes (e.g., Ehrmann and Mackensen, 1992; Laskar et al., 1993; Crowley and 

Burke, 1998).  

 

Figure 1.1: 30 Ma temperature variations recorded in deep-sea oxygen isotope records based 

from DSDP and ODP sites (A) (after Zachos et al., 2008); carbon dioxide levels in Cenozoic 

(B) (Pearson and Palmer, 2000); Cenozoic sea level curve (C) (Haq et al., 1987; Miller et al., 

2005).   
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Global deep sea oxygen isotope (δ18O) measurements show a significant temperature decrease 

through the Cenozoic (Fig. 1.1), with several climatic optimums at every epoch showing 

temporary temperature increases (Zachos et al., 2008 and references within). The Cenozoic 

era from the early Oligocene is characterised by Antarctic ice sheets accumulation (Francis, 

1988; Hambrey et al., 1992). Expansion of the Antarctic ice sheet started in the Oligocene, 

and was characterised by an increase of mass up to ~50% of today’s levels. This accumulation 

caused cooling of the southern deep water currents followed by ~4ºC decrease in global ocean 

temperatures (Zachos et al., 1993; Zachos et al., 2001; Zachos et al., 2008). The Late 

Oligocene warming (Fig. 1.1) decreased Antarctic ice levels significantly, and it remained at 

this level until the end of the Middle Miocene Climatic Optimum (Miller et al., 1991). During 

this ten million year period the oceanic temperatures were slightly higher than before (Fig. 

1.1) (Miller et al., 1991; Wright and Miller, 1993; Zachos et al., 2001; Zachos et al., 2008). 

The Southern Hemisphere ice expansion after the Middle Miocene Climatic Optimum was 

followed by intensification of Northern Hemisphere glaciation from ~2.7 Ma (Shackleton, 

1977; Shackleton and Pisias, 1985; Vorren and Thiede, 1994). This accumulation was later 

called the Northern Hemisphere Glaciation (Shackleton, 1977; Shackleton and Pisias, 1985; 

Maslin et al., 1996).  

The ice accumulation record in the Cenozoic was recorded through various proxies. For 

example, benthic foraminifera Mg/Ca ratios have been used to record changes in ocean 

temperature (Saraswat et al., 2005). In addition, the δ18O deep ocean records provide a high 

resolution record through the Cenozoic (Billups et al., 2002; Bohaty and Zachos, 2003; Pälike 

et al., 2006). Variations in δ18O have been attributed to variations in ocean temperature and 

ice accumulations. Heavy δ18O values have been attributed to low temperatures and a 

synchronous increase in ice volume (Billups et al., 2002; Bohaty and Zachos, 2003; Pälike et 

al., 2006). Raymo et al. (1988), Berner (1990) and later on Pearson and Palmer (2000) suggest 

correlation between decreasing pCO2 levels and global Cenozoic cooling. However, the 
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inability to correlate between pCO2 levels and the cooling event around 22 Ma (Foster and 

Rohling, 2013; Foster et al., 2017)  makes this theory rather controversial.  

 

1.2. Eustasy 

During geological history, the global sea levels varied significantly in a process called eustasy 

(Haq et al., 1987; Van Sickel et al., 2004). These variations played a major role in the climate 

evolution of the planet and in particular in the coastline development, creating a wider coast 

line during the low sea level periods. The coastline is the meeting point between the 

lithosphere, biosphere, and atmosphere, so is strongly affected by eustasy (Vail and Mitchum 

Jr, 1979). Therefore, it is important to understand the ways mass and energy are moving 

around. Distinguishing eustasy from the effects of subsidence and changing sediment supply 

requires a fundamental understanding of passive margin response to sedimentation, regional 

tectonic activity, and mantle dynamics in the area (Mountain et al., 2010). Although local 

tectonics play a major role in shaping the continental margins, it has been suggested that 

continental margins around the globe respond similarly to eustatic sea level variations (Bartek 

et al., 1991). Glacio-eustatic changes have been analysed through the δ18O records (Miller et 

al., 1991; Miller et al., 1998; Miller et al., 2005), but these estimations are not precise (Miller 

et al., 2005; Mountain et al., 2010), mainly because of the problematic correlation between 

δ18O based temperature reconstructions and the ice levels correlated to these fluctuations. 

Continental margin sediments have also been used to estimate eustasy levels (Vail and 

Mitchum Jr, 1979; Haq et al., 1987), but the full effect of eustasy on passive margins and 

continental shelves is still poorly understood  The major factors influencing eustatic 

fluctuations are tectonic activity and mantle dynamics. Dating can also play a significant role 

in correlation between the events.  
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1.3. Total organic carbon  

Organic carbon content in the marine environment is usually produced in situ by microalgae, 

or transported from the continents by rivers, wind, and ice (Brassell et al., 1978). Organic 

material can be of either direct or indirect biological origin, following the variation in the 

depositional processes. The organic matter (OM) can be incorporated directly into the 

sediment and used as precursors for various organisms, or may be modified by biological or 

chemical alteration during diagenesis (Summons, 1993).  

The abundance of organic matter in sediments is usually expressed as dry weight percentage 

of total organic carbon (TOC). However, the correlation between measured TOC and 

abundance of organic matter in sediment can vary according to the characteristics of the 

organic matter and a conversion factor that can range between 1.7–1.9 (Tyson, 1995). In 

general, the relationship is characterised by decreasing the TOC from the continental shelf to 

the abyssal depths. However, these trends are heavily influenced by regional activity (Tyson, 

1995).  

There are numerous environmental factors that control TOC values in marginal sediments. 

Some commonly considered regional environmental factors include primary productivity, the 

biological and chemical content of the water column, the oxicity of the bottom water, the 

sediment accumulation rate and particle size, and bioturbation processes and post depositional 

processes (e.g. Henrichs, 1992, 1993; Meyers and Ishiwatari, 1993a, b).  

One of the common ways to distinguish between primary TOC production and secondary 

terrestrial input is the relative presence of TOC and total nitrogen (TN) in the sediments 

(Henrichs, 1992; Meyers and Ishiwatari, 1993a). Marine organisms such as zooplankton 

(Prahl et al., 1980), benthic organisms (Prahl et al., 1980), diatoms (Meyers, 1990) and algae 

(Bourbonniere, 1980) have TOC/TN ratios <10, with typical values between 4 and 10, based 

on the lack of cellulose in the cells. In contrast, vascular land plants containing cellulose 
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common have a TOC/TN ratio of 20 or higher (Meyers and Ishiwatari, 1993a). Under ideal 

conditions, the continental shelf areas are characterised by high TOC/TN values, whereas the 

abyssal plain sediments will dominantly have TOC/TN values below 10.  

 

1.4. Organic compounds and biomarkers 

Organic compounds and biomarkers are produced by living organisms as part of 

biogeochemical cycles. They are abundant in oceans, lakes, and sedimentary rocks, but are 

often overlooked for palaeo-oceanographic reconstructions (Summons, 1993; Peters et al., 

2005). The amount and diversity of organic compounds and biomarkers in sediments and 

rocks enables reconstruction of the regional palaeo-presence of specific organisms (e.g., 

Simoneit, 1977; Brassell, 1993; Meyers and Ishiwatari, 1993a; Meyers, 1997; Volkman et al., 

1998).  

Ideal palaeoclimatological biomarkers should fulfil several criteria: they must be unique to an 

organism or group of organisms that inhabit a specific ecological niche, and should be 

influenced by a single climatological variable such as SST or mean annual air temperature 

(MAT). The organic compounds should also have good preservation potential and undergo 

only slight geological alteration during deposition and post deposition. Ideally, biological 

function of these compounds in the pattern organism should be identified. The compounds 

should be deposited quantitatively and in high amounts that allow accurate measurements. 

Moreover, the transport mechanisms and diagenetic history of the compounds need to be well 

established. The biomarker signal should be analysed by known and well established 

techniques, which are reproducible in the laboratory under specific conditions (Peters and 

Moldowan, 1993; Rosell-Melé et al., 1994; Peters et al., 2005).  

Several organic compounds fulfil most of the required conditions to be reasonable 

palaeoenvironmental indicators. Some compounds such as n-alkanes are recognised as the 
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structural compounds of plants and allow correlation between their abundance and source of 

the organic material (Bray and Evans, 1961; Eglinton and Hamilton, 1967). Others, such as 

hopanes and steranes can be attributed to different types of organisms and indicate 

palaeoclimatic variations through their presence or absence (Hedges and Oades, 1997). 

Biological sources of some lipids (e.g. alkenones and glycerol dialkyl glycerol tetraethers - 

GDGTs) are restricted to specific organisms and their production is influenced by 

environmental changes (Schouten et al., 2013). None of these compounds fulfil all the ideal 

biomarker requirements. Therefore, a multi-proxy approach of multiple biomarker analyses 

together with other organic geochemical, stratigraphical, and palaeo-lithological data are the 

strongest tools for carrying out palaeoenvironmental reconstructions. For chemical structure 

of the compounds see Appendix 6.1. 

 

1.4.1. n-Alkanes  

n-Alkanes are organic compounds constructed of a straight saturated chain of carbons. These 

compounds are very abundant and ubiquitous, and can be found in continental and marine 

sediments (Bray and Evans, 1961). n-Alkanes are structural compounds present in algae, 

bacteria, and land plant cell walls (Tissot and Welte, 1978). The length of the carbon chain 

produced by various organisms is different. The presence of long-chain odd-carbon numbered 

n-alkanes (C27, C29, and C31) has been attributed to land-plant epicuticular waxes (Eglinton 

and Hamilton, 1967; Barnes and Barnes, 1978), whereas the presence of the C15 and C17 n-

alkanes can be attributed to an algal/planktonic origin (Cranwell, 1984; Meyers and 

Ishiwatari, 1993b). Pelagic zooplankton have a dominant carbon chain length of C17, C18, or 

C24 (Giger et al., 1980). Studies of plants from submerged and floating ecosystems show high 

abundance of C21, C23, and C25 n-alkanes (Barnes and Barnes, 1978; Cranwell, 1984; Viso et 

al., 1993). Bacteria synthesise a variety of n-alkanes, but their abundance in sediments is 
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lower than from plants (Comet and Eglinton, 1987). Therefore, a bacterial origin of n-alkanes 

is usually neglected in favour of higher plants and algae. Because of the distinct difference 

between the higher plant and algae n-alkane distributions, it is possible to propose a main 

source of sedimentary input based on the predominance of specific chain lengths. There are 

also other potential sources of the ubiquitous n-alkanes in sedimentary environments, 

including from thermal maturation of kerogen, natural oil seeps and anthropogenic pollution. 

It is common to assess n-alkane distributions using various indices and ratios such as the 

carbon preference index (CPI(22-32)), terrigenous/aquatic ratio (TAR), relative abundance of 

submerged/floating aquatic macrophyte (Paq), and average chain length (ACL). The relative 

odd-over-even carbon number preference for n-alkanes is shown by CPI22–32 (Eq. 1). A CPI22–

32 <1 is indicative of a marine environment, whereas a CPI22–32 >1 is a characteristic of 

terrigenous sources of OM. A CPI22–32 around unity often indicates high thermal maturity of 

the sediment (Bray and Evans, 1961). 

Eq. 1 𝐶𝑃𝐼(22−32) =
[𝐶23]+[𝐶25]+[𝐶27]+[𝐶29]+[𝐶31]

[𝐶22]+2∗∑[𝐶24−30 𝑒𝑣𝑒𝑛]+[𝐶32]
 

TAR (Eq. 2) is also based on the n-alkane carbon number distribution and has been applied to 

lacustrine (Bourbonniere and Meyers, 1996) and marine environments (Silliman et al., 2000). 

TARs < 1 indicate strong algal input, whereas higher values indicate a terrigenous OM 

predominance (Bourbonniere and Meyers, 1996): 

Eq. 2 𝑇𝐴𝑅 =
𝐶27+𝐶29+𝐶31

𝐶15+𝐶17+𝐶19
 

The TAR might over-represent the absolute amount of terrigenous sources, assuming much 

higher n-alkane production by land plants (Cranwell, 1984; Meyers and Ishiwatari, 1993a).  

The relative abundance of submerged/floating aquatic macrophyte input relative to the 

terrigenous input can be represented using the 1/Paq ratio, that is defined after  Ficken et al. 

(2000):  
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Eq. 3 1/𝑃𝑎𝑞 =
(𝐶23+𝐶25+𝐶29+𝐶31)

(𝐶23+𝐶25)
 

 

n-Alkanes have been used extensively as indicators of inputs of terrestrial or land derived 

organic matter to the marine environment (e.g., Kawamura, 1995; Ohkouchi et al., 1997; 

Huang et al., 2000; Zhao et al., 2003). Moreover, they have been used in lacustrine 

environments to infer changes in the relative inputs of organic carbon from aquatic algal 

sources (including eutrophication) and watershed terrestrial biota (Cranwell, 1973; Kawamura 

and Ishiwatari, 1985; Cranwell et al., 1987; Kawamura et al., 1987; Meyers and Benson, 

1988; Meyers and Ishiwatari, 1993a). Therefore, these compounds give an insight to the 

relative contributions of organic carbon to a basin (lacustrine, coastal etc.) from algal versus 

terrestrial plant sources. Because of the multiple sources of n-alkanes they cannot be used as 

absolute environmental indicators. The abundance of n-alkanes can also be influenced by 

thermal maturation (Bray and Evans, 1961) as well as by post-depositional biodegradation 

processes (Wenger and Isaksen, 2002).  

 

1.4.2. Isoprenoids 

Isoprenoids are organic compounds build of two or more isoprene units of hydrocarbons. The 

isoprenoids play an important role in the physiological processes of animals and plants (Peters 

et al., 2005). For palaeoenvironmental research, the commonly used isoprenoids are pristane 

(2,6,10,14-tetramethylpentadecane; Pr) and phytane (2,6,10,14-tetramethylhexadecane; Ph). 

The phytyl side chain of chlorophyll in phototrophic organisms and bacteriophyll from purple 

sulfur bacteria have been suggested to be the main source for Pr and Ph (Powell and 

McKirdy, 1973). Anaerobic bacterial degradation (Rontani et al., 2010), thermal degradation 

(Lao et al., 1989) and clays can catalyse the decay of the chlorophyll phytyl chain (Rontani et 

al., 2010), leading to increased levels of Pr in sediments. Ph is known to be derived from 
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methanogens (Rowland, 1990), thermoacidophilic archaea (Tornabene et al., 1979), from 

anaerobic biodegradation (Grossi et al., 1998), and clay catalysed thermal hydrogenation of 

isoprenoid alkenes (Gelin et al., 1995). 

The relative abundance of Pr and Ph is related to the oxicity of the depositional environment 

(Didyk, 1978). Pr/Ph < 0.8 is associated with anoxic depositional environments, whereas 

Pr/Ph > 3.0 usually correlates with oxic depositional environments or terrigenous plant input 

deposited under oxic or suboxic conditions (Didyk, 1978). The ratio can be positively 

influenced by high thermal maturity as well (Connan, 1974).  

 

1.4.3. Hopanes, tricyclic terpanes, and tetracyclic terpanes 

C27 17α-trisnorhopane (Tm) and C27 18α-trisnorneohopane (Ts) are commonly used as 

biomarkers for evaluation of thermal maturity (Seifert and Moldowan, 1978; Stephens and 

Carroll, 1999; Nuzzo et al., 2012). In general, Tm is less thermally stable than Ts. Therefore, 

the Ts/(Ts+Tm) ratio increases with increasing thermal maturity. Moldowan et al. (1986) 

showed that the source of OM during early diagenesis can significantly influence the ratio. 

Moreover, Ts abundance in basin sediments increases relative to Tm with depth in low 

thermal maturity sediments (Zhi-Hua et al., 1986). The ratio is also sensitive to clay-catalysed 

reactions.  

Sediment thermal maturity levels are usually verified with additional ratios such as C31 and 

C32 αβ 22S/(22S+22R) hopanes, and C29 and C30 hopanes αβ/(αβ+βα (McKirdy et al., 1984). 

The terpane homohopane isomerisation [22S/(22S+22R)] for the C31 αβ homohopane 

homologues is highly sensitive to maturity variations in the immature to early oil generation 

range (Ensminger et al., 1975; Peters et al., 2005), when biologically-produced hopane 

precursors partially convert from 22R to 22S configuration. The ratio can be calculated for 

any hopane compounds in the C31-C35 range, with equilibrium levels between 0.55–0.62 
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(Seifert and Moldowan, 1980). Co-elution between the C31-homohopane 22R peak with C30-

neohopane can alter the calculated ratio (Subroto et al., 1991). Moreover, Peters and 

Moldowan (1991) show an increase in abundance of the 22R isomer for bitumens rather than 

for associated kerogen. 

The relative abundance of the 17β,21α(H)-moretanes versus the 17α,21β(H)-hopanes for the 

C29 and C30 homologues is also used for thermal maturity characterisation. Both homologues 

are created from the biological 17β,21β(H)-configuration (ββ) of hopanoids (Seifert and 

Moldowan, 1980), and the βα moretane is less stable than αβ configuration, so decreases with 

increasing thermal maturity. The C30 hopane αβ/(αβ+βα) ratio decreases in thermally mature 

rocks (Mackenzie et al., 1980; Seifert and Moldowan, 1980). The ratio partially depends on 

the source of the OM and has higher values for hypersaline environments (Rullkötter and 

Marzi, 1988). Some influence of terrigenous OM input on the ratio has also been suggested 

(Isaksen and Bohacs, 1995). 

Some organism group-specific compounds such as oleanane and gammacerane are quite 

indicative biomarkers. Oleanane is a specific biomarker for angiosperm plant input (e.g., 

Peters, 1986; Moldowan et al., 1994). Its presence in a sediment suggests terrigenous input of 

the OM. Gammacerane is a specific biomarker for tetrahymanol in ciliates feeding on bacteria 

(Damsté et al., 1995). When gammacerane is present in high abundance it is indicative of a 

stratified water column and/or a sulphate-reducing environment. High values of the 

gammacerane/hopane ratio are indicative of marine carbonates, and the virtual absence of 

gammacerane is typical of deltaic shales (Peters et al., 2005). 

The tricyclic terpanes (Connan, 1974; Aquino et al., 1983) with carbon chain <C30 originate 

from regular isoprenoids (Aquino et al., 1983), and are attributed to the prokaryotic 

membrane structure (Ourisson et al., 1982). High concentrations of tricyclic terpanes have 

also been identified as indicators of primitive algae (Volkman et al., 1989; Azevedo et al., 
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1992). With unknown specificity, C24 tetracyclic terpane, appears to be more resistant to 

biodegradation than hopanes (Trendel et al., 1982; Peters et al., 2005). Moreover, C24 

tetracyclic terpanes are more stable in mature oils and sediments than hopanes.  High C24 

tetracyclic/C23 tricyclic terpane ratios (>0.6) are indicative of carbonate or evaporate 

depositional environments  (Peters et al., 2005). A high C22/C21 tricyclic terpane ratio can help 

to identify a carbonate source rock as well.  

 

1.4.4. Steranes and diasteranes 

Steranes are source-specific compounds. C27 steranes are produced by zooplankton, whereas 

C29 steranes were originally suggested to be derived from higher plants (Huang and 

Meinschein, 1979). Sediments containing high abundances of diatoms, dinoflagellates and 

coccolithophorids are typically rich in C28 steranes (Falkowski et al., 2004). The proportion of 

C28 steranes relative to C27 and C29 steranes tends to increase with decreasing geological age 

in the Mesozoic and Cenozoic (e.g. Grantham and Wakefield, 1988). It is now known that 

there is more complexity in the origins of steranes (e.g.Volkman, 1986, 2005). For example, 

C29 sterols are precursors of C29 steranes and have been identified in phytoplankton 

(Gagosian, 1976) and cyanobacterial mats (Volkman, 1986), as well as in green algal blooms 

(Kodner et al., 2008). 

Despite the multiple biological sources, the use of the C27–C28–C29 sterane ternary plot 

diagram to determine the source of OM and oil-source correlations has been proven to be 

effective (e.g. Huang and Meinschein, 1979; Moldowan et al., 1985b; Grantham and 

Wakefield, 1988; Wójcik-Tabol and Ślączka, 2015). In addition, the C27/C29 and C28/C29 

5α,14α,17α(H) sterane ratios (abbreviated ααα) can be used to define diversification of 

zooplankton and phytoplankton assemblages (Moldowan et al., 1985a; Moldowan et al., 
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1985b). C30 n-propylcholestanes, when present in sediments, indicates marine algae input 

(Moldowan et al., 1985b; Moldowan et al., 1985a) 

The ratio of regular steranes [C27, C28 and C29 ααα (20S + 20R) and αββ (20S + 20R) 

steranes] to αβ -hopanes (C29–C33 pseudohomologues) provides information about the relative 

abundance of eukaryotic versus prokaryotic OM input. High sterane/hopane ratios suggest 

dominantly marine OM input from planktonic or benthic algae (Moldowan et al., 1985b; 

Moldowan et al., 1985a). 

The C27 βα diasterane/C27 ααα sterane ratio provides additional information on the source 

rock. In general, low diasterane/sterane ratios are typical of carbonates or low clay content 

rocks, whereas high diasterane/sterane ratios indicate clay-rich and/or acid catalysed rocks 

(Moldowan et al., 1985b; Moldowan et al., 1985a; Peters et al., 2005). However, the 

diasterane/sterane ratio can be affected by increasing thermal maturation and/or heavy 

biodegradation (Seifert and Moldowan, 1978).  

Thermal maturity related parameters can also be obtained from the isomerisation ratio of C29 

ααα steranes when the 20S/(20S+20R) isomerisation values vary from 0 to 0.52–0.55 at 

thermal equilibrium (Seifert and Moldowan, 1986). Thermal maturity information can also be 

obtained from the C29 sterane αββ/(αββ+ααα) ratio, which reaches 0.52 in thermally mature 

samples (Seifert and Moldowan, 1986). 

 

1.4.5. Alkenones- UK’
37 and sea surface temperature (SST) calculations 

Long-chain ethyl alkenones (alkenones) are long carbon chain (C37 and C38) ketones with up 

to four degrees of unsaturation. Alkenones are synthesized by a limited number of haptophyte 

microalgae and are commonly used biomarkers in palaeo studies (De Leeuw et al., 1980; 

Volkman et al., 1980; Marlowe et al., 1984; Conte et al., 1994; Conte et al., 1995; Volkman et 

al., 1995). The most common biological source of alkenones is the coccolithophorid 
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Emiliania huxleyi (Volkman et al., 1980). However, this organism only appeared in 

geological records in the Quaternary, and became the dominant marine haptophyte in the last 

50–70 kyr (Flores et al., 1997). Despite this, alkenones have been identified in Eocene 

sediments (~45 million years), which suggests additional biological precursors (De Leeuw et 

al., 1980; Volkman et al., 1980; Marlowe et al., 1984). The oldest alkenones have been 

identified in 100 Ma Cretaceous black shales (Farrimond et al., 1986). The producer of 

alkenones in pre 260 kyr sediments is not known. However, based on the co-occurrence of 

coccoliths and alkenones, Marlowe et al. (1990) speculated that species of Reticulofenestra 

may be a source organism. 

The relative abundance in sediments of di-unsaturated long chain alkenone (C37:2) and tri-

unsaturated long chain alkenone (C37:3) changes in a systematic way with inferred changes in 

SST (Marlowe et al., 1984; Brassell et al., 1986a; Brassell et al., 1986b). The temperature 

dependent nature of the alkenones has been observed in many different environments and 

regions (Prahl and Wakeham, 1987; Sikes and Volkman, 1993; Sikes et al., 1997; Müller et 

al., 1998; Sonzogni et al., 1998; Prahl et al., 2000;  review by Herbert, 2001). The relative 

abundances of C37:2 and C37:3 alkenones are usually represented by Uk’
37 values (Eq. 5; Prahl 

and Wakeham, 1987): 

Eq. 4 U37
K′

=  
C37:2

C37:2+C37:3
 

The UK’37 values have subsequently been converted into SSTs using an Indian Ocean 

calibration by Sonzogni et al. (1998); Eq. 6) and a global calibration described by Eglinton et 

al. (2006); Eq. 7): 

Eq. 5 𝑆𝑆𝑇(℃) =
𝑈37

𝐾′
−(0.013±0.063)

0.023±0.004
 

𝑛 = 54; 𝑟2 = 0.936;  𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑟𝑎𝑛𝑔𝑒 (℃) = 5 − 30 
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Eq. 6 𝑆𝑆𝑇(℃) = 29.876 (𝑈37
𝐾′

) − 1.334 

𝑛 = 592; 𝑟2 = 0.97;  𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑟𝑎𝑛𝑔𝑒 (℃) = −1 − 29 

The analytical error in these temperature reconstructions is ±1ºC. 

Potential disadvantages of analysing alkenones with HPLC–MS could be changes in the 

relative sensitivity between the di- and tri-unsaturated compounds, and non-linear response 

factors, as observed with other MS methods, e.g. GC-CI-MS (Chaler et al., 2000; Chaler et 

al., 2003). However, the quantification limit of the method is  ~10 pg, whereas for GC-MS 

and GC-FID it is generally in the ng range (Villanueva and Grimalt, 1997; Becker et al., 

2013).  

 

1.4.6. Glycerol dialkyl glycerol tetraethers (GDGTs) 

At first, isoprenoidal glycerol dialkyl glycerol tetraether (iGDGT) lipids were considered to 

be only synthesised by archaea in extreme environments (De Rosa and Gambacorta, 1988). 

However, later studies have shown the presence of GDGTs in many phylogenetic Archaeal 

groups from lacustrine and marine environments without any correlation to extreme 

environments (Chappe et al., 1979; Chappe et al., 1982; Pauly and Van Vleet, 1986; Schouten 

et al., 2004).  

Further technological development of analytical methods (Hopmans et al., 2000; Sturt et al., 

2004; Becker et al., 2013) enabled identification of additional iGDGT groups and a 

crenarchaeol isomer (Sinninghe Damste et al., 2002)). brGDGTs have been suggested to be 

mainly derived from lacustrine and terrestrial bacteria and their abundance in marine 

sediments correlates to levels of terrestrial input through rivers as the main delivery 

mechanism (Schouten et al., 2002; Schouten et al., 2013). The abundance of brGDGTs has 

been correlated to environmental input (Pearson et al., 2004), soil pH (Weijers et al., 2007), 

mean annual air temperature (MAT; (Weijers et al., 2007), and SST (Hopmans et al., 2000; 
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Schouten et al., 2002; Sinninghe Damste et al., 2002; Kim et al., 2008; Kim et al., 2010; 

Becker et al., 2013; Schouten et al., 2013; Becker et al., 2015).  

The source of the GDGTs in the ocean is mainly from archaea (Schouten et al., 2007; 

Schouten et al., 2012). It has been noted that the relative abundance of isoprenoidal GDGTs 

(iGDGTs) in the cell membrane is sensitive to the water temperature it grows in (for review 

Schouten et al., 2013). This observation enables correlation between SST to iGDGTs 

abundance using the 𝑇𝐸𝑋86
𝐻  index (Schouten et al., 2002). In warm, tropical pools and coastal 

environments, the temperature dependence of iGDGT is controversial, and can be heavily 

influenced by the source of the OM (Hopmans et al., 2004; Schouten et al., 2013).  

1.4.6.1. Isoprenoidal GDGTs – TEXH
86

 and sea surface temperature 

calculations 

 

The use of the 𝑇𝐸𝑋86 index for correlation between SST and iGDGT abundance was 

suggested by (Hopmans et al., 2000). The method was initially indicative of a rather limited 

temperature range, but more recently was recalculated for a wider environmental range (Kim 

et al., 2008; Kim et al., 2010). For subtropical and greenhouse periods, when temperatures 

were higher than today, the 𝑇𝐸𝑋86
𝐻  can be calculated from the distribution of iGDGTs using 

the definition of Kim et al. (2010) for the 10°C to 40°C temperature range: 

Eq. 7 𝑇𝐸𝑋86
𝐻 =

[𝐺𝐷𝐺𝑇−2]+[𝐺𝐷𝐺𝑇−3]+[𝐶𝑟𝑒𝑛′]

[𝐺𝐷𝐺𝑇−1]+[𝐺𝐷𝐺𝑇−2]+[𝐺𝐷𝐺𝑇−3]+[𝐶𝑟𝑒𝑛′]
 

where the number values refer to the number of rings in the GDGT, and Cren’ refers to the 

crenarchaeol regio isomer. 𝑇𝐸𝑋86
𝐻  can be converted to SST using the correlation for the 10°C 

- 40°C temperature range with a proposed residual standard error of ±2.5°C (Kim et al., 

2010): 
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Eq. 8 𝑆𝑆𝑇 = 68.4 × 𝑇𝐸𝑋86
𝐻 + 38.6 (𝑟2 = 0.87, 𝑛 = 255, 𝑝 <

0.0001) 

iGDGT cyclisation can be calculated to evaluate the ring index (Pearson et al., 2004):  

Eq. 9 𝑅𝑖𝑛𝑔 𝑖𝑛𝑑𝑒𝑥 =

[𝐺𝐷𝐺𝑇−1]+2×[𝐺𝐷𝐺𝑇−2]+3×[𝐺𝐷𝐺𝑇−3]+4×[𝐺𝐷𝐺𝑇−4]+5×[𝐶𝑟𝑒𝑛+𝐶𝑟𝑒𝑛′]

[𝐺𝐷𝐺𝑇−0]+[𝐺𝐷𝐺𝑇−1]+[𝐺𝐷𝐺𝑇−2]+[𝐺𝐷𝐺𝑇−3]+[𝐺𝐷𝐺𝑇−4]+[𝐶𝑟𝑒𝑛+𝐶𝑟𝑒𝑛′]
 

 

 

1.4.6.2. Branched GDGTs – BIT, MBT, CBT, pH, and MAAT 

To calculate the relative fluvial input of terrigenous organic matter in the marine environment 

the branched isoprenoid tetraether (BIT) index is calculated from the brGDGTs (Hopmans et 

al., 2004): 

Eq. 10 𝐵𝐼𝑇 𝑖𝑛𝑑𝑒𝑥 =
[𝐺𝐷𝐺𝑇−𝐼𝑎]+[𝐺𝐷𝐺𝑇−𝐼𝐼𝑎]+[𝐺𝐷𝐺𝑇−𝐼𝐼𝐼𝑎]

[𝐺𝐷𝐺𝑇−𝐼𝑎]+[𝐺𝐷𝐺𝑇−𝐼𝐼𝑎]+[𝐺𝐷𝐺𝑇−𝐼𝐼𝐼𝑎]+[𝐶𝑟𝑒𝑛]
 

 

In samples with a BIT index >0.4, the SST reconstructions have been suggested to be 

problematic (Hopmans et al., 2004; Weijers et al., 2006). High terrigenous sediment input into 

marine environment introducing high terrestrial iGDGTs from rivers and lakes and altering 

the TEXH
86 . Therefore, if BIT index is >0.4, an additional 4ºC is added to the SST 

reconstruction error range (Weijers et al., 2006).   

The methylation index of branched isoprenoid tetraethers (MBT) and the cyclisation index of 

branched isoprenoid tetraethers (CBT) can be calculated from the brGDGT abundance 

(Weijers et al., 2007):  

Eq. 11 𝑀𝐵𝑇 =
[𝐺𝐷𝐺𝑇−𝐼]

∑[𝐺𝐷𝐺𝑇−𝐼]+∑[𝐺𝐷𝐺𝑇−𝐼𝐼]+∑[𝐺𝐷𝐺𝑇−𝐼𝐼𝐼]
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Eq. 12 𝐶𝐵𝑇 = −log (
[𝐺𝐷𝐺𝑇−𝐼𝑏]+[𝐺𝐷𝐺𝑇−𝐼𝐼𝑏]

[𝐺𝐷𝐺𝑇−𝐼𝑎]+[𝐺𝐷𝐺𝑇−𝐼𝐼𝑎]
) 

 

Mean annual air temperature (MAAT) can be calculated from MBT based on various 

continental soils, and soil pH was calculated from CBT (Weijers et al., 2007): 

 

Eq. 13 𝑀𝐵𝑇 = 0.122 + 0.187 × 𝐶𝐵𝑇 + 0.020 × 𝑀𝐴𝐴𝑇 (𝑟2 =

0.77, 𝑛 = 134) 

Eq. 14 𝐶𝐵𝑇 = 3.33 − 0.38 × 𝑝𝐻 (𝑟2 = 0.70, 𝑛 = 134) 

1.4.7. Aromatic compounds 

The polycyclic aromatic hydrocarbons (PAH) that can be identified in marine sediments 

include phenanthrene, pyrene, fluoranthene, benzo[a]anthracene, benzo[b]fluoranthene, 

benzo[k]fluoranthene, benzo[e]pyrene, benzo[a]pyrene, benzo[ghi]perylene and coronene, 

and their alkylated homologues (Appendix 6.1). Combustion of various plant materials and 

fossil fuels has been suggested to be one of the major sources of these medium to high 

molecular-weight PAHs, especially when distributions are dominated by the parent PAH 

(e.g., Tan and Heit, 1981; Jiang et al., 1998). However, some of these PAH are also found in 

nearly all marine sediments resulting from the normal maturation of kerogen, and have 

typically similar amounts of parent PAH and alkylated PAH. For example, fluoranthene and 

pyrene have been suggested to be major combustion-derived PAHs (Killops and Massoud, 

1992). The parent PAH are also abundant in highly over-matured samples (French et al., 

2015). The methylphenanthrene index (MPI1; Eq. 16) that represent a distribution of methyl 

homologs of phenanthrene (MP), varies with thermal maturity (Radke et al., 1982; Radke, 

1988). The methylphenanthrene ratio (MPR (Eq. 17)) is also indicative of thermal maturation. 
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Eq. 15 𝑀𝑃𝐼1 =
1.5×((2−𝑀𝑃)+(3−𝑀𝑃))

𝑃ℎ𝑒𝑛𝑎𝑛𝑡ℎ𝑟𝑒𝑛𝑒+(1−𝑀𝑃)+(9−𝑀𝑃)
 

 

Eq. 16 𝑀𝑃𝑅 =
2−𝑀𝑃

1−𝑀𝑃
 

 

1.5. Geological settings of the IODP sites 

1.5.1. IODP Expedition 313, New Jersey continental margin 

The IODP New Jersey continental shelf Expedition 313 took place between 30 April and 17 

July 2009 on the U.S. middle Atlantic margin (New Jersey–Delaware–Maryland). The drilling 

sites were located in an area of tectonic stability, good fossil preservation, and rapid 

sedimentary deposition (Miller and Mountain, 1994; Mountain et al., 2010), allowing detailed 

analysis of the global sea level influence on the New Jersey continental shelf sediments 

during the Cenozoic..  

Cored sediments were dated from the Late Eocene to the Upper Pleistocene (Mountain et al., 

2010). The expedition continued research from previous drilling expeditions on the New 

Jersey continental slope and provided a 100 million year chronology of the region (Miller et 

al., 1998; Miller et al., 2005). These drilling projects enabled correlation of eustatic sea level 

changes and erosion of the continental margin from the middle Eocene to the middle Miocene 

epoch using sedimentary erosion pattern, δ18O records, and biostratigraphy. New results were 

consistent with previous studies of eustatic variations (Vail and Mitchum Jr, 1979; Haq et al., 

1987). The sediments from the IODP Expedition 313 provided a detailed record influenced by 

eustatic sea level variations, by modelling thermal subsidence on a passive margin. The 

accumulated data allowed testing of temperature assumptions needed to make glacio-eustatic 

estimates from δ18O records and provide an estimate for Oligocene-Miocene sea level 

calibrations.  



 

21 

 

Lithostratigraphic data from the drilled Sites M0027 and M0028 showed two main sediment 

depositional environments. The first one is a mix of storm and river-dominated shelf 

sediments characterised by well sorted silt and sand deposited in an offshore environment. 

The silt-rich deposits showed frequent exposure to dysoxia with some cyclical repetition. The 

second depositional environment is an intra-shelf clinoform rollover and clinoform slope 

dominated by coarse-grained debris and turbidites with interbedded silt and silty clay 

(Mountain et al., 2010). No exposure to oxygen was indicated for this deposition type. 

However, a partial tectonic influence related to large sea level changes was indicated.  

Dating of the M0027 and M0028 Sites was achieved based on the biostratigraphy of 

calcareous nannofossils, planktonic foraminifera, and dinocysts. The lithology of  Site 

M0027A was divided into eight units (Fig. F8 and F10 in Mountain et al., 2010) from the late 

Eocene to the upper Pleistocene. In general, Unit VII is a poorly sorted sediment with high 

bioturbation levels from the late Oligocene. The Unit VI sediments, dated from 24–19 Ma, are 

dominated by thick storm or river-dominated deposits. These are overlain by Unit V, 19–9.5 

Ma, comprising poorly sorted glauconitic sands with quartz. The overlying Unit IV, 9.5 – 7.5 

Ma, comprises a deepening-upward shore face–offshore transition to offshore succession 

lacking a regressive facies. This is erosionally truncated by Unit III, dated between 7.5 to ~ 5 

Ma, which consists of deepening and shallowing upward silts, with major storm influence. 

Unit II is characterised by deepening sedimentary cycles that were identified as deposited in a 

transgressive shoreface with transition deposits. Lastly, Unit I comprises Pleistocene sands 

and gravels (Mountain et al., 2010).  

Palynological data from Site M0027 suggests the presence of the hemlock plants horizon 

indicating that there were temperate forests and humid conditions on the Atlantic coastal plain 

during the early Miocene. Middle Miocene pollen assemblages record the expansion of 

grasses and sedges, indicating increasing aridity at that time. Overall, palynological data 

support a warm, humid climate during the Eocene–Oligocene transition and the early 
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Neogene, whereas the Oligocene witnessed intervals of drier and cooler conditions, causing 

the spread of herbaceous taxa and coniferous forests. The Site M0028 palynological data 

support previous reconstructions of a warm, humid early Neogene climate (Mountain et al., 

2010; Kotthoff et al., 2014).  

 

1.5.2. IODP Expedition 317, Canterbury Basin, New Zealand 

IODP Expedition 317 took place between November 2009 and January 2010 in the 

Canterbury Basin, New Zealand. Its main purpose was to compare the relative influence of 

local tectonics and global sea level changes on sediments accumulated on the continental 

shelf and slope off the east coast of New Zealand. One of the scientific objectives was to 

compare the results with the IODP Expedition 313 conclusions. The regional tectonics and 

geological history of both sites are different, but it was suggested that during the Neogene, 

both areas were mainly influenced by eustasy (Fulthorpe et al., 2011).  
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Figure 1.2 Schematic stratigraphy of the Canterbury Basin, drilled during Expedition 317, at 

three different scales. Modified from Fulthorpe et al. (2011). A. Large-scale postrift 

stratigraphy; B. Seismic-scale stratigraphy; C. Outcrop-scale stratigraphy across the Marshall 

Paraconformity. 

 

The regional geology suggests the eastern margin of the South Island of New Zealand is part 

of a continental fragment that was rifted from Antarctica ~80 Ma, rifting that continued until 

~55 Ma (Fulthorpe et al., 2011). The Canterbury Basin lies at the landward edge of the rifted 

continental fragment and underlies the present-day onshore Canterbury Plains and offshore 

continental shelf (Browne and Field, 1988). Basin sediments together with onshore rocks 

show some correlation to uplift and faulting that happened during the latest Miocene (8–5 

Ma) that correlated to uplift of the Southern Alps (Adams, 1981; Tippett and Kamp, 1993; 

Batt et al., 2000). The plate tectonic history of the New Zealand Plateau is recorded in the 

stratigraphy of the South Island (Mortimer et al., 1999; King, 2000). The Canterbury Basin 

was part of a passive margin from the Late Cretaceous to the Late Eocene, and the Alpine 
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Fault was formed by convergence of the Australasian and Pacific plates at ~23 Ma (Wellman, 

1971; King, 2000). This tectonic activity possibly increased the sediment supply during this 

period (Carter and Norris, 1976). Additional uplift of the Southern Alps has been proposed at 

~8–5 Ma (Tippett and Kamp, 1993; Batt et al., 2000) or ~10–8 Ma (Carter and Norris, 1976; 

Norris et al., 1990).  

The recovered cored sediments from the Canterbury Basin dated from the Eocene to the 

Holocene, and there was a particular focus on the sequence stratigraphy of the last 19 million 

years, when global sea level changes were dominated by glacio-eustasy (Fulthorpe et al., 

2011). Sedimentary sequences were drilled in a transect of three sites on the continental shelf 

(landward to basinward, Sites U1353, U1354, and U1351) and one on the continental slope 

(Site U1352) (Fulthorpe et al., 2011). The Canterbury Basin sedimentary record (Fig. 1.2) 

provides a unique opportunity for examining the accumulated biomarker signal in the region. 

A global climatic optimum and temperature increase at the early/middle Miocene boundary 

(Nelson and Cooke, 2001), together with the increasing land mass of the sub-continent based 

on an increase in sedimentation rates since the middle Miocene (Lu et al., 2005), suggest 

gradual intensification in the amount of land vegetation. Interpretation of global eustatic and 

climatic transformations suggest that cooler Neogene seawater conditions were coupled with 

a decrease in global sea levels (Zachos et al., 2001; Van Sickel et al., 2004). Therefore, the 

influence of this climate shift on the accumulation and preservation of organic matter in the 

marine sediments is expected.  

The study in this thesis is based on a set of sedimentary samples from three drilling sites: 

U1351, U1352, and U1353. The age model for each site is based on the shipboard study of 

calcareous nannofossils, diatoms, and planktonic and benthic foraminifera (Fulthorpe et al., 

2011). The lithological unit definitions for each of the sites were based on the observed 

variation in lithology in the cores (Fig. 1.2) (Fulthorpe et al., 2011; Marsaglia et al., accepted 

2017). In general, Unit I is heterogeneous, containing a wide variety of facies including 
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interbedded terrigenous lithologies and many green marls and calcareous beds with sharp (or 

bioturbated) bases. Unit II is divided into three sub-units (A-C) and is dominated by mud or 

muddy sand, with lower percentages of carbonate components, and with rare, greenish 

calcareous beds at Sites U1351 and U1353. The mineralogy suggests a dominant provenance 

from the southerly Otago Schist (Fulthorpe et al., 2011; Marsaglia et al., accepted 2017). A 

homogeneous sandy marlstone was identified in Unit II in Site U1352. This unit becomes 

more lithified with depth because of carbonate cementation. Unit III (Oligocene–Eocene) 

from Site U1352 is composed of limestone which was deposited in an oceanic environment, 

with little to no terrigenous sediment input.  

Site U1351 was located on the outer continental shelf with lower Pliocene–Late Miocene 

sediments characterised by low levels of erosion (Fulthorpe et al., 2011). The Miocene section 

of the site was dated using planktonic foraminifera, which showed a major depositional hiatus 

of ~3.4 million years between 7.07 and 10.5 Ma. The bottom of Hole B at Site U1351 was 

dated to 10.6–10.91 Ma.  

Site U1352 is located on the upper slope within the Canterbury Basin and is the most 

basinward site in this study. Good sediment recovery led to an excellent record of the 

Miocene. The sediments were dated by foraminifera and nannofossil proxies, which show that 

the Miocene/Pliocene boundary is between 1266 and 1284 meters below sea floor (mbsf). The 

early Oligocene to Eocene (Unit III) sediments are hemipelagic to pelagic foraminifera-

bearing nannofosil limestones, with minor amounts of quartz and clay (Fulthorpe et al., 2011). 

The latter unit is correlative to the onshore Amuri Limestone (Fulthorpe et al., 2011). One 

long unconformity from 19–30.1 Ma (1903.29–1916.63 mbsf) is present in Unit III, and the 

bottom part of Hole C was dated to 35.2–36.0 Ma (Eocene).  

The third site, U1353, is the most onshore of the shelf sites from Expedition 317 and is 

characterised by dark greenish-grey, micaceous very fine sandy-mud and mud samples. The 
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deepest sample from this site has a biostratigraphical assemblage showing an age of middle to 

early Miocene, and correlation to other sites places this 510.52–518.66 mbsf interval around 

12 Ma. The dominant lithology of the analysed lithological Unit II is dark greenish grey, 

micaceous fine sandy mud and mud with shells (Fulthorpe et al., 2011). 

 

1.5.3. IODP Expedition 355, Arabian Sea Monsoon 

IODP Expedition 355 took place between March and May 2015, and was designed to drill 

deep into the Indus submarine fan and to sample the underlying basement at two sites. The 

primary objective was to better understand the erosional and weathering response of the 

western Himalaya, Karakoram, and Hindu Kush to the changing intensity of the southwest 

Asian monsoon since the onset of India/Eurasia collision in the early Paleogene (Pandey et 

al., 2016).  

The Arabian Sea in the northern Indian Ocean preserves regional sedimentary records of 

rifting, tectonic subsidence, and paleoceanographic history and also provides archives of the 

long-term erosion of the Himalayas since the start of collision between India and Eurasia 

(Garzanti et al., 1987; Kroon et al., 1991; Prell and Kutzbach, 1992). In addition to being a 

repository of information about past climate and mountain building, the Arabian Sea also 

holds potentially illuminating records of continental rifting and breakup tectonics dating from 

the time of Gondwana fragmentation in the Cretaceous (Heine et al., 2004). Paleogeographic 

reconstructions based on magnetic anomalies, as well as similarities in structural/tectonic 

elements, suggest a conjugate relationship between the western continental margin of India 

and the eastern continental margin of Madagascar and the Seychelles (Storey et al., 1995; 

Collier et al., 2008). Site U1456 lies within the Laxmi Basin in the eastern Arabian Sea ~475 

km west of the Indian coast and ~820 km south from the modern mouth of the Indus River. 
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The Indus River is presumed to be the primary source of sediment to the area, at least since 

the Neogene and likely since the Eocene (Clift et al., 2001; Clift et al., 2008).  

The cored section at Site U1456 is divided into four lithological units that were dated by 

calcareous and siliceous microfossils (Pandey et al., 2016). In general, the Pleistocene Unit I 

consists of light brown to light greenish nannofossil ooze and foraminifera-rich nannofossil 

ooze interbedded with clay, silt, and sand. Unit II is dated to the late Pliocene to early 

Pleistocene and consists mainly of massive dark greyish to blackish sand and silt interbedded 

with thinly bedded nannofossil-rich clay. Unit III consists of semi-indurated to indurated light 

brown to dark green clay/claystone, light brown to dark gray sand/sandstone, light greenish 

nannofossil chalk, and light to dark greenish gray nannofossil-rich claystone. It is dated to the 

upper Miocene to late Pliocene. Lastly, Unit IV is a mix of interbedded lithologies and is 

dominated by dark gray massive claystone (Pandey et al., 2016).  
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1.6. Thesis Aims 

The aim of this PhD thesis is to reconstruct the climate changes that occurred during the 

second part of the Cenozoic Era by utilising organic compounds recovered from cored marine 

sediments. To reach this goal, bulk organic matter information and lipid biomarkers preserved 

in the marine sediments were used. The primary focus of the research is on n-alkanes, 

hopanes and steranes that were extensively used to reconstruct variations in the source of 

organic matter. In addition, GDGTs and alkenones were used to reconstruct SSTs and 

constrain the source of organic matter.   

This PhD study provides a detailed Organic Geochemistry record of the cored sediments from 

three IODP expeditions. IODP Expedition 317 was located in the Canterbury Basin, New 

Zealand and work was carried out on cores from three of the four sites (U1351, U1352, 

U1353). IODP Expedition 313 was located on the New Jersey continental shelf and work was 

carried out on cores from two Sites (M0027A and M0028A). IODP Expedition 355 was 

located in the Laxmi Basin, eastern Arabian Sea, and work was carried out on three cores 

from the same site (U1456). Each site represents a separate research project that used a multi-

proxy approach to palaeoceanographic reconstructions with organic compounds and 

biomarkers as the main source of information.  

The palaeoceanography of the Canterbury Basin, New Zealand for the last 32 Ma is 

represented by 115 samples cored at three sites: U1351, inner continental shelf: U1352, 

continental slope; and U1353, outer continental shelf. The Site U1352 core is the longest 

analysed sedimentary record ever recovered from 32 Ma to 0.0026 Ma. Tectonic activity and 

eustasy influences should have a different footprint on the organic matter preserved in the 

same area. By using these differences, it should be possible to establish which event had a 

stronger influence on the region though time. These samples were used to correlate between 

increase in terrestrial OM input and uplift of the New Zealand land mass from the middle 
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Miocene. The reconstructed SST could be correlated with global climatic events such as 

appearance of the Antarctic ice sheets and Antarctic Circumpolar Current (ACC).  

The organic matter record from the New Jersey continental shelf is represented by 43 samples 

from two drilling Sites: M0027A, inner part of the continental shelf; and Site M0028A, outer 

part of the continental shelf. These sediments date from the early to middle Miocene. Global 

events such as eustasy should have a similar influence on accumulation of the same organic 

compounds in similar geological records around the globe. The New Jersey record suggests 

consistent OM input from the land and reconstructed SSTs show a decreasing temperature 

trend.  

Finally, the research in the eastern Arabian Sea region is represented by 20 samples from the 

U1456 Site, located in the Laxmi Basin, offshore western India. Our hypothesis proposes that 

increased erosion and precipitation patterns can be attributed to Himalaya Uplift and 

intensification of the Asian monsoon. The samples cover the last 10 million years of regional 

history and show variations in OM input attributed to the Himalaya Uplift and changes in 

Asian Monsoon cyclicity. The palaeoceanographical study did not show any significant SST 

decrease over the last 10 million years in the north-eastern part of the Indian Ocean.  

 

 

 

 

1.7. Thesis structure 

The thesis is divided into seven chapters. The aim of this research is to apply the biomarker 

and organic matter proxies of environmental change to marine drilling material, and in 

particular use it as a component of palaeoclimate analysis.  
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Chapter 1 introduces the background to Cenozoic climate reconstruction, and provides an 

overview of the organic proxies use in this research.  

Chapters 2, 3, 4, and 5 are presented as a series of self-contained chapters that correspond 

to papers that are ready to be submitted. These chapters are organised as follows:  

Chapter 2 is a near final version of a manuscript that will be submitted to Organic 

Geochemistry, in which the results of bulk and Organic Geochemistry analyses on Oligocene 

and Miocene samples from IODP Expedition 317 are presented and discussed. 

Chapter 3 is a near final version of a manuscript that is expected to be submitted to 

Marine Geology that outlines the results of the SSTs based on GDGT and alkenone data from 

IODP Expedition 317 samples from Oligocene to the recent.  

Chapter 4 is a near final version of a manuscript that is expected to be submitted to 

Geochimica Cosmochimica Acta that will discuss a comparison of the IODP Expedition 317 

and 313 results, and palaeoclimatic reconstructions made from this comparison.  

Chapter 5 is a near final version of a manuscript expected to be submitted to Geology 

which discusses a multi proxy analysis of sediment and organic matter source in the Laxmi 

Basin, Arabian Sea, IODP Expedition 355.  

Chapter 6 lists the main conclusions of this study and presents some perspectives on the 

applicability of the results for further research.  

Chapter 7  biomarker structures, conferences abstracts, and a list of publications. 
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Abstract 

The influence of global sea level (eustasy) and local tectonic changes on sedimentation 

processes in continental margin deposits is a fundamental part of sedimentary research. Since 

the late Miocene global sea level change has been dominated by glacioeustasy. Integrated 

Ocean Drilling Program (IODP) Expedition 317 to the Canterbury Basin, on the eastern 

margin of the South Island of New Zealand, provided the opportunity to study sediment 

geochemistry in contrasting depositional settings, from mid-shelf to upper slope sedimentary 

rocks from the Eocene to the Holocene. A particular research focus was on the sequence 

stratigraphy of the sedimentary package, which recorded a time when global sea level change 

was dominated by glacioeustasy. Late Eocene to Holocene sedimentary sequences were cored 

in transect of three drilling sites on the continental shelf (Sites U1351, U1353 and U1354) and 

one on the continental slope (Site U1352).  

This paper provides the first examination of the organic geochemical record from Pliocene, 

Miocene, and Oligocene sediment samples recovered during IODP Expedition 317 from Sites 

U1351, U1352, and U1353, using bulk geochemistry, and hydrocarbon and biomarker 

distributions. The hydrocarbon and biomarker data sets are able to record the difference 

between local tectonic and eustatic influences on the organic reservoirs in the Canterbury 

Basin sediments. The main aim of this research was to correlate changes in hydrocarbon and 

biomarker accumulations with local tectonic activity in the area, as well as with the global 

climatic transformations that occurred during the Miocene epoch. 

Total organic carbon content for the samples is generally low (<1 wt. %), with only a few spot 

samples from the U1352 having higher values. There is good preservation of C11 to C35 n-

alkanes, with varying predominance of odd-over-even chain length long-chain n-alkanes 

(CPI(22-32) and a high variation in terrigenous/aquatic ratio (TAR) over the cores. The Pr/Ph 

ratios (0.7-5.9) for all three cores indicate anoxic to oxic depositional environments. Pr/n-C17 
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and Ph/n-C18 together with the hopane Ts/(Ts+Tm) ratio indicate low thermal maturities (sub 

oil window) for all samples. High levels of oleanane, C24 tetracyclic terpanes and C29 steranes 

are indicators of terrigenous organic matter input in our samples. A high C30 sterane index, 

and the presence of C27 and C28 steranes indicate marine organic matter input. Based on these 

data it is suggested that local tectonic activity had a rapid and significant influence on 

accumulation of organic matter on the continental shelf and slope, especially during the 14-12 

Ma and ~6 Ma periods. The uplift of the Southern Alps and an increase in the continental 

slope angle could be a possible reason for the increase in terrigenous organic matter input 

during these periods. The influence of sea level changes and global temperature variations are 

suggested for periods before 14 Ma, between 12 and 7 Ma, and after 6 Ma.  
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2.1. Introduction 

The Cenozoic era covers the last 66 million years (Ma) of Earth history. Significant climate 

changes during this period strongly influenced the distribution of flora and fauna in the oceans 

and on land (e.g. Zachos et al., 2001; Zachos et al., 2008). One of the challenges in Cenozoic 

climate reconstructions is to understand the main regional triggers of these changes (Zachos et 

al., 2008). On the one hand, global sea-level changes (eustasy) influenced by high tectonic 

activity and climate changes (Haq et al., 1987; Van Sickel et al., 2004) with quasi-periodic 

oscillations in Earth’s orbital parameters (eccentricity, obliquity, and precession) have been 

suggested to be the main sources of the variations (Miller et al., 2005). On the other hand, 

limited local or regional tectonic activity had very significant controls on the distribution of 

sediments and life on the continental margins (Van Sickel et al., 2004). 

Global marine palaeoclimate reconstructions during the Cenozoic era mostly rely on δ18O and 

Mg/Ca ratios from foraminiferal records (Zachos et al., 2008). These data provide information 

regarding the sea surface temperatures (SST) and changes in global ice volume levels 

(Keigwin and Keller, 1984; Shackleton and Pisias, 1985; Miller et al., 1991). The oxygen 

isotope record suggests global SST decreased from the early Eocene all the way through the 

Neogene (Zachos et al., 2001; Zachos et al., 2008). Correlations between increasing CO2 

concentrations and increases in global SST have been proposed (Zachos et al., 2008). During 

the Cenozoic, the global climatic optima that are related to high temperature levels, warm 

poles and no ice cover are associated with high pCO2 (Zachos et al., 2001). The CO2 levels 

were calculated using different proxy data sets such as boron, alkenones, and nahcolites from 

marine and lacustrine environments (Royer, 2006). Other greenhouse gases such as methane 

show quite similar trends related to the palaeoclimate reconstructions of the Cenozoic 

(MacDonald, 1990).  

Eustatic sea-level changes are influenced by accumulation and melting of ice sheets around 

the globe. Both processes are strongly related to temperature variations (Haq et al., 1987; Van 
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Sickel et al., 2004). The eustatic imprint can be found in regional sedimentary processes 

mainly on continental margins (Posamentier, 1988; Kominz et al., 1998; Van Sickel et al., 

2004). On the one hand, Cenozoic sea level changes models are influenced by large 

continental ice sheet accumulation which can be responsible for large (>100 m) sea-level 

fluctuations (Haq et al., 1987; Pitman and Golovchenko, 1991). On the other hand, 

fluctuations of up to 25 m in sea level can be related to relatively modest climatic changes and 

ice volume fluctuations (Miller et al., 1998; Miller et al., 2003; Van Sickel et al., 2004). The 

sequence modelling described by Haq et al. (1987) is widely used nowadays, but it’s 

comparison to later reconstructions based on accumulation of sediments on the Siberian 

Platform (Sahagian et al., 1996) and the New Jersey Margin (Van Sickel et al., 2004) is 

limited. The high levels of disagreement between all models for the Cenozoic Era can only be 

observed during the first half of the Neogene (to 11 Ma). Much higher sea levels are proposed 

by Haq et al. (1987) during the first part of the Neogene, and very low sea level variations are 

suggested by Van Sickel et al. (2004) and Miller et al. (2005).    

Coastal regions are important sources of the terrigenous organic matter (OM) input derived 

from the continents that reach marine sediments (Middelburg, 1989; Hedges and Keil, 1995). 

The terrigenous OM can be transported various ways, such as by river flow, wind, and coastal 

erosion. However, transport pathways and the fate of terrestrial organic matter in the ocean 

are not fully understood (Hedges et al., 1997). Changes in sea level strongly influence OM 

input, especially in coastal regions. Low sea levels expose greater shore areas, causing an 

increase in erosion of the coastline and an increase in OM input to the oceans. Low sea levels 

also lead to high exposure of OM to the air, causing higher oxidation of the OM that is 

delivered to marine sediments (Middelburg, 1989). High sea levels usually decrease the levels 

of OM input to the sediments, but this OM is better preserved under oxic and suboxic 

conditions (Middelburg, 1989). 
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The modern New Zealand (NZ) subcontinent lies at the interface between the southwest 

Pacific Ocean and the Southern Ocean (Nelson and Cooke, 2001; Tomczak and Godfrey, 

2013). Tectonic reconstructions show significant movement of the New Zealand land mass to 

the north for the last 40 Ma (King, 2000; Nelson and Cooke, 2001). These models also 

suggest the presence of some New Zealand land mass from the Oligocene (King, 2000) for 

the South Island, and the first appearance of the Southern Alps as early as the middle Miocene 

(~11 Ma) (Wood and Stagpoole, 2007). Rapid uplift of the Southern Alps with an associated 

significant increase of the land mass is proposed from 7-6 Ma (Nelson and Cooke, 2001).  

Until the Oligocene, New Zealand was surrounded by tropical and subtropical seas. For 

example, planktonic foraminifera (Jenkins, 1965) and δ18O (Shackleton and Kennett, 1975) 

records suggest warm SSTs at the Oligocene/Miocene boundary for the New Zealand region. 

During the Neogene, the Antarctic oceanic front developed (Lawver et al., 1992; Nelson and 

Cooke, 2001). This caused a decrease in the SST around New Zealand from the early 

Miocene as cooler subtropical paleo-currents and later on the cold intrusions of the sub-

Antarctic currents started to influence the ocean temperature, especially around the east coast 

of New Zealand (Nelson and Cooke, 2001). This influence increased from the middle 

Miocene, ~ 15 Ma. These reconstructions are supported by land fossil records from New 

Zealand, which show warm-water environments for the first part of the Neogene 

(Chaproniere, 1984; Beu et al., 1997).  

The main purpose of the Integrated Ocean Discovery Program (IODP) Expedition 317, which 

occurred from November 2009 to January 2010 in the Canterbury Basin, New Zealand (Fig. 

2.1), was to compare the relative influence of local tectonics and global sea level changes on 

sediments accumulated on the continental shelf and slope off the east coast of the South 

Island.  
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Sedimentary sequences (Fig. 2.1) were drilled in a transect of three sites on the continental 

shelf (landward to basinward, Sites U1353, U1354, and U1351) and one on the continental 

slope (Site U1352) (Fulthorpe et al., 2011b). The Canterbury Basin sedimentary record 

provides a unique opportunity for examining the accumulated biomarker signal in the region. 

A global climatic optimum and temperature increase at the early/middle Miocene boundary 

(Nelson and Cooke, 2001), together with the increasing land mass of the sub-continent based 

on an increase in sedimentation rates since the middle Miocene (Lu et al., 2005), would imply 

gradual intensification in the amount of land vegetation. Interpretation of global eustatic and 

climatic transformations suggest that cooler Neogene seawater conditions were coupled with 

a decrease in global sea levels (Zachos et al., 2001; Van Sickel et al., 2004). Therefore, the 

influence of this climate shift on the accumulation and preservation of organic matter in the 

marine sediments is expected.  

 

 

Figure 2.1: Drilled and proposed Expedition 317 sites, with multichannel seismic (MCS) 

commercial low-resolution grid. Blue curved lines show the distribution of seismically 

resolvable sediment drifts (Fulthorpe et al., 2011). 
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This paper provides the first examination of the organic geochemical record from three 

Pliocene, 72 Miocene, and six Oligocene sediment samples recovered during IODP 

Expedition 317 from Sites U1351, U1352, and U1353, using bulk geochemistry, and 

hydrocarbon and biomarker distributions (Tables 1–4). In addition, organic geochemical data 

are reported for three early Pliocene and six Oligocene samples from Site U1352 (Tables 2–

4). The hydrocarbon and biomarker data sets are able to record the difference between local 

tectonic and eustatic influences on the organic reservoirs in the Canterbury Basin sediments 

The main aim of this research is to correlate changes in hydrocarbon and biomarker 

accumulations with local tectonic activity in the area, as well as with the global climatic 

transformations occurred during the Miocene epoch. 

This research assesses the thermal maturity of the sediments in order to test the reliability of 

the organic proxies used in paleoclimatic reconstructions. In addition, this research 

distinguishes the source of the organic matter in the Canterbury Basin based on the bulk 

chemistry and lipid analyses. Samples from IODP Expedition 317 provide a unique 

opportunity to look at OM accumulated during the second part of the Cenozoic epoch. In 

addition, comparison between different organic proxies are made so as to establish the 

reliability of the paleoclimatic reconstructions.   
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2.2. Materials and methods 

2.2.1. Lithology, age/depth model and sample collection 

This study is based on a set of sedimentary samples from three drilling sites: U1351, U1352, 

and U1353 (Fig. 2.1). The age model for each site is based on the shipboard study of 

calcareous nannofossils, diatoms, and planktonic and benthic foraminiferas (Fulthorpe et al., 

2011b). Overall, hydrocarbon and biomarker contents were determined for 81 samples. The 

lithological unit definitions for each of the sites were based on the observed variation in 

lithology in the cores (Fulthorpe et al., 2011b).  

Site U1351 was located on the outer continental shelf (Fig. 2.1). Lower Pliocene–late 

Miocene sediments are characterised by low levels of erosion (Fulthorpe et al., 2011b). The 

Miocene section of the site was mainly dated using planktonic foraminifers, which showed a 

major depositional hiatus of ~3.4 million years between 7.07 and 10.50 Ma. The bottom of 

Hole B at the Site U1351 was dated as late Miocene (10.60–10.91 Ma). All ten analysed 

samples are from U1351 and consist of lithological Unit II, which was deposited in the late 

Miocene (Table 2.1). Unit II is composed of dark greenish grey to greenish black sandy mud, 

muddy sand and shell hash. This unit becomes more lithified with depth because of carbonate 

cementation. The mineralogy suggests a dominant provenance from the southerly Otago 

Schist (Fulthorpe et al., 2011b). 

Site U1352 was located on the upper slope within the Canterbury Basin and is the most 

basinward site in this study (Fig. 2.1). Good sediment recovery led to an excellent record of 

the Miocene. The sediments were dated by foraminifera and nannofossil proxies (Table 2.1) 

which show that the late Miocene/early Pliocene boundary is between 1266 and 1284 meters 

below sea floor (mbsf). 59 Miocene samples were analysed from lithological unit IIB, and are 

characterised by hemipelagic and pelagic sedimentation in Hole C (1275–1851 mbsf). The 

Miocene part of Unit II consists of a low frequency of dark-coloured mudstone beds. There 
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are also hiatuses in deposition between 1394.62 and 1409.66 mbsf, where at least 5 million 

years are missing, and between 1486.78 and 1496.91 mbsf, where 1.3 million years are 

missing. The lower part of Unit II consists of a gradual progression from marlstone to 

limestone with frequent glauconitic laminae and beds. There is a large unconformity of 11-12 

million years between 1851.46 and 1875.46 mbsf (Fulthorpe et al., 2011b). Below this 

unconformity the early Oligocene to Eocene (Unit III) sediments are hemipelagic to pelagic 

foraminifer-bearing nannofosil limestones with minor amounts of quartz and clay (Fulthorpe 

et al., 2011b). The latter unit is correlative to the onshore Amuri Limestone. One long 

unconformity from 19–30.1 Ma (1903.29–1916.63 mbsf) is present in Unit III, and the bottom 

part of Hole C was dated to 35.2–36.0 Ma in the Eocene (Fulthorpe et al., 2011b). Six 

samples representing the early Oligocene from Unit III, below 1875 mbsf, were analysed. 

The third set of samples are from Site U1353, which is the most onshore of the shelf sites 

from Expedition 317 (Fig. 2.1). Hole B at U1353 Site is characterised by dark greenish-grey, 

micaceous very fine sandy-mud and mud samples. Four samples from this site are from the 

middle to late Miocene (Fulthorpe et al., 2011b). The Miocene/Pliocene boundary was not 

detected from the biostratigraphical data. However, stratigraphic correlation to other drilled 

sites suggest that the 510.52–518.66 mbsf interval could be dated to 12.03 Ma. In addition, 

the deepest sample from this site has a biostratigraphical assemblage dated to middle to early 

Miocene. The dominant lithology of the studied lithological Unit II is dark greenish grey, 

micaceous fine sandy mud and mud with shells. Based /on the proposed stratigraphic 

correlations, four samples were analysed from this site.  

 

2.2.2. TOC and Source Rock Analyser measurements 

Total organic carbon (TOC) and total nitrogen (TN) analyses were performed on board 

(Methods in Fulthorpe et al., 2011a) Sample data are summarised in Table 2.1. Nominally 10 
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cm3 wet volume (about 3 g dry mass) of sediment was selected based on the changes in 

lithology, with organic-rich lithologies identified based on visual differences. Dried samples 

were crushed and homogenised to a fine powder. The inorganic carbon (IC) content was 

determined by a UIC 5011 CO2 coulometer. About 10 mg of the sample was reacted with 1N 

HCl.  

Total carbon (TC) and the TN content of the sediment samples were determined using a 

ThermoElectron FlashEA 1112 elemental analyser  equipped with a ThermoElectron packed 

column (CHNS/NCS) and a thermal conductivity detector (TCD). Between 8-12 mg of each 

sample was mixed with one small spatula of vanadium pentoxide catalyst and the sample was 

combusted in a stream of oxygen at 900°C. The TOC content was calculated as the difference 

between TC and IC from coulometry (Table 2.1). 

The Rock-Eval parameters Tmax (ºC), production index (PI), hydrogen index (HI) (mg HC/g 

C) and oxygen index (OI) (mg CO2/g C) were calculated from pyrolysis values obtained using 

a Source Rock Analyser (SRA) (Weatherford Laboratories), using between 60 and 150 mg of 

freeze-dried, ground sediment. All measurements were preceded by a blank and then 

calibrated to a rock standard from Weatherford Laboratories (99986; PWDR5); the same 

standard was used for quality control (QC) every 10 samples. Typical precision was assessed 

using eight replicate analyses of the rock standard. Coefficients of variation for this data set 

fell between 0.005 (Tmax) and 0.1 (OI). The Tmax and production index provide an 

estimation of the thermal maturity of the OM, although can be influenced by sample 

mineralogy (e.g. illite content), kerogen type, and heavy OM fractions in the samples 

(Espitalié, 1986). 
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2.2.3. Extraction and fractionation of the soluble organic matter 

Two types of samples were extracted. The first group of 11 samples were the “squeeze cake” 

residues from the pore water analyses (Methods in Fulthorpe et al., 2011a), from which 49–76 

g of sediment was extracted (Table 2.2). The second group consists of 70 cut samples that 

were sampled on-board from the working half of the cores. From these samples 1.6–24.3 g of 

sediment was extracted (Table 2.2). All samples were hand crushed using a ceramic pestle 

and mortar and passed through a 125 μm sieve. Samples were mixed ~50:50 with pre-

extracted and baked sand (3 hours at 450°C) so as to increase solvent extraction efficiency 

and were extracted using a Dionex Accelerated Solvent Extractor (ASE 300) using 9:1 

dichloromethane (DCM):methanol. Two extraction runs were used, each of which consisted 

of three cycles of 5 min. preheating, 5 min. static at 1500 bar pressure and 100°C, and 3 min. 

solvent purging to the collection bottle. Sulphur was removed from the extractable organic 

matter (EOM) of all samples by refluxing at 40°C with acid-activated copper turnings. The 

volume of the EOM was reduced to 10 mL using a rotary evaporator (Buchii R-210), and 1 

mL was dried in order to obtain the weight of the EOM recovered. The extractability was 

calculated relative to the weight of sediment used (mg EOM/g sediment) (Table 2.2). 

The rest of the EOM was separated using a short silica column into three fractions using 

organic solvent solutions: aliphatic hydrocarbons (n-hexane), aromatic hydrocarbons (n-

hexane:DCM, 4:1), and polar compounds (DCM:methanol, 1:1). The polar fraction was dried, 

weighed and stored. The hydrocarbon fractions were spiked with a mixture of internal 

standards (IS) of known concentration (terphenyl d14, anthracene d10, and tetracosane d50). 

 

2.2.4. Gas chromatography-mass spectrometry (GC-MS) 

The two hydrocarbon fractions were analysed by gas chromatography-mass spectrometry 

(GC-MS), using an Agilent GC (6890N) coupled to an Agilent Mass Selective Detector 
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(5975B). 1 μL of solution was injected onto a Programmable Temperature Vaporizing (PTV) 

inlet at 35°C, followed by a temperature increase at 700°C/min. to 310°C. Separation was 

performed on a J&W DB5MS UI (60 m x 250 μm x 0.25 μm) column, with helium carrier gas 

at 1.5 mL/min. constant flow rate and 155 KPa starting pressure. The MS was operated in 

full-scan mode (50–550 amu) for all samples and fractions. In addition, some of the samples 

were analysed using two selective ion monitoring (SIM) mode programmes. For the aliphatic 

fraction the targeting ion masses were: m/z 123.1, 177.2, 191.2, 205.2, 217.2, 218.2, 231.2, 

253.2, and 259.2. For the aromatic fraction the targeting ion masses were: m/z 91.1, 106.1, 

120.1, 128.1, 134.1, 142.1, 152.2, 154.2, 156.1, 164.2, 166.1, 168.1, 170.1, 178.1, 180.1, 

182.1, 192.1, 197.1, 202.1, 206.1, 212.1, 216.1, 220.1, 230.1, 234.1, and 241.1. In addition, 

SIM ion masses m/z 66.1, 183.2, and 188.1 were added to each programme for IS 

identification. The target compounds are identified using retention times relative to known 

standards, and mass spectral comparison to NIST and WILEY library data. 

 

2.3. Results 

2.3.1. Bulk geochemistry 

The carbonate content of the U1351B Site samples varies from 0.6 to 62.4 wt% (Table 2.1). 

TOC fluctuates between 0.10 and 0.96 wt%, but is mostly <0.5 wt% and averages around 0.27 

wt% (Fig. 2.2A; Table 2.1). The HI (Espitalie et al., 1977) for U1351B Site samples varies 

from 22 to 51 mg S2/g TOC with average of 36 mg/g (Fig. 2.2C; Table 2.1) and no particular 

trend with depth. Tmax (Espitalié, 1986) values vary from 400 to 419°C, with an average of 

415°C. The PI (Espitalié, 1986) mostly ranges from 12 to 30, with one higher value (59) at 

5.6 Ma (Fig. 2.2F; Table 2.1). The OI (Espitalie et al., 1977) ranges from 25 to 69 mg CO2/g 

TOC with the highest value at 5.84 Ma (Fig. 2.2D). These data indicate that the U1351B Site 

samples are immature and contain large amounts of oxygen-containing functional groups 
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attached to the kerogen, consistent with the low amount of diagenetic alteration of organic 

matter expected at these depths (Fig. 2.3A; Table 2.1).  

For the U1352C Miocene and early Oligocene samples the TOC varies from 0.03 to 1.5 wt%, 

with most values <0.5 wt% and an average of ~0.42 wt% (Table 2.1; Fig. 2.2A). The highest 

TOC values are between 19.27 Ma and 18.69 Ma (reaching 1.5 wt%) and between 14.61 Ma 

and 13.51 Ma with values as high as 1.4 wt%. TN values are scattered in the range of <0.001–

0.09 wt% (Table 2.1), with very low or undetectable levels of TN in the range of 31.67–19.06 

Ma, and some higher values of 0.09, 0.06, 0.04, and 0.06 wt% at 19.08, 16.85, 13.51 and 9.25 

Ma, respectively (Table 2.1). TOC/TN ratios mostly range from 5 to 50 (Fig. 2.2B), but the 

age range between 13.77–19.06 Ma has high values of up to 1514, reflecting very low TN 

contents, mostly in carbonates (Table 2.1). The TOC/TN values increase above 40 in the 

range of 14.62– 13.77 Ma (Fig. 2.2B).  

 

 

Figure 2.2: On-board acquired bulk geochemistry data (Fulthorpe et al., 2011) for the 

analysed samples from the outer continental shelf core (U1351, blue), the continental slope 

core (U1352, red), and the inner continental shelf core (U1353, green). Parameters are plotted 

against interpreted age from the biostratigraphy (Table 2.1). TOC – total organic carbon, TN 

– total nitrogen, HI – hydrogen index, OI – oxygen index, Tmax – maximum temperature of 

S2 peak, PI – production index, and Pli. – Pliocene. * to keep the presentation to scale all the 

TOC/TN values above 100 are not plotted, but are shown in Table 2.1. 
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Figure 2.3: A. Modified and enlarged van Krevelen diagram based on a cross-plot of 

hydrogen index vs. oxygen index, showing trend lines for kerogen Types III and IV for 

U1352C (red) and U1351B (blue), after Fulthorpe et al., 2011. B. Kerogen type with 

biodegradation and maturation levels of EOM based on Ph/n-C18 and Pr/n-C17 ratios for the 

U1351 (blue), U1352 (red), and U1353 (green) samples. 

 

The HI of the Miocene and early Oligocene samples in U1352C ranges from 8 to 121 mg S2/g 

TOC, with an average of 32.8 mg S2/g TOC (Table 2.1). The samples can be divided into 

three major groups based on HI (Fig. 2.2C; Fig. 2.3A): between 31.67–17.16 Ma the samples 

have low HI values < 38 mg S2/g TOC, between 16.98–13.17 Ma the HI values vary a lot, 

reaching a maximum value of 121 at 14.72 Ma, and between 13.17–4.39 Ma the HI values are 

between 19 and 75 mg S2/g TOC. The OI is highly variable (2 to 89 mg S3/g TOC), with an 

average of 29.5 mg S3/g TOC (Figs 2D and 3A; Table 2.1). Samples from three age ranges 

have OI values <15 mg S3/g TOC: 19.08–18.40 Ma, 16.13–13.51 Ma, and 7.22–5.52 Ma. 

The Tmax pyrolysis temperatures of the samples in U1352C range from 406.5°C and 441.1°C 

with the lowest temperatures calculated for the 7.85–6.70 Ma interval (Table 2.1; Fig. 2.2E). 

There is a slight increase in Tmax with depth for the Miocene and early Oligocene U1352 

samples (Fig. 2.2E). The PI for the U1352C samples is mostly rather low (5–15) for the 
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Miocene samples <13 Ma, but tends to increase somewhat into the deeper Miocene and 

Oligocene strata, reaching values of 25 towards the bottom on U1352C (Fig. 2.2F; Table 2.1). 

For the Site U1353 Miocene samples the TOC varies between 0.06 to 0.21 wt% with an 

average of 0.12 wt%, and there is no trend with the depth (Table 2.1; Fig. 2.2A). The TN 

values are <0.022 wt% and the TOC/TN ratios are mostly <11, with one exception of 

TOC/TN = 26.9 at 12.90 Ma (Table 2.1; Fig. 2.2B). The HIs range between 20 and 42 mg 

S2/g TOC with an average of 31 mg S2/g TOC (Fig. 2.2C; Table 2.1). No reliable OI was 

measured for this interval. The Tmax values are generally lower than for similar age samples 

in Site U1352, and range from 370 to 422 °C (Fig. 2.2E; Table 2.1). The PI averages around 

29, with the lowest value of 20 at 12.90 Ma (Fig. 2.2F; Table 2.1).  

 

2.3.2. Extractability 

The extractability of the analysed samples is low and does not exceed 0.5 mg EOM/g 

sediment (Table 2.2). Two depth ranges with higher than average extractability can be 

identified in U1352 Site between 1750–1580 mbsf and 1390–1245 mbsf. These depths are 

characterised by darker grey layers of fine sandy mudstone alternating with greenish grey 

very fine sandy marlstones for the deeper section, and brownish very fine sandy mudstones 

for the upper section. There is no obvious correlation between extractability and TOC in the 

sediments. Lithological subunit IIC in U1352C is characterised by many samples with low 

extractability (<0.1 mg/g) that correlates to recovered sandstone layers. The foraminifera 

limestone lithology of unit III in U1352C is also characterised by similarly low extractability 

levels. There is no correlation between the amount of sample extracted and the extractability 

(Table 2.2).  
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2.3.3. n-Alkanes and isoprenoids 

Ten late Miocene samples from the U1351 Site are from the outer continental shelf and 

contain a low abundance of mid-chain n-alkanes and a high abundance of odd carbon-

numbered long chain n-alkanes (C27, C29, and C31; Table 2.2). Samples from 6.60, 6.41, and 

5.76 Ma contain a high relative abundance of n-C26 (Table 2.2). Parameters summarising the 

n-alkane distributions for the three sites are presented in Fig. 2.4 and Table 2.2. The carbon 

preference index (CPI(22-32)) for this site varies from 0.95–1.8 (Fig. 2.4B). The 

terrigenous/aquatic ratio (TAR) varies from 11 at 6.60 Ma to 30 at 5.76 Ma without any 

obvious pattern related to sample depth or lithology (Fig. 2.4C). The 1/Paq ratio varies from 

2.6 to 3.9 (Fig. 2.4D).  

The four Site U1353 samples are from the middle Miocene (Table 2.2). The 13.13 and 13.59 

Ma samples contain high amounts of the C16, C18, and C20 mid-chain n-alkanes, whereas the 

12.03 and 13.81 Ma samples contain more of the long-chain n-alkanes with an odd carbon 

number predominance (Fig. 2.4B). The CPI(22-32) varies from 1.0–1.5 with increasing values 

with depth, the 1/Paq ratio has a similar trend (2.4–3.1), whereas there is an opposite trend for 

the TAR (45–16) (Fig. 2.4B-D).  

The early Oligocene samples (1904–1874 mbsf) from the U1352 Site have no significant 

predominance of any n-alkane groups (Table 2.2) and are characterised by a strong even-over-

odd carbon number predominance, low CPI(22-32) values (0.12–0.94) and a very low TAR 

(0.2–3.51) (Fig. 2.4B,C). A similar pattern of n-alkanes is present in most of the early 

Miocene samples from 18.87 to 16.85 Ma (Fig. 2.4B; Table 2.2). The 19.06 Ma sample is an 

exception as it has a strong predominance of long chain n-alkanes without obvious even or 

odd predominance. The 16.85 Ma sample has a very strong predominance of n-C29 and n-C31 

n-alkanes and a high CPI(22-32)  of 4.7, whereas the 16.62 Ma sample has predominant n-

alkane chain lengths at C24, C26, and C28 and thus a rather low CPI(22-32)  of 0.53. The TAR is 

mainly <2, with three samples having extremely high values of 91, 58, and 17 at 19.06, 17.23, 
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and 16.85 Ma , respectively (Fig. 2.4C; Table 2.2). The 1/Paq values mostly range from 1.0 to 

3.5 with the 16.85 Ma sample having a high ratio of 13.3 (Fig. 2.4D).  

In general, the middle, late Miocene, and early Pliocene samples in U1352 Site have a more 

diverse distribution of n-alkanes (Table 2.2). The samples mainly have C14, C16, and C18  

 

Figure 2.4: n-Alkane and isoprenoid ratios calculated for three drilled sites versus the 

interpreted age from the biostratigraphy. A – Pristane/Phytane (Pr/Ph) ratio; B – Carbon 

preference index (CPI(22-32)) for the C22-C32 n-alkanes; C- terrigenous/aquatic ratio (TAR); D 

– submerged/floating aquatic macrophyte input relative to the terrigenous input (1/Paq). Ratios 

are defined in Table 2.2.  

 

 

predominance, and/or C27, C29, and C31 predominance. No obvious correlations between 

changes in the n-alkane distribution and age or lithology could be identified. The CPI(22-32) for 

this period varies from 0.8 to 2.8 (Fig. 2.4B) without correlation to sample depth. However 

the TAR has more significant variations during the middle Miocene from 55 at 16.43 Ma to 

0.6 at 13.68 Ma. While most TAR values are below 9.4, three other samples at 14.57, 12.84, 

and 12.64 Ma also have high values (Table 2.2; Fig. 2.4C). The 1/Paq ratio varies from 1.3 to 

6.1 with the highest value at 15.11 Ma and the lowest at 14.34 Ma (Fig. 2.4D). 
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The pristane/phytane (Pr/Ph) ratios in the Site U1353 samples are low (0.47-0.77; Fig. 2.4A; 

Table 2.2). The Site U1351 samples have a more complicated Pr/Ph variation, with a low 

value of 0.33 at 6.60 Ma, and higher values to 1.37 at 5.60 Ma. One sample at 5.30 Ma has a 

much higher Pr/Ph of 4.1. The early Oligocene samples from the U1352 Site have Pr/Ph 

values between 0.85 and 3.05 (Fig. 2.4A; Table 2.2). The early Miocene samples from 19.06 

to 14.12 Ma have widely variable Pr/Ph ratios from 0.74 to 5.9, and then the middle Miocene 

mostly have lower Pr/Ph ratios, with a very low value of 0.58 for the sample at 12.84 Ma (Fig. 

2.4A). The samples younger than 8.37 Ma have Pr/Ph ratios from 0.7–1.7 (Fig. 2.4A; Table 

2.2). 

The Pr/n-C17 values from the U1353 and U1351 shelf sites do not exceed 1.5, except for two 

samples at 5.52 and 5.84 Ma in Site U1351 that have much higher values (Table 2.2). The 

Ph/n-C18 ratios for these sites are all <1.0 (Table 2.2). The U1352 Site samples from the 

Oligocene and Eocene are characterised by Pr/n-C17 from 0.24–1.87 and Ph/n-C18 ratios from 

0.08–0.43 (Table 2.2). Pr/n-C17 ratio in the early to middle Miocene sediments varies from 0.3 

to 17, with the majority of the samples with values <3.2 (Table 2.2). The Ph/n-C18 ratio in the 

early Miocene sediments varies from 0.04 to 5.2 without specific correlation to sample depth 

and/or lithology. Late Miocene and early Pliocene samples are characterised by Pr/n-C17 

values between 1.0 and 4.8 and Ph/n-C18 values between 0.3 and 1.9 (Table. 2), also without 

correlation to sample depth and/or lithology.  

 

2.3.4. Hopanes 

Hopanes and tricyclic pentanes were identified in samples from all three sites. The results are 

presented using various ratios and summarised in Table 2.3 and Fig. 2.5. Of the analysed 

samples from Site U1352, 22 did not contain detectable hopanes or tricyclic terpanes (Table 

2.3).  
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The late Miocene samples from the Site U1351 have widely varying relative abundances of 

C27 17α-trisnorhopane (Tm) and C27 18α-trisnorneohopane (Ts) compounds. The Ts/(Ts+Tm) 

ratio varies between 0.12 to 0.62 without correlation to sample depth or lithology (Table 2.3; 

Fig. 2.5A). The distribution of the C30  hopanes αβ/(αβ+βα) hopane ratio varies from 0.30 to 

0.43, except for two samples at 6.60 and 5.76 Ma with values of 0.66 and 0.71, respectively. 

The C31 αβ hopane 22S/(22S+22R) ratio varies between 0.07 and 0.14, with high values of 

0.38 and 0.26 at 6.60 Ma and 5.76 Ma, respectively. Only low amount of oleanane 

(oleanane/C30 αβ hopane = 0.02 and 0.10) are present in the late Miocene samples.  

 

Figure 2.5: Distribution of the hopane data for the U1351 (blue), U1352 (red), and U1353 

(green) sites. A – C27 17α-22,29,30-trisnorhopane (Tm) and C27 18α-22,29,30-

trisnorneohopane (Ts) abundance represented by Ts/(Ts+Tm), B – C31 αβ 22S and 22R 

hopane abundance, C – C30 17β,21α(H) moretanes and C30 17α,21β(H) hopane abundance, D 

– Oleanane abundance relative to C30 αβ hopane, E – Gammacerane abundance relative to 

C30 αβ hopane. Ratios are defined in Table 2.3. 

 

The gammacerane/C30 αβ hopane ratio varies from 0.07–0.17, with high value of 0.27 at 6.60 

Ma. The C29 αβ hopane and C31 αβ hopane abundances are presented relative to C30 αβ 

hopane (Table 2.3; Fig. 2.5B, C). The C29/C30 αβ hopane ratio varies significantly through the 

late Miocene between 0.07 and 1.00, without correlation to sample depth or lithology. The 
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C31/C30 αβ hopane ratio has a wide distribution range from 1.28 at 6.60 Ma to 12.58 at 5.84 

Ma (Table 2.3).  

C21 and C23 tricyclic terpanes and C24 tetracyclic terpanes were identified in most of the Site 

U1351 samples (Table 2.3). The C23/C21 tricyclic terpane ratio varies between 0.33 to 2.20, 

with the highest value at 5.60 Ma. No specific correlation to samples depth or lithology was 

detected. The C24 tetracyclic terpanes/C23 tricyclic terpane ratio varies between 0.53 and 1.08, 

with the exception of 6.60 Ma sample which has a value of 0.31. 

The identified hopanes and terpanes in middle Miocene Site U1353 samples are presented in 

Table 2.3 and Fig. 2.5. The Ts/(Ts+Tm) ratio varies between 0.26 and 0.41 with the highest 

value at 13.13 Ma. The C30 hopanes αβ/(αβ+βα) ratio increases from 0.37 to 0.83 during the 

middle Miocene. The C31 αβ hopanes 22S/(22S+22R) ratio varies in the range of 0.11–0.32 

without a specific pattern. Only very low amounts of oleanane were detected in two samples. 

The gammacerane/C30 αβ hopane ratio varies from 0.34 to 0.16, with the lowest value at 

12.03 Ma. The C29/C30 αβ hopane ratio increases from 0.90 at 13.81 Ma to 1.10 at 12.03 Ma 

with the highest value of 1.13 at 13.13 Ma. The abundance of the C31/C30 αβ hopane ratio 

decreases from 12.7 (13.81 Ma) to 1.9 (12.03 Ma). The C23/C21 tricyclic terpanes ratio varies 

from 1.3 to 2.6. No C24 tetracyclic terpane were detected in samples from this site.  

The oleanane/C30 αβ hopane and gammacerane/C30 αβ hopane ratios are presented in Table 

2.3 and Fig. 2.5D,E. Oleanane and gammacerane were not detected in the Oligocene samples. 

The early Miocene samples have oleanane/C30 αβ hopane ratio values of 0.07–0.32 and 

gammacerane/C30 αβ hopane ratios <0.22 (Table 3; Fig. 2.5E). The middle Miocene samples 

from Site U1352 have higher oleanane/C30 αβ hopane ratios between 0.21–0.66, with a low 

ratio of 0.04 at 13.09 Ma (Fig. 2.5D). Gammacerane/C30 αβ hopane ratios for the middle 

Miocene samples are <0.24 (Table 2.3).  
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The late Miocene samples from Site U1352 have high variability in the oleanane/C30 αβ 

hopane ratio from 0.03 to 0.58 (Table 2.3; Fig. 2.5D). The gammacerane/C30 αβ hopane ratio 

for the late Miocene is <0.17 (Table 3). No oleanane was recorded in the early Pliocene. The 

gammacerane/C30 αβ hopane ratio was only calculated for two early Pliocene samples (0.10 

and 0.18). 

The early Miocene samples have C29 αβ/C30 αβ hopane ratios between 0.43–0.89 (Table 2.3), 

and middle Miocene ratios are <0.75. Three samples at 15.11, 13.93, and 12.64 Ma have high 

ratios (>0.90), and one sample at 14.57 Ma has a ratio of 1.93. The late Miocene samples have 

C29 αβ/C30 αβ hopane ratios of 0.21–1.30. The early Pliocene samples have values between 

0.30 and 0.85 (Table 2.3).  

The C31 αβ hopane 22S/(22S+22R) ratios for all U1352 Site samples are low (<0.4) (Table 

2.3). Only three samples at 18.60 Ma, 17.89 Ma, and 17.80 Ma samples have higher values (> 

0.45) (Table 2.3).  

The C31 αβ hopane abundance for the U1352 site samples is presented relative to C30 αβ 

hopane (Table 2.3). The ratio varies significantly between 0.9 to 16.3 through all U1352 Site 

samples. The middle Miocene period between 15.87–13.69 Ma is characterised by very high 

values (>10), except for the 14.74 Ma sample with a ratio of 1.4.  

The C23/C21 tricyclic terpane ratio was only calculated for 17 samples at the U1352 site (Table 

2.3). Ratios vary, with most values > 1.0, and only four samples at 18.21, 15.87, 5.49, and 

4.45 Ma having values <1.0 (Table 2.3). The C24 tetracyclic/C23 tricyclic terpane ratio was 

calculated for some samples for the U1352 Site samples (Table 2.3). The values vary between 

0.17 and 1.49, with the lowest value in the early Miocene and the highest in the early 

Pliocene. 
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2.3.5. Steranes and diasteranes 

The distribution of the C27, C28, and C29 ααα 20R steranes for the three sites is plotted on a 

ternary diagram (Fig. 2.6). The diagram is divided into six areas (I–VI) that define the main 

sources of OM based on the sterane types and abundance (Huang and Meinschein, 1979). No 

sterenes were detected in the samples.  

The ten U1351 Site samples have sterane distributions that indicate mixed OM sources, 

including open marine, shallow water and terrigenous environments. The sterane distribution 

for the U1353 Site samples suggest a mix of terrigenous and shallow marine OM input. 

Steranes were not identified in 30 of the 67 samples from the continental shelf U1352 Site, 

but the samples that do contain steranes mostly plot in the open marine environment (Fig. 

2.6). 

The C30 sterane index shows the relative abundance of 24-n-propylcholestane to the C27-C30 

steranes (Table 2.4; Fig. 2.7C). The U1351 Site samples have a C30 sterane index from 3.4 to 

8.9, without correlation to depth or lithology. Only one samples from the U1351 Site (13.51 

Ma) contains C30 steranes, and it has a C30 sterane index of 5.3. Two early Oligocene samples 

from the U1352 Site have a C30 sterane index of 3.4 and 5.9. The early and middle Miocene 

samples have high variability in the C30 sterane index, with values between 2.9 and 11.4. The 

late Miocene samples have C30 sterane index values between 2.9 and 6.7, without correlation 

to depth or lithology (Table 2.4; Fig. 2.7C). The Pliocene samples have values <4.6 for the 

C30 sterane index.  

The C29 ααα 20S/(20S+20R) sterane ratio was calculated for 33 samples from the three sites 

(Table 2.4; Fig. 2.7B). The late Miocene samples from the U1351 site have values between 

0.08 and 0.37. The middle Miocene U1353 site samples have limited ratio variation (0.13–

0.21). The early and middle Miocene samples from the U1352 site have C29 ααα 

20S/(20S+20R) sterane ratios >0.2, except for the sample at 18.87 Ma with a value of 0.14. 
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The ratios for the late Miocene samples ranges between 0.29 and 0.06. One Pliocene sample 

has a C29 ααα 20S/(20S+20R) sterane ratio of 0.13 (Table 2.4).  

Vitrinite reflectance equivalent (VRE) was calculated using the Sofer et al. (1993) equation 

for 34 samples from the three sites (Table 2.4) The late Miocene samples from the U1351 site 

have values between 0.33 and 0.68. The middle Miocene U1353 site samples have limited 

ratio variation (0.40–0.47). The early and middle Miocene samples from the U1352 site have 

values between 0.41 and 0.68. The ratios for the late Miocene samples have values between 

0.33 and 0.53. One Pliocene sample has a VRE value of 0.40 (Table 2.4).  

The C27/C29 and C28/C29 ααα 20R sterane ratios are presented in Table 4. The U1351 site 

samples have C27/C29 αααR from 0.30–0.93 and C28/C29 ααα 20R sterane ratios from 0.38–

1.07, with the highest values at 6.52 Ma and the lowest at 5.60 Ma for both ratios (Table 2.4). 

The middle Miocene samples in Site U1353 have C27/C29 ααα 20R ratios between 0.31 and 

0.42, without correlation with depth or lithology. The U1353 site C28/C29 ααα 20R ratio varies 

from 0.35 at 13.81 Ma to 0.66 at 12.01 Ma.  

The C27/C29 αααR sterane ratio varies from 0.43 to 1.58 in the U1352 site samples (Table 2.4). 

The values <0.6 are concentrated in the early and middle Miocene samples. The highest ratio 

(1.58) is from the early Pliocene (4.92 Ma). The C28/C29 αααR sterane ratio for the U1352 site 

samples varies between 0.34 and 1.81 (Table 2.4). The highest value is from the early 

Oligocene (31.14 Ma) and the lowest in the middle Miocene (14.57 Ma) (Table 2.4).  

The C27 αβ diasterane/C27 ααα sterane ratio could only be calculated for a few samples due to 

poor diasterane preservation (Table 2.4, Fig. 2.7A). The late Miocene samples from the 

U1351 Site have C27 αβ diasterane/C27 ααα sterane ratios of 0.02 to 0.37. The U1353 samples 

have values of 0.30–0.56, without correlation to depth or lithology. The U1352 site samples 

have values between 0.02–0.57 (Table 2.4, Fig. 2.7A). The lowest values are dated to the 

early Miocene (16.98 Ma), and the highest to the middle Miocene (15.97 Ma). 
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Figure 2.6: C27, C28, and C29 ααα 20R sterane distributions for all three sites for the U1351 

(orange), U1352 (blue), and U1353 (red) sites. Fields are divided after Huang and 

Meinschein, 1979. 

 

 

2.3.6. Aromatic fraction 

Some aromatic hydrocarbons were identified only in the U1351 and U1352 Site samples 

(Table 2.4, Fig. 2.7D), including phenanthrene, methylphenanthrenes and retene. The relative 

abundance of phenanthrene and four methylphenanthrene isomers (1-methylphenanthrene, 2-

methylphenanthrene, 3-methylphenanthrene, and 9-methylphenanthrene) was used to 

calculate the methylphenanthrene index (MPI) and calculated reflectance (Rc) using the 

Radke et al. (1986) equation. An approximation of the maximum sediment temperature 

(maxT) was calculated based on the Wang et al. (2005) equation, using Rc. 

Seven U1351 late Miocene samples have MPI values between 0.31–0.55, with the lowest 

value at 6.41 Ma (Table 2.4). The VRE values for these samples (0.37–0.62) are consistently 
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lower than calculated Rc (0.59–0.73). The maxT parameter suggests maximum sediment 

temperatures between 100ºC and 118 ºC. The U1351 samples are characterised by high 

retene/phenanthrene ratios (11.3–41.3), with the highest value at 5.84 Ma.  

Phenanthrene and the methylphenanthrenes were identified in 20 U1352 Site samples. The 

MPI index varies from 0.11 to 0.73 (Table 2.4; Fig. 2.7D). Based on the biomarker 

preservation the VRE and Rc values couldn’t be calculated for the same samples. The highest 

and lowest values are from the middle Miocene (15.87 and 13.68 Ma, respectively). The 

maxT values suggest maximum sediment temperatures between 82ºC and 129ºC (Fig. 2.7E). 

Retene/phenanthrene values vary for the U1352 Site samples in the range of 0.5–1.5, except 

for two samples at 16.43 Ma (5.1), and 4.45 Ma (8.4).  

 

Figure 2.7: Distribution of the sterane data for the U1351 (blue), U1352 (red), and U1353 

(green) sites. A – C27 βα diasterane abundance relative to C27 ααα sterane, B – C29 ααα 20S 

and 20R Sterane abundance, C – C30 sterane abundance relative to C27-C30 steranes, D – 

Methylphenanthrene index, and E – calculated maximum sediment temperature (maxT)  

based on Rc. Ratios are defined in Table 2.4. 

 

Phenanthrene and the methylphenanthrenes were only identified in 22 samples from Site 

U1352. The early Oligocene and earliest Miocene (23.03–20.44 Ma) samples do not have 
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good preservation of aromatic compounds. Only the early Miocene samples dated between 

17.56–16.20 Ma have good preservation of the alkylphenanthrenes. The MPI values for these 

samples vary significantly (0.27–0.73). The results show increasing MPI values up to 17.23 

Ma and gradual decrease afterwards (Table 2.4; Fig. 2.7D). Calculated MaxT for the early 

Miocene is between 97ºC and 123ºC. Retene/phenanthrene ratio was calculated only 

identified in three early Miocene samples at 16.43 Ma, 16.20 Ma, and 15.97 with values of 

5.1, 0.8, and 1.1, respectively (Table 2.4).   

The middle Miocene Site U1352 samples have good preservation of aromatic compounds. 

The MPI values vary from 0.11–0.73 without correlation to lithology. However, the highest 

MPI is at the beginning of the period (15.87 Ma), followed by a significant drop in MPI later. 

The reconstructed MaxT varies from 82–129ºC (Table 2.4, Fig. 2.7E). Retene/phenanthrene 

values mostly vary from 1.5 to 0.5 during the middle Miocene. 

Phenanthrene and the methylphenanthrenes are only present in three late Miocene samples 

(Table 2.4). The MPI values are 0.47, 0.14, and 0.42 in samples from 10.66, 9.69, and 7.07 

Ma, respectively. The calculated MaxT for these samples is from 85–112ºC (Table 2.4; Fig. 

2.7E). Retene/phenanthrene is present only in two samples in the late Miocene (10.80 and 

9.69 Ma), and the retene/phenanthrene ratios are 0.5 and 0.3, respectively (Table 2.4).  

Aromatic compounds are well preserved in two Pliocene samples from Site U1352. The MPI 

values are 0.24 and 0.26 in samples dated to 4.92 and 4.45 Ma. The reconstructed MaxT for 

these samples are 94ºC and 97ºC. The retene/phenanthrene ratios are 0.6 in the 4.92 Ma 

sample and 8.4 in the 4.45 Ma sample.  
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2.4. Discussion 

TOC/TN data can be divided into three main categories: predominantly marine organic input 

(TOC/TN < 8), predominantly terrigenous organic input (TOC/TN > 12), and mixed input 

(8<TOC/TN<12) (Müller and Mathesius, 1999). However, this simple model of the factors 

influencing TOC/TN ratios is not always applicable. For example, high TOC/TN ratios 

atypical for algal source organic matter have been measured in organic-rich Mediterranean 

sapropel layers, upper Neogene sediment from the Benguela upwelling region, Eocene 

horizons from the Arctic Ocean, and Cenomanian–Turonian black shales (Meyers, 1990; 

Twichell et al., 2002; Stein and Macdonald, 2004; Stein et al., 2004). It has been suggested 

that in organic-rich marine sediments these high TOC/TN ratios can be explained by (1) algae 

that are able to synthesise lipid-rich organic carbon during times of abundant nutrient supply, 

and/or (2) during sinking, partial degradation of algal organic carbon may selectively 

diminish nitrogen-rich proteinaceous components and thus the TOC/TN ratio (Meyers, 1997). 

The Miocene samples from Site U1351 are interpreted to contain predominantly terrigenous 

or degraded marine organic matter, based on the low hydrogen indices (most samples = <70 

mg S2/g TOC). A modified van Krevelen diagram of hydrogen index versus oxygen index 

(Fig.3A) shows that the sediments dominantly contain Type IV organic matter (no oil or gas-

generative potential; dominated by inertinitic macerals), typical of poorly preserved 

terrigenous organic matter. These results are consistent with data from smear slides, which 

indicate that little marine organic matter is present and that the visible kerogen comprises 

mainly of plant cells and poorly preserved pollen (Fulthorpe et al., 2011b).  

The unit III limestones contain the highest amounts of carbonate and the lowest TN at Site 

U1352. Organic matter in units II and III is more diagenetically stabilised as protokerogen, as 

shown in the lower part of Unit II (Fig. 3; Fulthorpe et al., 2011b). 
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The overall low hydrogen indices (Fig. 2.2C and 2.3) show that the organic matter is largely 

terrigenous or degraded marine in origin (Fulthorpe et al., 2011b). This finding contrasts with 

deeper Pukeiwitahi Formation coals (Sykes, 2004), which have higher hydrogen indices. The 

lack of correlation between sample depth and the CPI(22-32) suggests little influence of thermal 

maturity on the samples.  

For Site U1353 low OM contents probably represent active biological oxidation and roughly 

correlates with intervals of increased alkalinity and decreased sulfate (Fulthorpe et al., 2011b). 

Pyrolysis results suggest a largely terrigenous plant origin for organic matter, but TOC/TN 

values suggest some marine influence. 

The Rock-eval data can be used to measure the kerogen type (Espitalie et al., 1977) and the 

thermal maturity of the organic matter (Katz, 1983), but should be used with caution. 

Hydrocarbons generated during pyrolysis can be associated with heavy fractions of OM, and 

this might influence the HI index (Katz, 1983). Moreover, studies showed influence of 

mineralogy on OI (Katz, 1983) as well as an influence of humic acids on the OI in immature 

samples (Tissot and Welte, 1978). The Site U1353 middle Miocene samples contain high 

levels of C16,C18, and C20 n-alkanes (Table 2.2) which suggest zooplankton (Saliot, 1981) and 

algae (Youngblood and Blumer, 1973) to be a main source of the OM. This type of n-alkane 

distribution was reported in coastal sediments  (Nishimura and Baker, 1986; Mille et al., 

2007) and derive from  direct bacterial input into marine sediments. The C27, C29, and C31 n-

alkanes that are indicative of the land-plant epicuticular waxes input to the sediments 

(Eglinton and Hamilton, 1967; Barnes and Barnes, 1978) are not abundant in middle Miocene 

samples.  

The observation is supported by CPI(22-32) values close to 1 suggesting low terrigenous OM 

input. In general, CPI(22-32) index below 1.0 is associated with marine and aquatic 

environments when CPI higher than 1.0 is associated with terrigenous organic matter input.  
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Terrigenous/aquatic ratio (TAR) lower than 1 indicative of strong algal input and higher 

values indicate terrigenous OM input predominance (Silliman et al., 2000). The Silliman et 

al., 2000). The Site U1353 samples have high TAR, indicating high terrigenous OM input 

during the ~12–14 Ma period (Fig. 2.4C). The TAR ratio might over represent the absolute 

amount of terrigenous sources, assuming much higher n-alkane production by land plants 

(Cranwell et al., 1987; Meyers and Ishiwatari, 1993a). It should be noted that bimodal even n-

alkane distributions can be part of the petrogenic contamination as well (Ekpo et al., 2005; 

Aloulou et al., 2010).  

The Site U1353 samples have low 1/Paq ratios (Table 2.2) because of the high abundance of 

submerged/floating aquatic macrophyte vegetation. The ratio was proposed by Ficken et al., 

(2000) for the detection of submerged/floating environments based on distribution of C21, C23, 

and C25 n-alkanes (Barnes and Barnes, 1978; Cranwell, 1984; Viso et al., 1993). It  was used 

in the Haukari Gulf, New Zealand (Sikes et al., 2009) and in East China Sea shelf (Xing et al., 

2011) to detect terrigenous OM input into continental shelf sediments. The study proposed 

correlation between levels of the Paq and the distance from the continent. The 1/Paq >10 was 

observed near the continent with high terrigenous OM input. The ratio decreased significantly 

in the continental slope area in both (Sikes et al., 2009; Xing et al., 2011). Therefore, deeper 

ocean levels close to the South island of New Zealand shore for the ~12-14 Ma period or 

further distance of the drilled site from the shore line can be suggested.  

During the late Miocene period samples from the Site U1351 show unimodal n-alkane 

distribution with high C29, C31 n-alkane signals, indicative of land-plant epicuticular waxes 

(Eglinton and Hamilton, 1967; Barnes and Barnes, 1978; Cranwell, 1984). The CPI(22-32) 

values above 1 in most samples support dominant terrigenous OM input (Peters et al., 2005). 

The TAR for the late Miocene samples is above 10, suggesting terrigenous OM input 

(Bourbonniere and Meyers, 1996). Based on high level of bioturbation of the sediments 

partial biodegradation of the OM can be suggested (Bourbonniere and Meyers, 1996; Meyers, 
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1997). The 1/Paq ratios show a mix of aquatic and terrigenous environments as a main 

vegetation source (Ficken et al., 2000). 

The early Oligocene samples from the Site U1352 (Table2; Fig. 2.4) have a strong 

predominance of even-to-odd n-alkanes (Fig. 2.4B) with CPI(22-32) <1. This type of 

distribution is indicative of marine OM input dominated by diatoms and phytoplankton 

(Albaigés et al., 1984; Saliot et al., 1998). Low TAR and 1/Paq ratios suggest strong aquatic 

plant input with low terrigenous vegetation imprint (Fig. 2.4). Some studies suggest that 

bacterial input from river sediments can produce similar n-alkane distributions (Nishimura 

and Baker, 1986; Grimalt and Albaigés, 1987). Even-to-odd predominance in high molecular 

weight n-alkanes (>C24) can be associated with early diagenetic alterations of n-alkonols 

originated in terrigenous plants as well (Simoneit, 1977).  

Very similar distributions of n-alkanes and odd-to-even predominance was recorded in early 

Miocene samples (Fig. 2.4B). Very low CPI(22-32) index from ~19 and 17 Ma suggest strong 

marine OM input followed by increase in long chain n-alkane abundance with high CPI(22-32). 

The change is indicative to terrigenous OM input (Eglinton and Hamilton, 1967) during the 

second part of the early Miocene. Low TAR and 1/Paq values up to ~16 Ma suggest high 

marine OM input with low terrigenous OM interference, similar to the early Oligocene 

period. Two samples have extremely high TAR values of 58.3 and 55.3 at 17.23 Ma and 

16.43 Ma (Table 2.2) suggesting high spikes of terrigenous OM input.  

The middle Miocene n-alkanes in the Site U1352 samples have bimodal distributions, similar 

to the Site U1353 samples. High levels of C16 and C18 n-alkanes can be derived from input of 

zooplankton (Saliot, 1981) and algae (Youngblood and Blumer, 1973). The C15 and C17 n-

alkanes are usually derived from the algal/planktonic origins (Cranwell, 1984; Meyers and 

Ishiwatari, 1993b). The middle Miocene samples have increasing CPI(22-32) indicating increase 

in terrestrial OM input (Fig. 2.4B). The decrease of CPI(22-32) around 12 Ma suggest a 
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decrease in terrigenous OM input. The TAR and 1/Paq indices show marine OM input during 

the same time with significant increase in terrigenous OM input around 15 Ma (Fig. 2.4 C,D).  

Late Miocene samples show an increase in marine OM input with high C14, C16, and C18 

values for several samples (Table 2.2). A significant increase in terrigenous OM between 6.5 

Ma and 5.4 Ma can be observed through increase in CPI(22-32). The TAR and 1/Paq for the late 

Miocene samples show increase in 1/Paq, suggesting an increase in terrigenous OM input up 

to ~6 Ma followed by its partial decrease (Fig. 2.4C,D). TAR data suggest at least three strong 

terrigenous OM input events at 10.8 Ma, 8Ma, and 6 Ma (Fig. 2.4C). 

The early Pliocene data show C16, C18, and C20 n-alkane predominance from strong 

zooplankton (Saliot, 1981) and algae (Youngblood and Blumer, 1973) inputs. Similar 

distribution of even n-alkanes in the range of C12-C20 was reported in some coastal sediments 

(Nishimura and Baker, 1986; Mille et al., 2007) assuming possible bacterial input. The CPI(22-

32) values during the early Pliocene are around 1 (Fig. 2.4B) suggesting mixed input source 

(Bray and Evans, 1961).  

Important to note, even n-alkane distribution can be attributed to petrogenic contamination of 

the samples (Ekpo et al., 2005; Aloulou et al., 2010). The n-alkane indices can be partially 

alternated by thermal maturation of the samples as well as by biodegradation (Bourbonniere 

and Meyers, 1996; Meyers, 1997).  

To discuss the relative abundances of pristane (2,6,10,14-tetramethylpentadecane; Pr) and 

phytane (2,6,10,14-tetramethylhexadecane; Ph) in marine sediments the Pr/Ph, Pr/n-C17 and 

Ph/n-C18 ratios are used. The Pr/n-C17 and Ph/n-C18 (Fig. 2.3) ratios are indicative of the type 

of OM, its thermal maturation, and the oxidation levels of the depositional environment. The 

results suggest low thermal maturity for all the samples. Type III and mix of type III and II 

are the dominant kerogen types in the samples. High Pr/n-C17 ratio values at 5.84 and 5.52 Ma 
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(8.43 and 9.25, respectively; Table 2.2) could be due either to some biodegradation in the 

U1351 Site samples, or a highly oxic depositional environment.   

The Pr/Ph ratio is indicative of oxicity of the depositional environment and show levels of 

thermal maturation and biodegradation of the samples (Volkman and Maxwell, 1986). The 

main source of Pr and Ph is a phytyl side chain of chlorophyll in phototrophic organisms and 

bacteriophyll from purple sulphur bacteria (Powell and McKirdy, 1973). Some marine 

organisms such as calanoid copepods have been suggested to be one of the biological sources 

as well (Blumer et al., 1964). In addition, Pr could be derived from anaerobic bacterial 

degradation (Rontani et al., 2010), thermal degradation (Lao et al., 1989) and clay catalysed 

degradation of the chlorophyll phytyl chain (Lao et al., 1989; Rontani et al., 2010). Ph can 

also be produced through anaerobic biodegradation (Grossi et al., 1998) and clay catalysed 

thermal hydrogenation of the isoprenoid alkenes (Gelin et al., 1995) as well as thermal 

maturation of methanogenic bacteria (Rowland, 1990). In general, Pr/Ph <0.8 indicates anoxic 

depositional environment, whereas Pr/Ph >3 indicates terrigenous organic matter input 

deposited under oxic conditions (Peters et al., 2005). Although, the ratio is widely used in 

environmental interpretations, the multiple input sources of both compounds and the influence 

of the post depositional environment means that conclusions should be supported with other 

biomarker ratios. The Pr/n-C17 and Ph/n-C18 ratios characterise the biodegradation levels in 

sediments (Peters and Moldowan, 1993). Ratios increase with increasing biodegradation 

levels and thermal maturation of the sediment (Tissot et al., 1971).  

The Pr/Ph ratio for the Site U1353 samples suggest an anoxic depositional environment (Fig. 

2.4A). This suggestion is consistent with low CPI(22-32) index assuming high marine OM 

deposition. The data are also consistent with TOC/TN and 1/Paq interpretation. However, it is 

not consistent with n-alkane distribution and TAR ratio which show a relatively high 

terrigenous OM input (Fig. 2.4C). 
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Samples from Site U1351 show an increase in Pr/Ph values to 1.6 (Fig.5A), except for the 5.3 

Ma sample suggesting oxic depositional environment. In general, the increasing oxicity of the 

depositional environment can be observed. This data is consistent with CPI(22-32), TAR and 

1/Paq values that show increase of the terrigenous OM input with time.  

Early Oligocene samples do not show any consistent pattern of Pr/Ph and suggest sub-oxic to 

oxic depositional environment. (Fig.5A). The early Miocene samples show increasing oxicity 

pattern all the way to the middle Miocene. This pattern is consistent with CPI(22-32), 1/Paq, and 

TOC/TN results suggesting gradual increase of terrigenous OM input during the recorded 

period. The changes in accumulation of OM during the early Oligocene and early Miocene 

can be attributed to global sea level fluctuations, up to 30 m (Fig. 2.8D) (Van Sickel et al., 

2004). The reconstructed tectonic activity of New Zealand for these periods (Fig. 2.8E) does 

not suggest any major activity in the area (Winkworth et al., 2002). 

The middle Miocene samples have Pr/Ph ratios that suggest a suboxic depositional 

environment, except for the 15–12 Ma period when a strong oxic pattern is present (Fig. 

2.4A). Samples with high Pr/ Ph values also have high TOC/TN (above 20) suggesting high 

terrigenous OM input. The same samples have very high sedimentation rates of 52.4–47 

cm/ky (Table 2.1).  

From 11 Ma, the Pr/Ph ratios decrease towards sub-oxic to oxic conditions. This observation 

is supported by increasing TAR, CPI(22-32), 1/Paq, and TOC/TN values. During the same period 

the sedimentation rates decreased to 32 cm/ky (Fulthorpe et al., 2011b).  

The fluctuations in oxicity of the depositional environment are consistent with global sea 

levels fluctuations during the middle Miocene (Van Sickel et al., 2004). Increasing 

terrigenous input between 14–12 Ma together with high sedimentation rates at the same time 

can be attributed to significant land mass build up in the south island of New Zealand (Fig. 

2.8 E) related to an increase in the convergence rate from ~20 Ma (Lu et al., 2005). The slow 
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uplift of the western part of the south island and an increase in the sloping gradient of the 

Canterbury region created an anoxic environment in the continental margin area and increased 

the rate of sedimentary input to the continental slope area. Slow, continuous uplift of the 

Southern Alps (Lu et al., 2005), an increase in vegetation cover, together with a decrease in 

global temperatures from ~15 Ma (Zachos et al., 2001) can be proposed as reasons for low 

terrigenous input of the material up to 11 Ma. The cooling event was followed by the late 

Miocene constant increase in terrigenous OM input. The event could correlate to another 

increase in the land mass (Lu et al., 2005). The highest input of terrigenous OM was recorded 

around 6 Ma, based on TOC/TN data and other ratios organic ratios. This spike can be 

attributed to an increase in the convergence rate between the Pacific and Australian plates to 

>7 mm/yr around 6 Ma (Lu et al., 2005; Wood and Stagpoole, 2007). This increase spiked an 

increase in the Southern Alps elevation, and is possibly related to higher Angiosperm 

vegetation cover of the island. 

Oleanane, produced by angiosperms, originates in betulin or other pentacyclic triterpenoids 

(e.g. Whithead, 1973; Ekweozor and Udo, 1988). The oleanane/ hopane (oleanane index) 

show the relative abundance of angiosperm vegetation (Murray et al., 1994). An increasing 

oleanane index was interpreted as due to an increase in terrigenous OM input (Murray et al., 

1997). The oleanane index values for the 15–13 Ma interval and around 7 Ma (Fig. 2.5D) 

show an increase in angiosperm input for the U1352 and U1353 sites. This increase is 

consistent with an increase in the CPI(22-32) and the TAR as discussed above, and can be 

attributed to increase in land mass during these periods.  

The presence of gammacerane in sediments is related to water-column stratification 

(Sinninghe Damsté et al., 1995). Levels of gammacerane increase in hypersaline 

environments. The origin of this biomarker is not known, but one of its precursors, 

tetrahymanol, is a membrane lipid in some protozoa (Caspi et al., 1968; Ourisson et al., 

1987). High values of the gammacerane/hopane ratio are indicative of marine carbonates, and 
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the virtual absence of gammacerane is typical of deltaic shales (Peters et al., 2005). Our data 

suggest relatively low gammacerane/hopane values and higher water salinity levels during the 

early Miocene (Fig. 2.5E) and around 13 Ma, suggesting lower sea levels in the region. 

 

Figure 2.8: Summary of the isoprenoids (A) (this study) and n-alkane results (B,C) (this 

study) against eustatic curves (D) after Haq et al. (1987) and Miller et al. (2005) and South 

island seismic events, volcanism (E), where 1 – Dextral strike-slip motion along Alpine Fault 

since 23 Ma (Kamp, 1987), 2 – Initiation of uplift of Southern Alps 8-5 Ma (Tippett and 

Kamp, 1993), 3 – Otago volcanic activity 12.9–9.6 Ma (Coombs et al., 1986), and 4 – Banks 

volcanic activity 12–5.8 Ma (Watters, 1978).  

 

High C24 tetracyclic/C23 tricyclic terpane ratios (>0.6) are indicative of marine sediments. The 

lower ratios can usually be seen in carbonates and marls (Peters et al., 2005). High C23/C21 

tricyclic terpanes ratio together with low C24 tetracyclic terpane abundance is indicative of 

marine OM input to the sediment. 

The Oligocene samples do not contain enough terpanes to determine the OM input. The early 

Miocene samples have tricyclic terpane distributions that suggest carbonates. 

The Site U1351 samples show high marine OM input through the late Miocene, with only two 

samples at 6.60 Ma and 5.60 Ma with C24 tetracyclic/C23 tricyclic terpane ratios <0.6, that 
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indicate high terrigenous input. Same samples show high C23/C21 tricyclic terpanes values that 

supports the terrigenous OM input suggestion. 

The middle Miocene Site U1353 samples do not have a C24 tetracyclic terpane record. The 

C23/C21 tricyclic terpanes ratio for this period suggest higher terrigenous OM input.  

Steranes are source specific compounds that contain between 27 and 29 carbons in the 

structure. The C27 steranes are derived from zooplankton, whereas C29 steranes are typically 

derived from higher plants (Huang and Meinschein, 1979). The source for C28 steranes is not 

fully identified, but some studies suggest that diatoms are rich in C28 steranes (Peters et al., 

2005). The C27-C28-C29 ternary plot diagram was used to determine the source of organic 

matter (Moldowan et al., 1985). In addition, the diagram was successfully used in oil-source 

correlations (Grantham and Wakefield, 1988). A significant difference in sterane percentages 

for deltaic and continental shelf sediments has been reported (Meyers, 1997).  

The data summarised in Fig. 2.6 suggest correlation between the site location and the type of 

OM based on sterane inputs. The majority of the Site U1353 samples, located in the inner 

shelf area, have a deltaic-terrigenous sterane input. The samples from Site U1351 on the outer 

continental shelf have a mixed OM input from deltaic-terrigenous and shallow marine 

sources, based on steranes. The Site U1352 samples have steranes derived from shallow or 

open marine OM organisms. Our data thus place steranes as indicators of the site location 

relative to the shore line. The closer to the land mass the location is, the higher the deltaic-

terrigenous signal in the sterane record will be. In general, an open water sterane signal is 

present only in the outer continental shelf and continental slope sites. No open water sterane 

signal is present in the inner continental shelf samples. In contrast, the deltaic-terrigenous 

steranes signal is not present in the continental slope samples.  

The detailed comparison between n-alkane and sterane OM inputs during the different epochs 

in the Site U1352 samples can be made. The early Oligocene and early Miocene n-alkane data 



 

80 

 

suggest strong marine OM source inputs. The sterane data for the same samples suggest open 

marine environment as the main OM input source (Table 2.3). The middle Miocene samples 

show a shallow marine environment input for the steranes, and closer proximity of the shore 

line can be suggested for the ~16–14 Ma interval. The n-alkane data for the same interval 

show an increasing input of terrigenous OM, arguably suggesting a shorter distance to the 

shoreline as well. This conclusion can also be supported by the high sedimentation rate during 

the same time. The sterane data for the 12–10 Ma period show a higher input of open marine 

OM. The CPI(22-32) and the 1/Paq data also show an increase in marine OM input. The late 

Miocene was previously characterised by increasing terrestrial OM input to the continental 

slope, and transition of the sterane source from open to shallow marine OM supports this 

reconstruction. Despite the fact that steranes do not have well identified sources (Moldowan 

et al., 1985), their presence in the samples can help with determination of the OM source 

input.  

The C30 sterane index is an index of 24-n-propylcholestanes relative to the other C27-C30 

identified steranes and is very specific for marine organic matter input as well (Seifert and 

Moldowan, 1978; Peters et al., 2005, for review). High C30 sterane index values are indicative 

of marine OM input. The early Oligocene data suggest high marine OM input (Table 2.4). 

The marine OM input stays low through the early Miocene period and increases at the 

beginning of the middle Miocene. Another strong input of marine OM is recorded in the C30 

sterane index at 14.57 Ma, followed by a significant decrease until the Pliocene (Table 2.4). 

These data are quite consistent with previously suggested source interpretations.   

Most hopanes in the rocks are derived from bacteria (Ourisson et al., 1984). Despite the fact 

that some hopanes have a very specific source, they are also often used as indicators of 

thermal maturity (e.g. Seifert and Moldowan, 1978, 1980; Moldowan et al., 1986; Peters et 

al., 2005).  
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C27 17α-22,29,30-trisnorhopane (Tm) and C27 18α-22,29,30-trisnorneohopane (Ts) are 

commonly used as biomarkers for thermal maturity evaluation (Seifert and Moldowan, 1978; 

Stephens and Carroll, 1999; Nuzzo et al., 2012). Tm is less stable than Ts and their relative 

abundance is usually measured by the Ts/(Ts+Tm) ratio. However, the sedimentation 

processes, early diagenesis, or the source of OM can significantly alter this ratio (Ourisson et 

al., 1984).   

Most analysed samples have Ts/(Ts+Tm) ratios lower than 0.4, suggesting low thermal 

maturities up to the 2 km maximum core depth (Table 2.4). The 6.5 Ma sample from Site 

U1351 has a high Ts/(Ts+Tm) ratio, probably based of variations in the source of the OM. 

The 18 Ma and 15 Ma samples from the Site U1352 have high Ts/(Ts+Tm) ratios, suggesting 

low levels of thermal maturation.  

The 22S/(22S+22R) hopane epimer ratios vary between 0 to 0.62 and reach equilibrium 

between 0.57-0.62 for the oil generation level (Seifert and Moldowan, 1980; Moldowan et al., 

1986). The C31 pseudo homologs consistently show lower epimer ratios because they 

comprise a significant contribution of the indigenous 22R epimer (typical immature 

signature). The C31 αβ 22S/(22S+22R) hopanes ratios suggest low thermal maturity for the 

samples (Table 2.4).  

The moretane/hopane ratio is also used as a thermal maturity indicator. The C30 17β,21α(H)–

moretanes are less thermally stable than the C30 17α,21β(H)-hopanes, so the moretane 

concentration in sediment decreases with increasing thermal maturity (Mackenzie et al., 1980; 

Seifert and Moldowan, 1980). Our data suggest low C30 αβ/(αβ+βα) hopane ratio values, 

indicative of low thermal maturity. 

Although all hopanes can be influenced by the source of the OM, all the ratios together show 

a low thermal maturity of the analysed sediments, with some increase in maturation with 
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depth. Some levels of biodegradation (Howell and Ellender, 1984; Peters and Moldowan, 

1991) based on low 25-norhopanes values can be suggested.  

Maturity-related parameters can also be obtained from the isomerisation ratio of C29 

5α,14α,17α(H) 20S/(20S+20R) steranes, which equilibrates at 0.52-0.55 (Seifert and 

Moldowan, 1986). The ratio of C27 diasteranes to steranes increases with increasing thermal 

maturity (Rubinstein et al., 1975; Peters et al., 2005). Our data suggest low maturity levels 

based on sterane and diasterane data. However, lithology and redox potential of the 

depositional environment can alter these data as well. Diasterane levels in sediments can be 

increased through the oxidation processes or during clay catalysed reactions (Kirk and Shaw, 

1975; Seifert and Moldowan, 1986). 

The maturity-related parameters were obtained from the aromatic data, MPI index, that show 

a thermal maturity related distribution of methylphenanthrenes (Radke et al., 1986). The 

maxT calculated based on the MPI index does not show correlation to sample depth. Its 

highest and lowest values dated to middle Miocene (15.87 and 13.68 Ma, respectively). The 

results show low thermal maturity levels for the all three sites. This is consistent with the 

previously discussed maturity parameters. However, variations in the lithology or type of the 

OM (Cassani et al., 1988) as well as its migration (Radke et al., 1986) can alternate the MPI 

index. Moreover, not all methylphenanthrenes preserved well under the same conditions. 1-

methyl and 3-methyl phenanthrenes are more stable than 2-methyl and 9-methyl 

phenanthrenes (Radke et al., 1986). This can significantly alternate the MPI ratio.  

The C29ααα 20S/20R sterane ratio was used to calculate VRE (Table 2.4) based on the Sofer 

et al., (1993) equation.  The values of these maturity parameters for all three sites are very far 

from equilibrium values and showing that the OM of all samples is immature. This is 

consistent with the previously discussed maturity parameters. This calculated vitrinite 

reflectance is consistently lower than the previously discussed one based on the MPI ratio.  
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2.5. Conclusion 

Samples from IODP Expedition 317 provide a unique opportunity to look into OM 

accumulated during the second part of the Cenozoic epoch. A low thermal maturity is 

indicated by bulk geochemistry (HI and OI indices), diversity in n-alkane chain lengths, the 

CPI, isoprenoids (Pr/n-C17 and Ph/n-C18 ratios), as well as various hopane (e.g., Ts/(Ts+Tm), 

C30 hopanes αβ/(αβ+βα) and sterane ratios (C29 5α,14α,17α(H) 20S/(20S+20R)) suggest low 

thermal alteration of the OM accumulation and relatively high reliability of the 

interpretations.  

Bulk geochemistry results show low levels of OM present in the samples. In addition, based 

on the bulk geochemistry data type IV organic matter is dominant, which somewhat 

contradicts the Pr/n-C17 and Ph/n-C18 results. Based on the organic compound data (n-alkanes, 

isoprenoids, and steranes), local tectonic activity had a rapid, but significant influence on the 

accumulation of OM in the Canterbury Basin marine sediments. This can be seen due to rapid 

increases in terrigenous OM input in short time periods, that can be attributed to major 

tectonic activity in New Zealand (Fig. 2.8). Moreover, the tectonic influence can be identified 

for the 14-12 Ma and ~6 MA periods. These periods partially overlap with the time of the 

Otago volcanic activity (12.9–9.6 Ma) and uplift of the Southern Alps (8–5 Ma). The 

influence of sea level changes and global temperature variations are suggested for before 14 

Ma, between 12 and 7 Ma and after 6 Ma, based on distributions of n-alkanes, isoprenoids, 

steranes, and hopanes. The results are consistent with increasing sea levels during these 

periods causing an increase in marine OM productivity and better preservation of the 

terrigenous OM. 

Differences in the carbon number distribution of steranes in the samples allow estimation of 

the relative distance of the samples from the shoreline through time. Sterane data can also 

help in determination the input of terrigenous material. An increase in land mass and an 
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increase in the continental slope angle can be suggested for the ~14-12 Ma and ~11 Ma 

periods, respectively.  
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2.8. Appendix: Tables 

Table 2.1: On-board bulk geochemistry data (Fulthorpe et al., 2011) for the analysed IODP 

Expedition 317 samples including sample depth (mbsf), main lithology, lithological unit, and 

age (Ma). 
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U1351B_94X4 817.82 Greenish-grey very fine sandy mud II 5.06 12.4 0.47 - - 44 32 423 13 

U1351B_95XCC 822.40 Greenish-grey very fine sandy mud II 5.10 10.8 0.36 - - 37 36 427 15 

U1351B_97X1 842.36 Greenish-grey very fine sandy mud II 5.27 11.8 0.21 - - 43 36 425 12 

U1351B_97X4 845.72 Greenish-grey very fine sandy mud II 5.30 4.6 0.96 - - 43 36 416 16 

U1351B_98X1 851.23 Greenish-grey very fine sandy mud II 5.35 7.2 0.30 - - 27 29 424 30 

U1351B_99X1 860.85 Greenish-grey very fine sandy mud II 5.43 5.9 0.28 - - 29 32 419 22 

U1351B_100X1 871.62 Greenish-grey very fine sandy mud II 5.52 5.7 0.25 - - 32 41 403 27 

U1351B_101X1 880.93 Greenish-grey very fine sandy mud II 5.60 5.0 0.10 - - 26 45 409 59 

U1351B_103X1 900.04 Greenish-grey very fine sandy mud II 5.76 8.7 0.21 - - 22 29 416 21 

U1351B_104X1 908.97 Greenish-grey very fine sandy mud II 5.84 8.2 0.36 - - 40 69 413 18 

U1351B_104X3 911.92 Greenish-grey very fine sandy mud II 5.86 7.5 0.29 - - - - - - 

U1351B_106X1 929.41 Greenish-grey very fine sandy mud II 6.01 8.4 0.28 - - 41 42 400 18 

U1351B_106X3 931.40 Greenish-grey very fine sandy mud II 6.03 14.4 0.22 - - 51 45 410 15 

U1351B_107X1 937.70 Greenish-grey very fine sandy mud II 6.08 7.9 0.31 - - 31 49 418 22 

U1351B_107X1 937.73 Greenish-grey very fine sandy mud II 6.08 7.8 0.27 - - 31 36 417 27 

U1351B_109X2 959.05 Greenish-grey very fine sandy mud II 6.27 4.9 0.33 - - 47 58 410 23 

U1351B_109X3 961.04 Greenish-grey very fine sandy mud II 6.28 14.2 0.15 - - 31 28 418 28 

U1351B_111X1 976.21 Greenish-grey very fine sandy mud II 6.41 12.5 0.34 - - 39 34 419 15 

U1351B_111X1 976.25 Greenish-grey very fine sandy mud II 6.41 12.9 0.28 - - 26 44 417 18 

U1351B_112X3 989.18 Greenish-grey very fine sandy mud II 6.52 11.7 0.31 - - 35 32 403 18 

U1351B_113X2 997.74 Greenish-grey very fine sandy mud II 6.60 11.6 0.28 - - 32 25 418 18 

U1351B_115XCC 1014.33 Greenish-grey very fine sandy mud II 6.74 11.5 0.32 - - 38 32 417 21 

U1352C_70R1 1247.82 Sandy marlstone IIB 4.39 43.28 0.56 0.026 22 57 57 424 7 

U1352C_71R1 1257.15 Sandy marlstone IIB 4.70 41.76 0.48 0.018 26 47 67 424 8 

U1352C_72R1 1266.06 Sandy marlstone IIB 5.00 37.60 0.65 0.016 40 31 62 420 9 
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U1352C_73R5 1281.69 Sandy marlstone IIB 5.52 22.21 0.41 0.024 17 47 6 415 11 

U1352C_77R1 1309.00 Sandy marlstone IIB 6.43 33.35 0.39 0.023 17 42 58 425 9 

U1352C_78R3 1317.20 Sandy marlstone IIB 6.70 32.72 0.47 0.014 34 30 32 407 10 

U1352C_79R1 1318.10 Sandy marlstone IIB 6.73 34.63 0.61 0.018 34 36 5 417 8 

U1352C_80R1 1323.69 Sandy marlstone IIB 6.92 25.94 0.42 0.019 22 29 47 412 10 

U1352C_81R1 1328.31 Sandy marlstone IIB 7.07 21.37 0.50 0.026 19 52 42 408 8 

U1352C_82R1 1332.75 Sandy marlstone IIB 7.22 26.40 0.51 0.016 32 40 9 418 9 

U1352C_85R2 1349.21 Sandy marlstone IIB 7.77 35.99 0.41 0.020 20 32 41 421 9 

U1352C_85R4 1351.41 Sandy marlstone IIB 7.85 12.96 0.16 0.026 6 29 21 407 13 

U1352C_86R2 1353.29 Sandy marlstone IIB 7.91 47.02 0.41 0.017 24 53 74 426 8 

U1352C_87R1 1362.75 Sandy marlstone IIB 8.23 38.06 0.28 0.011 25 21 50 421 11 

U1352C_88R2 1373.07 Sandy marlstone IIB 8.57 6.14 0.49 0.025 20 21 28 416 13 

U1352C_88R5 1378.29 Sandy marlstone IIB 8.74 4.02 0.21 0.024 9 39 - - 15 

U1352C_89R3 1384.35 Sandy marlstone IIB 8.95 6.53 0.44 0.022 20 70 70 423 11 

U1352C_89R4 1385.04 Sandy marlstone IIB 8.97 10.75 0.50 0.030 17 75 33 419 9 

U1352C_89R4 1385.71 Sandy marlstone IIB 8.99 13.69 0.69 0.041 17 59 37 421 8 

U1352C_90R1 1390.52 Sandy marlstone IIB 9.15 3.42 0.32 0.024 13 45 - 415 15 

U1352C_90R3 1393.40 Sandy marlstone IIB 9.25 28.62 0.99 0.056 18 22 49 429 13 

U1352C_91R1 1401.06 Sandy marlstone IIB 9.50 56.31 0.70 0.019 37 58 89 419 6 

U1352C_94R1 1428.92 Sandy marlstone IIB 10.44 43.31 0.45 0.020 23 33 41 427 6 

U1352C_94R6 1436.59 Sandy marlstone IIB 10.69 20.82 0.60 0.031 19 50 64 432 8 

U1352C_95R2 1440.21 Sandy marlstone IIB 10.79 36.27 0.43 0.022 19 26 31 426 9 

U1352C_99R1 1477.64 Sandy marlstone IIB 11.54 50.18 0.67 0.016 42 19 44 417 10 

U1352C_102RCC 1496.47 Sandy marlstone IIB 11.92 30.92 0.48 0.017 28 21 18 421 12 

U1352C_103R1 1506.70 Sandy marlstone IIB 12.12 39.31 0.53 0.018 30 20 23 422 10 

U1352C_103R2 1508.23 Sandy marlstone IIB 12.15 37.37 0.45 0.021 22 27 30 431 8 

U1352C_103R5 1513.24 Sandy marlstone IIB 12.25 17.07 0.34 0.025 14 20 43 414 11 

U1352C_104R1 1516.55 Sandy marlstone IIB 12.32 35.34 0.38 0.011 34 25 23 425 8 
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U1352C_105R1 1526.17 Sandy marlstone IIB 12.51 38.50 0.47 0.022 21 29 39 433 6 

U1352C_105R1 1526.20 Sandy marlstone IIB 12.52 45.32 0.67 0.018 38 27 44 431 11 

U1352C_106R4 1540.15 Sandy marlstone IIB 12.80 37.44 0.62 0.018 35 24 - 436 12 

U1352C_106R6 1542.35 Sandy marlstone IIB 12.84 17.26 0.42 0.017 25 23 21 428 9 

U1352C_107R2 1546.48 Sandy marlstone IIB 12.92 44.77 0.69 0.019 37 23 - 431 9 

U1352C_107R3 1549.21 Sandy marlstone IIB 12.98 52.93 0.52 0.017 30 35 19 431 7 

U1352C_108R4 1558.94 Sandy marlstone IIB 13.17 23.07 0.49 0.020 24 24 - 431 9 

U1352C_109R1 1565.29 Sandy marlstone IIB 13.30 46.18 0.50 0.022 22 66 16 428 5 

U1352C_109R3 1568.05 Sandy marlstone IIB 13.36 25.18 0.64 0.018 36 120 27 429 4 

U1352C_110R2 1575.83 Sandy marlstone IIB 13.51 13.12 1.02 0.038 26 120 27 429 4 

U1352C_110R3 1577.08 Sandy marlstone IIB 13.54 19.90 0.75 0.028 26 46 19 429 5 

U1352C_111R1 1584.74 Sandy marlstone IIB 13.69 8.41 0.52 0.027 20 33 - 415 9 

U1352C_111R4 1588.45 Sandy marlstone IIB 13.77 67.65 0.31 0.005 65 8 14  30 

U1352C_112R1 1594.11 Sandy marlstone IIB 13.88 63.14 0.28 0.006 44 41 - 432 7 

U1352C_112R3 1596.68 Sandy marlstone IIB 13.93 23.50 0.73 0.029 25 70 12 429 4 

U1352C_113R2 1605.23 Sandy marlstone IIB 14.11 54.49 0.98 0.012 82 47 7 432 6 

U1352C_113R4 1608.81 Sandy marlstone IIB 14.18 53.87 0.33 0.018 19 33 12 425 6 

U1352C_114R3 1617.03 Sandy marlstone IIB 14.34 40.30 0.40 0.016 26 73 - 428 4 

U1352C_114R4 1618.03 Sandy marlstone IIB 14.36 65.35 0.03 0.004 6 11 2 - 13 

U1352C_115R6 1630.35 Sandy marlstone IIB 14.61 19.18 1.37 0.037 37 67 8 427 6 

U1352C_115R6 1631.02 Sandy marlstone IIB 14.62 68.14 0.42 0.007 59 17 7 431 10 

U1352C_116R2 1634.30 Sandy marlstone IIB 14.69 67.37 0.27 0.007 39 10 16 441 18 

U1352C_116R3 1635.67 Sandy marlstone IIB 14.72 55.55 0.44 0.018 25 121 27 432 4 
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U1352C_117R6 
1649.0

6 
Sandy marlstone IIB 14.99 64.23 0.07 0.007 10 14 11 436 10 

U1352C_118R3 
1654.3

8 
Sandy marlstone IIB 15.09 44.64 0.29 0.015 19 17 9 428 10 

U1352C_118R3 
1654.8

5 
Sandy marlstone IIB 15.10 39.68 0.45 0.017 26 57 - 429 6 

U1352C_119R4 
1666.4

5 
Sandy marlstone IIB 15.34 9.78 0.71 0.036 20 54 11 434 6 

U1352C_119R4 
1666.6

8 
Sandy marlstone IIB 15.34 57.51 0.39 0.010 39 12 23 417 13 

U1352C_120R

CC 

1668.9

0 
Sandy marlstone IIB 15.39 30.97 0.70 0.022 32 40 25 425 6 

U1352C_120R

CC 

1669.2

4 
Sandy marlstone IIB 15.39 50.52 0.32 0.013 24 15 11 418 12 

U1352C_122R1 
1688.8

7 
Sandy marlstone IIB 15.79 41.44 0.53 0.019 27 19 - 430 7 

U1352C_122R2 
1690.2

6 
Sandy marlstone IIB 15.82 71.56 0.35 0.010 35 18 17 425 8 

U1352C_123R1 
1693.2

3 
Sandy marlstone IIB 15.88 29.39 0.70 0.019 36 36 - 414 8 

U1352C_123R2 
1694.6

5 
Sandy marlstone IIB 15.90 76.59 0.01 0.005 3 13 16 418 11 

U1352C_124R6 
1705.9

6 
Glauconitic sandstone interspersed with sandy marlstone IIC 16.13 56.91 0.32 0.010 31 12 14 429 14 

U1352C_125R2 
1709.4

1 
Glauconitic sandstone interspersed with sandy marlstone IIC 16.20 30.86 0.36 0.024 15 29 41 426 5 

U1352C_125R5 
1714.1

6 
Glauconitic sandstone interspersed with sandy marlstone IIC 16.30 55.25 0.22 0.006 36 30 37 431 7 

U1352C_126R3 
1720.5

1 
Glauconitic sandstone interspersed with sandy marlstone IIC 16.43 78.36 0.24 0.011 21 30 37 431 7 

U1352C_126R6 
1724.3

1 
Glauconitic sandstone interspersed with sandy marlstone IIC 16.50 78.14 0.24 0.005 46 20 22 426 18 

U1352C_127R2 
1728.0

6 
Glauconitic sandstone interspersed with sandy marlstone IIC 16.58 77.95 0.13 0.005 26 11 15 - 13 

U1352C_127R3 
1730.2

2 
Glauconitic sandstone interspersed with sandy marlstone IIC 16.62 40.39 0.51 0.018 29 34 25 434 5 

U1352C_128R1 
1736.3

8 
Glauconitic sandstone interspersed with sandy marlstone IIC 16.74 85.58 0.13 - - 15 19 425 11 

U1352C_128R5 
1741.6

9 
Glauconitic sandstone interspersed with sandy marlstone IIC 16.85 6.87 0.73 0.056 13 78 21 427 4 

U1352C_129R1 
1745.4

4 
Glauconitic sandstone interspersed with sandy marlstone IIC 16.93 80.16 0.24 0.002 115 - - - - 

U1352C_129R2 
1747.8

8 
Glauconitic sandstone interspersed with sandy marlstone IIC 16.98 76.06 0.10 0.004 24 21 54 428 17 
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U1352C_129R2 
1747.8

8 
Glauconitic sandstone interspersed with sandy marlstone IIC 16.98 36.77 0.29 0.020 14 42 44 431 8 

U1352C_130R2 
1757.2

0 
Glauconitic sandstone interspersed with sandy marlstone IIC 17.16 83.45 0.06 0.000 140 12 40 415 17 

U1352C_130R3 
1758.6

3 
Glauconitic sandstone interspersed with sandy marlstone IIC 17.19 29.39 0.33 0.021 16 27 33 425 6 

U1352C_130R4 
1760.4

4 
Glauconitic sandstone interspersed with sandy marlstone IIC 17.23 83.65 0.12 0.003 35 18 73 427 20 

U1352C_130R4 
1760.4

4 
Glauconitic sandstone interspersed with sandy marlstone IIC 17.23 31.36 0.24 0.012 20 27 44 421 7 

U1352C_131R2 
1766.9

8 
Glauconitic sandstone interspersed with sandy marlstone IIC 17.36 88.71 0.05 0.003 17 26 39 434 25 

U1352C_131R2 
1766.9

8 
Glauconitic sandstone interspersed with sandy marlstone IIC 17.36 29.25 0.16 0.016 10 23 37 422 9 

U1352C_131R2 
1767.1

3 
Glauconitic sandstone interspersed with sandy marlstone IIC 17.36 87.52 0.30 0.002 174 15 42 429 14 

U1352C_132R3 
1776.8

6 
Glauconitic sandstone interspersed with sandy marlstone IIC 17.56 67.38 0.22 0.007 33 15 44 426 6 

U1352C_132R3 
1777.3

8 
Glauconitic sandstone interspersed with sandy marlstone IIC 17.57 36.04 0.05 0.011 5 25 75 432 14 

U1352C_133R2 
1786.7

4 
Glauconitic sandstone interspersed with sandy marlstone IIC 17.76 28.83 0.18 0.023 8 38 40 433 5 

U1352C_134R1 
1794.1

8 
Glauconitic sandstone interspersed with sandy marlstone IIC 17.91 20.11 0.17 0.023 7 17 31 424 9 

U1352C_134R3 
1796.5

8 
Glauconitic sandstone interspersed with sandy marlstone IIC 17.96 85.31 0.04 0.001 41 13 21 - 17 

U1352C_135R1 
1803.8

4 
Glauconitic sandstone interspersed with sandy marlstone IIC 18.10 86.60 0.17 0.001 343 13 28 - 17 

U1352C_135R4 
1807.9

1 
Glauconitic sandstone interspersed with sandy marlstone IIC 18.18 23.47 0.11 0.018 6 26 26 434 7 

U1352C_136R3 
1816.8

6 
Glauconitic sandstone interspersed with sandy marlstone IIC 18.36 22.32 0.28 0.021 13 28 20 429 5 

U1352C_136R4 
1818.5

0 
Glauconitic sandstone interspersed with sandy marlstone IIC 18.40 29.98 0.17 0.016 10 21 11 429 20 

U1352C_136R5 
1818.8

6 
Glauconitic sandstone interspersed with sandy marlstone IIC 18.40 89.59 0.18 0.000 747 11 18 - 17 

U1352C_137R4 
1827.8

8 
Glauconitic sandstone interspersed with sandy marlstone IIC 18.59 90.82 0.14 0.001 220 - - - - 

U1352C_137R5 
1828.8

2 
Glauconitic sandstone interspersed with sandy marlstone IIC 18.60 49.17 0.06 0.007 8 17 17 436 20 

U1352C_138R1 
1832.8

4 
Glauconitic sandstone interspersed with sandy marlstone IIC 18.69 83.92 0.23 - - 8 18 433 20 
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U1352C_138R4 
1836.5

2 
Glauconitic sandstone interspersed with sandy marlstone IIC 18.76 89.15 0.52 0.001 877 11 3 - 20 

U1352C_138R4 
1837.7

3 
Glauconitic sandstone interspersed with sandy marlstone IIC 18.78 27.44 0.33 0.023 14 18 8 433 14 

U1352C_139R1 
1842.1

0 
Glauconitic sandstone interspersed with sandy marlstone IIC 18.87 25.64 0.12 0.016 7 12 10 422 20 

U1352C_139R1 
1842.3

6 
Glauconitic sandstone interspersed with sandy marlstone IIC 18.88 87.66 0.23 - - 11 25 - 17 

U1352C_140R1 
1851.2

6 
Glauconitic sandstone interspersed with sandy marlstone IIC 19.06 87.79 0.40 0.001 499 27 41 422 18 

U1352C_140R1 
1851.4

5 
Glauconitic sandstone interspersed with sandy marlstone IIC 19.06 78.44 1.46 0.001 1514 11 2 - 25 

U1352C_140R2 
1852.6

9 
Glauconitic sandstone interspersed with sandy marlstone IIC 19.08 96.44 0.77 0.092 8 29 0 - 22 

U1352C_141R1 
1861.6

9 
Glauconitic sandstone interspersed with sandy marlstone IIC 19.27 95.88 0.09 - - 12 33 - 20 

U1352C_143R2 
1877.2

0 
White, cemented, fine-grained limestone III 30.90 96.16 0.12 - - 13 43 - 20 

U1352C_144R4 
1884.2

4 
White, cemented, fine-grained limestone III 31.02 96.08 0.19 - - 14 31 - 20 

U1352C_145R3 
1892.9

0 
White, cemented, fine-grained limestone III 31.16 93.30 0.26 - - 13 58 424 25 

U1352C_146R3 
1902.4

7 
White, cemented, fine-grained limestone III 31.32 91.68 - - - 12 26 - 17 

U1352C_147R3 
1911.5

6 
White, cemented, fine-grained limestone III 31.47 90.12 0.09 - - 14 29 - 17 

U1352C_147R4 
1913.2

3 
White, cemented, fine-grained limestone III 31.50 37.89 0.54 0.013 40 17 20 427 12 

U1352C_147R6 
1916.3

1 
White, cemented, fine-grained limestone III 31.55 44.67 0.33 0.013 26 29 19 426 9 

U1352C_148R3 
1921.4

1 
White, cemented, fine-grained limestone III 31.63 51.59 0.50 0.011 45 26 27 424 11 

U1352C_148R5 
1924.0

3 
White, cemented, fine-grained limestone III 31.67 89.41 0.13 - - 9 13 - 14 

U1353B_88X1 510.09 
Dark greenish-grey, very fine sandy mud; and dark greenish-

grey mud 
II 12.03 0.54 0.11 0.013 8 25 - 408 30 

U1353B_90XC

C 
528.66 

Dark greenish-grey, very fine sandy mud; and dark greenish-

grey mud 
II 12.47 1.13 0.12 0.014 9 31 - 406 31 

U1353B_91XC

C 
537.63 

Dark greenish-grey, very fine sandy mud; and dark greenish-

grey mud 
II 12.68 4.15 0.08 0.011 7 24 - 401 27 

U1353B_92XC

C 
547.10 

Dark greenish-grey, very fine sandy mud; and dark greenish-

grey mud 
II 12.90 39.49 0.21 0.008 27 40 - 422 20 

U1353B_93X1 556.82 
Dark greenish-grey, very fine sandy mud; and dark greenish-

grey mud 
II 13.13 0.51 0.16 0.022 7 30 - 404 25 
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U1353B_94XC

C 
566.37 

Dark greenish-grey, very fine sandy mud; and dark greenish-

grey mud 
II 13.36 0.41 0.06 0.012 5 20 - 370 33 

U1353B_95X1 576.28 
Dark greenish-grey, very fine sandy mud; and dark greenish-

grey mud 
II 13.59 0.61 0.16 0.015 11 37 - 398 33 

U1353B_96X1 585.57 
Dark greenish-grey, very fine sandy mud; and dark greenish-

grey mud 
II 13.81 0.56 0.10 0.013 8 42 - 397 33 

U1353B_97XC

C 
595.13 

Dark greenish-grey, very fine sandy mud; and dark greenish-

grey mud 
II 14.04 0.83 0.11 0.013 9 32 - 397 29 

 

 

1Total organic carbon = total carbon (TC)-inorganic carbon; TC = (CaCO3/8.33); after Fulthorpe et al., 2011 

2TN = total nitrogen  

3Hydrogen Index = 100*S2/TOC; after Espitalié et al., 1977 

4Oxygen Index = 100*S3/TOC; after Espitalié et al., 1977 

5Tmax is the pyrolysis temperature at which the evolution rate of S2 is at a maximum;  after Espitalié et al., 

1986 

6Production Index = S1/(S1+S2)*100; after Espitalié et al., 1986 
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Table 2.2: Extractability of the organic matter (mg OM/g sediment) for the analysed IODP 

Expedition 317 samples, n-alkane and isoprenoid ratios, and n-alkanes distribution. 
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1 sq.c. = squeeze cake; c.s. = cut sample 

2Carbon Preference Index (CPI(22-32)) = C23+C25+C27+C29+C31/(C22+2*(C24+C26+C28+C30)+C32); after Bray 

and Evans, 1961 

31/Paq= (C23+C25+C27+C29+C31)/(C23+C25); after Ficken et al., 2000; Sickes et al., 2009 

4 Terrigenous/aquatic ratio (TAR) = (C27+C29+C31)/(C15+C17+C19); after Bourbonniere and Meyers, 1996 

10-38 = carbon numbers in n-alkane chain 

 

  



 

106 

 

Table 2.3: Hopane, tricyclic terpane, and tetracyclic terpane data for the analysed IODP 

Expedition 317 samples. 
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2
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y
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a
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U1351B_97X2 845.75 5.30 0.13 0.33 0.07 - 0.16 0.64 8.91 0.69 0.91 

U1351B_100X3 871.62 5.52 0.23 0.38 0.08 - 0.15 0.67 10.88 0.80 0.79 

U1351B_101X1 880.93 5.60 0.15 0.43 0.08 - 0.12 0.98 11.94 2.20 0.53 

U1351B_103X1 900.04 5.76 0.34 0.71 0.26 0.06 0.07 1.00 2.21 2.03 - 

U1351B_104X2 908.97 5.84 0.12 0.30 0.07 0.07 - 0.39 12.58 0.33 1.08 

U1351B_106X2 929.41 6.01 0.26 0.36 0.14 0.08 0.17 0.07 3.95 1.06 0.92 

U1351B_109X1 959.05 6.27 0.12 0.33 0.07 0.10 - 0.09 8.88 0.76 - 

U1351B_111X1 976.25 6.41 0.19 0.32 0.14 0.10 0.15 0.60 2.86 1.75 0.91 

U1351B_112X3 989.18 6.52 0.09 0.31 0.07 0.10 0.09 0.33 3.68 0.56 0.84 

U1351B_113X2 997.74 6.60 0.62 0.66 0.38 0.02 0.27 0.55 1.28 1.62 0.31 

U1352C_70R3 1249.85 4.45 0.15 0.95 0.11 0.05 - 0.85 2.19 0.65 - 

U1352C_71R6 1263.81 4.92 0.14 0.39 0.10 0.08 0.18 0.52 3.40 1.83 0.39 

U1352C_72R1 1265.98 4.99 0.17 0.47 0.13 0.04 0.10 0.30 2.33 - 1.49 

U1352C_73R4 1280.91 5.49 0.17 0.42 0.08 0.10 0.09 0.48 6.15 0.92 1.12 

U1352C_76R1 1305.02 6.30 0.23 0.43 0.09 0.08 0.09 0.34 3.45 1.08 - 

U1352C_77R1 1309.64 6.45 0.06 0.33 0.08 0.14 0.14 0.77 2.90 - 1.10 

U1352C_78R1 1314.52 6.61 0.20 0.37 0.08 0.16 0.12 0.40 3.12 1.35 - 

U1352C_79R2 1319.47 6.78 0.27 0.29 - 0.58 - 0.66 7.97 1.35 - 

U1352C_80R3 1326.05 7.00 0.18 0.38 0.10 0.13 0.13 1.30 2.55 1.67 0.90 

U1352C_85R4 1351.57 7.85 0.13 0.32 0.07 0.27 0.10 0.35 4.92 - 0.42 

U1352C_86R2 1353.80 7.93 0.08 0.38 0.07 0.08 0.05 0.21 2.10 - 0.50 

U1352C_90R2 1392.51 9.22 0.36 0.54 0.27 0.14 0.17 0.70 1.35 2.46 0.48 

U1352C_91R5 1406.54 9.69 0.14 0.50 0.10 0.03 - 0.38 2.02 1.57 - 

U1352C_95R2 1440.76 10.80 0.18 0.39 0.06 0.06 0.14 0.44 7.00 - - 

U1352C_102R 1496.43 11.92 - 0.45 - - - 0.40 - - - 

U1352C_103R5 1513.25 12.25 - 0.44 0.06 0.25 - 0.10 6.45 - - 

U1352C_104R2 1517.31 12.34 - 0.42 0.05 0.16 - 0.11 8.71 - - 
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U1352C_105R5 1532.33 12.64 - 0.57 0.08 - - 0.94 7.08 - - 

U1352C_106R6 1542.31 12.84 - 0.46 0.04 0.16 - 0.36 8.23 - - 

U1352C_107R6 1553.19 13.06 0.35 0.53 - 0.15 - 0.64 - - - 

U1352C_108R1 1554.61 13.09 0.43 0.77 0.15 0.04 - 0.52 2.92 - - 

U1352C_109R3 1568.52 13.37 0.31 0.54 0.09 0.21 0.13 0.55 5.35 - - 

U1352C_111R1 1584.24 13.68 - 0.41 0.05 0.30 - 0.40 11.66 - - 

U1352C_112R3 1596.68 13.93 - 0.35 0.05 0.54 - 0.92 16.34 - - 

U1352C_113R2 1605.98 14.12 0.15 0.42 0.05 0.28 0.10 0.43 11.40 - - 

U1352C_114R3 1617.04 14.34 - 0.42 0.04 0.23 - 0.49 13.78 - - 

U1352C_115R4 1628.21 14.57 0.06 0.20 0.03 0.13 0.17 1.93 13.93 - - 

U1352C_116R3 1636.89 14.74 0.82 0.84 0.36 0.15 0.24 0.75 1.36 - 0.31 

U1352C_117R6 1649.18 14.99 0.09 0.35 0.05 0.66 - - 13.49 - - 

U1352C_118R4 1655.27 15.11 - 0.42 0.04 0.38 - 0.93 13.86 - - 

U1352C_123R1 1692.95 15.87 0.13 0.45 0.06 0.21 - 0.49 11.48 0.25 - 

U1352C_124R1 1697.95 15.97 0.22 0.54 0.08 0.00 - 0.43 6.37 - - 

U1352C_125R4 1712.88 16.27 0.12 0.54 0.08 0.12 - 0.46 5.75 1.32 
 

U1352C_126R3 1720.51 16.43 0.15 0.54 0.09 0.10 - 0.50 4.71 1.61 0.58 

U1352C_127R3 1730.24 16.62 0.19 0.55 0.07 0.14 - 0.72 5.32 1.07 - 

U1352C_129R2 1747.88 16.98 0.15 0.52 0.10 0.14 - 0.61 3.93 1.01 1.07 

U1352C_131R2 1766.99 17.36 0.31 0.59 0.22 0.07 - 0.48 1.76 1.43 - 

U1352C_132R3 1776.88 17.56 0.10 0.46 0.07 0.32 0.13 0.89 6.62 - - 

U1352C_133R4 1788.83 17.80 0.73 0.81 0.45 0.15 0.21 0.76 1.04 - 0.17 

U1352C_134R1 1793.51 17.89 0.79 0.88 0.51 0.19 0.21 0.82 0.96 - 0.24 

U1352C_135R5 1809.40 18.21 - 0.57 0.23 - - 0.58 1.77 0.63 - 

U1352C_137R5 1828.83 18.60 0.78 0.89 0.50 0.19 0.22 0.79 0.96 - 0.17 

U1352C_139R1 1842.11 18.87 0.19 0.52 0.16 0.11 0.18 0.60 1.92 - - 

U1352C_145R2 1891.76 31.14 0.33 0.65 0.37 - - 0.50 0.93 - - 

U1352C_146R2 1900.92 31.29 0.41 0.76 0.27 - - 0.82 1.40 2.04 - 

U1353B_88X1 510.09 12.03 0.28 0.83 0.32 0.05 0.16 1.10 1.86 2.55 - 
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U1353B_93X1 556.82 13.13 0.41 0.64 0.18 - 0.34 1.13 3.29 1.48 - 

U1353B_95X1 576.28 13.59 0.37 0.75 0.31 0.06 0.27 0.84 1.71 2.14 - 

U1353C_96X1 585.57 13.81 0.26 0.37 0.11 - - 0.90 12.68 1.30 - 

 

Ts: C27 18α-trisnorneohopane  

Tm: C27 17α-trisnorhopane  

C30  αβ hopane: 17α,21β(H)-hopane 

C30  βα hopane: 17β,21α(H)-hopane 

C31 αβ hopane 22S: 17α,21β(H)-22S homohopane 

C31 αβ hopane 22R: 17α,21β(H)-22R homohopane 

C29 αβ hopane - 17α,21β(H)-30-norhopane 
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Table 2.4: Sterane, diasterane, and aromatic hydrocarbon data for the analysed IODP 

Expedition 317 samples. 
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U1351B_97X2 845.75 5.30 34 21 45 7.9 0.74 0.47 0.14 0.16 0.19 32.0 0.41 0.55 0.73 118 

U1351B_100X3 871.62 5.52 26 20 54 8.9 0.48 0.38 0.21 0.26 0.37 14.7 0.46 0.34 0.60 103 

U1351B_101X1 880.93 5.60 18 22 60 3.9 0.30 0.38 0.12 0.14 0.23 - 0.40 - - - 

U1351B_103X1 900.04 5.76 22 29 49 3.4 0.44 0.60 0.26 0.36 0.31 - 0.50 - - - 

U1351B_104X2 908.97 5.84 32 27 41 4.9 0.78 0.65 0.14 0.16 0.14 41.3 0.41 0.44 0.66 110 

U1351B_106X2 929.41 6.01 29 29 42 4.2 0.70 0.70 0.13 0.15 0.10 11.3 0.40 0.44 0.66 111 

U1351B_109X1 959.05 6.27 29 33 38 3.7 0.77 0.88 0.08 0.09 0.08 - 0.37 0.46 0.67 112 

U1351B_111X1 976.25 6.41 26 32 42 5.5 0.62 0.75 0.08 0.09 0.12 20.9 0.37 0.31 0.59 100 

U1351B_112X3 989.18 6.52 31 36 33 6.7 0.93 1.07 - - 0.02 - - 0.49 0.69 114 

U1351B_113X2 997.74 6.60 25 37 39 8.7 0.64 0.95 0.37 0.60 - - 0.62 - - - 

U1352C_70R3 1249.85 4.45 29 39 32 3.2 0.90 1.23 - - 0.05 8.4 - 0.26 0.56 97 

U1352C_71R6 1263.81 4.92 42 32 26 3.1 1.58 1.21 - - 0.05 0.6 - 0.24 0.54 94 

U1352C_72R1 1265.98 4.99 34 33 33 4.6 1.04 1.00 0.13 0.15 0.27 - 0.40 - - - 

U1352C_73R4 1280.91 5.49 39 26 35 4.6 1.11 0.75 0.14 0.17 0.14 - 0.41 - - - 

U1352C_76R1 1305.02 6.30 39 26 35 6.7 1.11 0.74 0.11 0.13 0.21 - 0.39 - - - 

U1352C_76R1 1305.04 6.30 - - - - - - - - - - - - - - 

U1352C_77R1 1309.64 6.45 36 33 31 3.7 1.17 1.05 - - 0.03 - - - - - 

U1352C_78R1 1314.52 6.61 32 32 36 5.0 0.88 0.90 0.06 0.06 0.17 - 0.36 - - - 

U1352C_79R2 1319.47 6.78 - - - - - - - - - - - - - - 

U1352C_80R3 1326.05 7.00 35 32 34 5.9 1.03 0.94 0.08 0.08 0.20 - 0.37 - - - 

U1352C_81R1 1328.03 7.07 - - - - - - - - - - - 0.42 0.65 109 

U1352C_85R4 1351.57 7.85 33 28 38 2.9 0.87 0.74 - - - - - - - - 

U1352C_86R2 1353.80 7.93 35 28 37 4.5 0.95 0.74 - - - - - - - - 

U1352C_87R4 1367.05 8.37 - - - - - - - - - - - - - - 

U1352C_88R5 1378.31 8.74 - - - - - - - - - - - - - - 

U1352C_89R3 1384.35 8.95 - - - - - - - - - - - - - - 

U1352C_89R4 1385.71 8.99 - - - - - - - - - - - - - - 

U1352C_90R2 1392.51 9.22 32 36 32 6.3 1.00 1.13 0.13 0.16 0.30 - 0.41 - - - 

U1352C_91R5 1406.54 9.69 41 27 32 5.2 1.30 0.84 0.29 0.42 0.12 0.3 0.53 0.14 0.48 85 
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U1352C_94R5 1435.75 10.66 - - - - - - - - - - - 0.47 0.68 112 

U1352C_95R2 1440.76 10.80 40 23 37 4.6 1.08 0.63 - - - 0.5 - - - - 

U1352C_102R 1496.43 11.92 - - - - - - - - - - - - - - 

U1352C_103R5 1513.25 12.25 - - - - - - - - - - - - - - 

U1352C_104R2 1517.31 12.34 - - - - - - - - - - - - - - 

U1352C_105R5 1532.33 12.64 - - - - - - - - - 0.8 - 0.43 0.66 110 

U1352C_106R6 1542.31 12.84 - - - - - - - - - - - - - - 

U1352C_107R6 1553.19 13.06 39 - 61 6.9 0.63 - 0.42 0.71 - - 0.68 - - - 

U1352C_107R6 1553.57 13.07 - - - - - - - - - - - - - - 

U1352C_108R1 1554.61 13.09 26 26 47 - 0.56 0.56 - - - - - - - - 

U1352C_109R3 1568.52 13.37 31 35 35 3.6 0.88 1.01 - - - 0.6 - - - - 

U1352C_110R2 1575.84 13.51 - - - - - - - - - - - - - - 

U1352C_111R1 1584.24 13.68 29 33 38 3.2 0.77 0.88 - - - 0.5 - 0.11 0.47 82 

U1352C_112R3 1596.68 13.93 31 32 37 2.8 0.84 0.87 - - - 0.7 - 0.19 0.51 90 

U1352C_113R2 1605.98 14.12 - - - - - - - - - 0.9 - 0.18 0.51 89 

U1352C_114R3 1617.04 14.34 29 33 38 3.2 0.77 0.88 - - - 1.0 - 0.21 0.52 92 

U1352C_115R4 1628.21 14.57 - 26 74 11.4 - 0.34 - - - 1.5 - 0.37 0.62 105 

U1352C_116R3 1636.89 14.74 22 26 52 9.1 0.43 0.50 0.33 0.50 - - 0.58 - - - 

U1352C_117R6 1649.18 14.99 29 37 34 3.5 0.86 1.08 - - - 0.5 - - - - 

U1352C_118R4 1655.27 15.11 28 39 33 4.3 0.85 1.20 - - - 0.6 - 0.25 0.55 95 

U1352C_122R1 1688.35 15.78 - - - - - - - - - 0.6 - 0.19 0.51 90 

U1352C_123R1 1692.95 15.87 28 24 48 5.5 0.58 0.50 0.26 0.35 0.26 - 0.50 0.73 0.84 129 

U1352C_124R1 1697.95 15.97 28 24 48 11.3 0.57 0.51 0.34 0.51 0.57 1.1 0.58 0.25 0.55 96 

U1352C_125R2 1709.42 16.20 - - - - - - - - - 0.8 - 0.27 0.56 97 

U1352C_125R4 1712.88 16.27 40 20 40 6.3 1.00 0.50 0.32 0.46 0.21 - 0.56 0.63 0.78 123 

U1352C_126R3 1720.51 16.43 52 16 33 4.2 1.59 0.49 0.32 0.48 0.07 5.1 0.56 0.47 0.68 113 

U1352C_127R3 1730.24 16.62 37 34 30 3.4 1.25 1.14 0.24 0.31 0.03 - 0.48 - - - 

U1352C_128R5 1741.71 16.85 - - - - - - - - - - - - - - 

U1352C_129R2 1747.88 16.98 34 33 33 4.2 1.01 0.99 0.24 0.32 0.02 - 0.49 0.48 0.69 114 

U1352C_130R4 1760.44 17.23 - - - - - - - - - - - - - - 

U1352C_131R2 1766.99 17.36 38 26 36 5.4 1.05 0.70 0.29 0.40 0.13 - 0.53 - - - 
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U1352C_132R3 1776.88 17.56 - 56 44 6.0 - 1.27 - - - - - 0.41 0.65 108 

U1352C_133R3 1786.76 17.76 - - - - - - - - - - - - - - 

U1352C_133R4 1788.83 17.80 26 26 48 10.1 0.54 0.53 0.33 0.49 - - 0.57 - - - 

U1352C_134R1 1793.51 17.89 21 32 47 8.5 0.46 0.69 0.38 0.61 - - 0.63 - - - 

U1352C_135R5 1809.40 18.21 - - - - - - - - - - - - - - 

U1352C_136R4 1818.51 18.40 - - - - - - - - - - - - - - 

U1352C_136R5 1818.59 18.40 - - - - - - - - - - - - - - 

U1352C_137R5 1828.83 18.60 24 28 48 8.3 0.51 0.57 0.38 0.62 - - 0.63 - - - 

U1352C_138R4 1837.74 18.78 - - - - - - - - - - - - - - 

U1352C_139R1 1842.11 18.87 34 20 46 - 0.73 0.45 0.14 0.16 - - 0.41 - - - 

U1352C_140R1 1851.46 19.06 - - - - - - - - - - - - - - 

U1352C_143R1 1875.04 30.87 - - - - - - - - - - - - - - 

U1352C_144R4 1884.51 31.02 - - - - - - - - - - - - - - 

U1352C_145R2 1891.76 31.14 29 46 25 3.4 1.14 1.81 - - 0.03 - - - - - 

U1352C_146R2 1900.92 31.29 32 34 34 5.9 0.92 0.99 - - 0.14 - - - - - 

U1352C_147R4 1913.24 31.50 - - - - - - - - - - - - - - 

U1352C_148R5 1917.90 31.57 - - - - - - - - - - - - - - 

U1353B_88X1 510.09 12.03 20 32 48 - 0.40 0.66 0.21 0.27 0.30 - 0.46 - - - 

U1353B_93X1 556.82 13.13 21 28 51 - 0.42 0.54 0.18 0.22 0.51 - 0.44 - - - 

U1353B_95X1 576.28 13.59 17 26 56 - 0.31 0.47 0.22 0.29 0.56 - 0.47 - - - 

U1353C_96X1 585.57 13.81 23 20 57 5.3 0.40 0.35 0.13 0.14 0.31 - 0.40 - - - 
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C27, C28 and C29 ααα R sterane: 5α,14α,17α(H)-20R steranes 

C30 sterane index = C30/(C27+C28+C29+C30) αααR steranes 

MPI = Methylphenanthrene Index: (1.5*(3-MP+2-MP)/(P+9-MP+1-MP) 

MP: Methylphenanthrene 

P: Phenanthrene 

Rc: Calculated reflectance, based on Radke et al., 1986 

VRE: Calculated vertinite reflectance, based on Sofer et al., 1993:  

(0.49x(C29 ααα 20S/20R steranes))+0.33) 

MaxT: maximum temperature, based on Wang et al. (2005) 
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Abstract 

The climate during the Cenozoic was influenced by major tectonic and eustatic changes. The 

New Zealand region was surrounded by tropical and subtropical seas until the Miocene. The 

planktonic foraminifera and δ18O records suggest warm SSTs at the Oligocene/Miocene 

boundary for the region. The Southern Hemisphere experienced rapid climate change 

especially during the Neogene, becoming cooler much faster than the Northern Hemisphere.  

The main purpose of the International Ocean Discovery Program Expedition 317 in the 

Canterbury Basin, New Zealand was to compare the relative influence of local tectonics and 

global sea level changes on sediments accumulated on the continental shelf and slope off the 

east coast of the South Island. The recovered cored sediments dated from the early Oligocene 

to the Holocene, and there was a particular focus on the sequence stratigraphy of the last 19 

Ma. The interpretation of global eustatic and climatic transformations suggest that cooler 

Neogene seawater conditions were coupled with a decrease in global sea levels. In this work 

Cenozoic biomarker records were used to reconstruct sea surface temperature (SST) 

variations along with varying terrestrial organic matter inputs so as to distinguish climatic 

variations in the area. These organic records were compared to fossil and palynological 

investigations in the region, and may hold the key to understanding the mechanism for 

climatic variations in the Southern Hemisphere. 

Interpretation of glycerol dialkyl glycerol tetraether lipids (GDGTs) suggests a warm SST of 

29.8ºC at the Oligocene/Miocene boundary in the Canterbury Basin. A slow SST decrease is 

recorded from the early Miocene as cooler subtropical palaeo-currents and later on intrusions 

of cold sub-Antarctic currents started to influence ocean temperatures, especially around the 

east coast of New Zealand. This influence is increased from the middle Miocene, ~ 15 Ma. 

These reconstructions are supported by land fossil records from New Zealand, which show 

warm environments for the first part of the Neogene. 



 

115 

 

3.1. Introduction 

The Cenozoic era represents the last 66 million years and is characterised by significant climate 

variations (e.g., Zachos et al., 2001; Zachos et al., 2008). Distinguishing between local tectonic and 

global climatic triggers in Cenozoic is a challenging task (Zachos et al., 2008). Global sea-level 

changes (eustasy) are influenced by high tectonic activity (Haq et al., 1987; Van Sickel et al., 2004) 

and quasi-periodic oscillations in Earth’s orbital parameters (eccentricity, obliquity, and precession), 

currently considered to be the main source of these variations (Miller et al., 2005; Zachos et al., 2008). 

On the other hand, local or regional tectonic activity also had very significant impacts on the 

distribution of sediments and life on the continental margins (Van Sickel et al., 2004). 

Climate variations during the Cenozoic were influenced by major tectonic and eustatic 

deviations (Haq et al., 1987; Head and Nelson, 1994; Abreu and Anderson, 1998; Hardenbol 

et al., 1998; Zachos et al., 2001; Van Sickel et al., 2004). During the Cenozoic the Southern 

Hemisphere experienced rapid climate change (Kennett et al., 1974; Moss and McGowran, 

1993; Exon et al., 2004), influenced by ice accumulation in Antarctica as well as plate 

tectonic movements (Barker et al., 2007; DeConto et al., 2007; Cristini et al., 2012). The 

climate in the Southern Hemisphere became cooler much faster than in the Northern 

Hemisphere, with glaciation over Antarctica (Barker et al., 2007). Of the possible glaciation 

that have triggered the development of the Antarctic Circumpolar Current (Kennett et al., 

1974; Kennett, 1977), a decrease in atmospheric carbon dioxide (pCO2) levels (Zachos et al., 

2001; DeConto and Pollard, 2003), global tectonic activity, land uplift (e.g., Raymo and 

Ruddiman, 1992), and variations in ocean circulation (Lawver and Gahagan, 2003) have been 

suggested to be the probably causes.  

Cenozoic sea surface temperatures (SST) and changes in global ice volume levels are usually 

reconstructed based on the δ18O and Mg/Ca ratios from foraminiferal records (Keigwin and 

Keller, 1984; Shackleton and Pisias, 1985; Miller et al., 1991). These records suggest a global 

SST decrease during the last 50 Ma (from the early Eocene) (Zachos et al., 2001; Zachos et 
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al., 2008). In addition, during the Cenozoic the global climatic optima that are related to high 

temperature levels, warm poles and no ice cover are associated with high pCO2 (Zachos et al., 

2001). The CO2 levels have been calculated using various proxy data sets, such as boron, 

alkenones, and nahcolites from marine and lacustrine environments (Royer, 2006). Other 

greenhouse gases such as methane show quite similar trends related to the palaeoclimate 

reconstructions of the Cenozoic (MacDonald, 1990). 

Global accumulation and melting of ice cover is strongly related to eustatic sea-level changes. 

Both processes are also related to the temperature variations (Haq et al., 1987; Van Sickel et 

al., 2004). The signal of eustatic variations can be found in regional sedimentary records on 

continental margins (Posamentier, 1988; Kominz et al., 1998; Van Sickel et al., 2004). The 

sequence modelling described by Haq et al. (1987) is widely used nowadays. New eustatic 

models based on the Siberian Platform (Sahagian et al., 1996) and the New Jersey Margin 

(Van Sickel et al., 2004) sediments show some variation to the classical study. Strong 

disagreements in eustatic reconstructions can be observed the first half of the Neogene (to 11 

Ma). Studies also suggest that Cenozoic sea level changes are influenced by large continental 

ice sheet accumulation, which can be responsible for large (>100 m) sea-level fluctuations 

(Haq et al., 1987; Pitman and Golovchenko, 1991). Correlation between global ice cover and 

sea level fluctuations for the late Cenozoic were shown by John et al. (2004) and Miller et al. 

(2005). However, fluctuations of up to 25 m in sea level can be related to relatively modest 

climate changes and ice volume fluctuations (Miller et al., 1998; Miller et al., 2003; Van 

Sickel et al., 2004).  

Mg/Ca ratios and alkenones (Müller et al., 1998) have been used to reconstruct the SST to 

have been above 29ºC around 13.8 Ma in the eastern southern Atlantic, with a significant 

decrease of about 4ºC around 13 Ma (Badger et al., 2008; Badger et al., 2013). During the 

same time the Antarctic ice sheet expansion occurred, represented by large fluctuations in 

marine carbonate δ13C and δ18O (Zachos et al., 2001). The increase in marine carbonate δ13C 
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was correlated to the increase in organic carbon followed by a decrease in atmospheric pCO2 

(Flower and Kennett, 1993a; Flower and Kennett, 1993b, 1994). The decrease in pCO2 is 

commonly interpreted to be related to a global temperature decrease (Miller et al., 1991; 

Flower and Kennett, 1994). An alternative correlation between benthic foraminifera δ13C and 

ice sheet expansion has been proposed as well (Pagani et al., 1999; Lear et al., 2004). In this 

interpretation, the accumulation of the ice sheet was the main cause of the decrease in silicate 

basement surface in the region that was responsible for the pCO2 sinking.   

A relatively high pCO2 has been reported throughout the Miocene (Kürschner et al., 2008; 

Foster et al., 2012). These studies report a decrease in pCO2 from ~16 Ma to 13 Ma. Changes 

in pCO2 were determined based on δ11B-CO2 and δ13C-CO2 measurements and have also been 

correlated to the rise and fall of sea level (Foster and Rohling, 2013). Values between ~200 

and ~300 ppm CO2 were associated with -10 to +20 m sea level variations, with an error 

range of ±10 m, for the Miocene to the Pleistocene. The earlier Oligocene and Eocene periods 

were characterised by much higher CO2 levels (>650 ppm) with significantly higher sea levels 

during this period (to +70 m) (Foster and Rohling, 2013).  

Correlations between global atmospheric pCO2, ice sheet build up, and sea level changes 

during the Cenozoic have been suggested (Foster and Rohling, 2013). It was noted that 20-30 

m higher sea levels during the Pliocene and Miocene were correlated to CO2 levels between 

400 and 280 ppm, and overlap with a decrease of Greenland ice cover and western Antarctic 

ice accumulation (Miller et al., 2003; Miller et al., 2005).  

Global cooling was recorded by the δ18O of benthic foraminifera from the late Miocene until 

the Quaternary (Atkins, 2001; Zachos et al., 2001; Molnar, 2004). Major ice formation in the 

east and west Antarctic regions lead to a decrease in sea levels by 45-70 m during the middle 

Miocene. This caused increase in sedimentary input from rivers to the continental palaeo-

shelf due to lowering of the base level, migration of the shoreline towards the ocean, and 
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creation of additional river channels in the exposed sediment (Molnar, 2004; Miller et al., 

2005).  

Simulations of global late Miocene terrestrial temperatures between 11.6-5.3 Ma show 

warmer conditions than the modern climate, with mean annual air temperatures (MAAT) 

3.8ºC higher than preindustrial ones (Lunt et al., 2008), while New Zealand MAAT was about 

3ºC higher. Steppuhn et al. (2006) used a simulation to calculate that the late Miocene MAAT 

for the Australasian region was between 15.6 ºC and 26.6 ºC.  

The modern New Zealand (NZ) subcontinent lies at the interface between the southwest 

Pacific Ocean and the Southern Ocean (Nelson and Cooke, 2001; Tomczak and Godfrey, 

2013). Tectonic reconstructions show significant movement of the New Zealand land mass to 

the north for the last 40 million years (King, 2000). These models also suggest the presence of 

some New Zealand land mass from the Oligocene (King, 2000) for the South Island, and the 

first appearance of the Southern Alps as early as the middle Miocene (~11 Ma) (Wood and 

Stagpoole, 2007). Rapid uplift of the Southern Alps with an associated significant increase of 

the land mass is proposed from 7-6 Ma (Nelson and Cooke, 2001).  

The Eastern New Zealand Oceanic Sedimentary System (ENZOSS) is another model that 

integrates climatic, geological, and oceanographic factors controlling sediment accumulation 

in the Pacific Ocean during the Cenozoic (Carter et al., 2004). The results of ODP Leg 189 

(Exon et al., 2001) added additional information regarding the palaeo-circulation off shore 

New Zealand and Tasmania, and allowed the ENZOSS model to be updated (Carter et al., 

2004).  

Until the Oligocene, New Zealand was surrounded by tropical and subtropical seas. For 

example, planktonic foraminifera (Jenkins, 1965) and δ18O (Shackleton and Kennett, 1975) 

records suggest warm SSTs at the Oligocene/Miocene boundary for the New Zealand region.  
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During the late Oligocene to early Miocene the terrigenous input from the New Zealand 

landmass was low, because of the long lasting, major land flooding that started ~80 Ma, and 

was controlled by variations in the sea level (Carter and Norris, 1976; Fulthorpe et al., 1996; 

King, 2000). 

During the Neogene the Antarctic oceanic front developed (Lawver et al., 1992; Nelson and 

Cooke, 2001). This caused a decrease in the SST around New Zealand from the early 

Miocene, as cooler subtropical palaeo-currents and later on the cold intrusions of the sub-

Antarctic currents started to influence the ocean temperature, especially around the east coast 

of New Zealand (Nelson and Cooke, 2001). Other studies suggest that less pronounced 

erosional phases, with brief hiatuses happening at ~17 Ma and 14.5 Ma (Carter and Wilkin, 

1999; Hall et al., 2003), were related to the cold periods linked to episodes of East Antarctic 

ice sheet expansion (Barrett et al., 1987; Miller et al., 1991; Flower and Kennett, 1995). These 

influences increased from the middle Miocene, ~ 15 Ma. These reconstructions are supported 

by land fossil records from New Zealand, which show warm-water environments for the first 

part of the Neogene (Chaproniere, 1984; Beu et al., 1997). During the late Miocene the 

terrigenous supply from New Zealand increased due to rapid uplift and erosion of the 

Southern Alps (Walcott, 1998; Carter et al., 2004).  

The modern New Zealand mass land is a part of the New Zealand Plateau that rifted from 

Antarctica ~80 Ma (Molnar and Tapponnier, 1975). The South Island of New Zealand is part 

of the continent-continent convergence between the Australian and Pacific plates (Norris et 

al., 1990). This tectonic activity started between 8 and 6 Ma and caused the uplift of the 

Southern Alps. Multiple studies have dated the beginning of the Southern Alps uplift (Mason, 

1961; Adams, 1981; Adams and Gabites, 1985; Tippett and Kamp, 1993; Batt et al., 

2000).The latest K-Ar dating of biotite and muscovite puts the beginning of movement on the 

Alpine Fault by at least 8 Ma (Batt et al., 2004).  
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Botanical investigations on the South and North islands show a relatively young biota dating 

from the Oligocene (Pole, 1994). Further botanical studies suggest that the main land mass 

was submerged during the late Oligocene (Landis et al., 2008) and reappeared above sea level 

after 30 Ma (Waters and Craw, 2006; Landis et al., 2008). Recent plant fossil and charcoal 

discoveries show that the South Island of New Zealand was not fully submerged for least 30 

Ma (Lee et al., 2012). Research on cicada adaptation to temperature change in New Zealand 

(Fleming, 1975) suggested subtropical to tropical conditions during the middle Miocene. 

Warm sea surface temperatures (SSTs) in the New Zealand area are possibly correlating to 

closure of the Indonesian gateway in the middle Miocene (Nelson and Cooke, 2001), and 

presumably meant warmer land temperatures and higher precipitation levels (Folland and 

Salinger, 1995; White and Cherry, 1999). Lu et al. (2005) suggests, after Hornibrook (1992), 

that there is a warm tropical climate in New Zealand during most of the Miocene, and that this 

is changing in the end of the late Miocene to cooler, less stable temperatures, influenced by 

the glacial cycles that became dominant in the Pliocene. A decrease in New Zealand 

temperatures coincides with a decrease in global sea levels (Haq et al., 1987). The results 

suggest that sub-Antarctic SSTs dominated the New Zealand area from the Pliocene, thus 

cooling the water in the Canterbury Basin to the modern 13ºC (World Sea Temperature, 

2017). These changes coincide with the expansion of the West Antarctic ice-sheet during the 

last part of the late Miocene, that is followed by an increase in ice cover in the Northern 

Hemisphere (Zachos et al., 2001). Global δ18O records show a similar trend for 

reconstructions of the New Zealand area, with a constant temperature decrease from the 

middle Miocene climatic optimum (Nelson and Cooke, 2001; Zachos et al., 2001).   
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Figure 3.1 Drilled and proposed Expedition 317 sites, with multichannel seismic (MCS) 

commercial low-resolution grid. Blue curved lines show the distribution of seismically 

resolvable sediment drifts (Fulthorpe et al., 2011). 

 

The main purpose of the International Ocean Discovery Program (IODP) Expedition 317, 

which occurred from November 2009 to January 2010 in the Canterbury Basin, New Zealand 

(Fig. 3.1), was to compare the relative influence of local tectonics and global sea level 

changes on sediments accumulated on the continental shelf and slope off the east coast of the 

South Island. The recovered cored sediments dated from the early Oligocene to the Holocene, 

and there was a particular focus on the sequence stratigraphy of the last 19 million years, 

when global sea level changes were dominated by glacioeustasy (Fulthorpe et al., 2011). 

Sedimentary sequences (Fig. 3.1) were drilled in a transect of three sites on the continental 

shelf (landward to basinward, Sites U1353, U1354, and U1351) and one on the continental 

slope (Site U1352) (Fulthorpe et al., 2011). The Canterbury Basin sedimentary record 
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provides a unique opportunity for examining the accumulated biomarker signal in the region. 

A global climatic optimum and temperature increase at the early/middle Miocene boundary, 

together with the increasing land mass of the sub-continent based on an increase in 

sedimentation rates since the middle Miocene (Lu et al., 2005), shows a gradual 

intensification in the amount of land vegetation. Interpretation of global eustatic and climatic 

transformations suggest that cooler Neogene seawater conditions were coupled with a 

decrease in global sea levels (Zachos et al., 2001; Van Sickel et al., 2004). Moreover, Cramer 

et al. (2011) suggested a linear correlation between increase in ice sheet cover and δ18O, 

showing a temperature influence on global climate. Therefore, the influence of this climate 

shift on the accumulation and preservation of organic matter in the marine sediments is 

expected.  

This study aims to examine the organic geochemistry of the Cenozoic marine sediments 

recovered during Expedition 317 to reconstruct variations in SST and terrigenous organic 

matter inputs, and to distinguish climate variations in the area. The organic geochemical data 

are compared with investigations of fossils and palynology, which together hold the key to 

understanding the dramatic climatic variations in the Southern Hemisphere that influenced 

global flora and fauna dramatically (Fleming, 1975; Warny et al., 2009; Lee et al., 2012). The 

study aims to examine the transition from tropical and subtropical environments to 

subantarctic environments in New Zealand during the second part of the Cenozoic.  

 

3.2. Material and Methods 

3.2.1. Age model, lithology and sampling 

This study is based on a set of sedimentary samples from three drilling sites: U1351, U1352, 

and U1353 (Fig. 3.1). The age model for each site is based on the shipboard study of 

calcareous nannofossils, diatoms, and planktonic and benthic foraminiferas (Fulthorpe et al., 
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2011). Overall, hydrocarbon and biomarker contents were determined for 108 samples. The 

lithological unit definitions for each of the sites were based on the observed variation in 

lithology in the cores (Fig. 3.2) (Fulthorpe et al., 2011; Marsaglia et al., 2017). In general, 

Unit I is heterogeneous, containing a wide variety of facies including interbedded terrigenous 

lithologies and green marls, and calcareous beds with sharp (or bioturbated) bases. Unit II is 

divided into three sub-units A-C and dominated by mud or muddy sand, with lower 

percentages of carbonate components, and less frequent greenish calcareous beds in Sites 

U1351 and U1353. A homogeneous sandy marlstone is part of Unit II in Site U1352. Unit III 

(Oligocene–Eocene) in U1352 is composed of limestones, deposited in truly oceanic 

environments, with little to no terrigenous sediment input.  

The U1353 Site is the most onshore of the shelf sites from Expedition 317 (Fig. 3.1). Hole B 

at the U1353 Site is characterised by dark greenish-grey, micaceous very fine sandy-mud and 

mud (Fulthorpe et al., 2011). The Miocene/Pliocene boundary was not detected from the 

biostratigraphical data (Fig. 3.2). However, stratigraphic correlation suggests that the 510.52–

518.66 meters below sea floor (mbsf) interval could be dated to 12.03 Ma. In addition, the 

deepest sample from this site has a biostratigraphical assemblage dated to middle to early 

Miocene. Based on that, the four samples that were analysed from this site are from the 

middle to late Miocene (Fulthorpe et al., 2011). 

Site U1351 was located on the outer continental shelf (Fig. 3.1). Lower Pliocene–late 

Miocene sediments are characterised by low levels of erosion (Fulthorpe et al., 2011). The 

Miocene section of the site was mainly dated using planktonic foraminifers, which showed a 

major depositional hiatus of ~3.4 million years between 7.07 Ma and 10.50 Ma (Fig. 3.2). The 

bottom of Hole B at the U1351 Site was dated as late Miocene (10.60–10.91 Ma). All eight 

analysed samples are from lithological Unit II, dated to the late Miocene (Table 3.1). Unit II 

is composed of dark greenish grey to greenish black sandy mud, muddy sand and shell hash. 
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The mineralogy suggests a dominant provenance from the southerly Otago Schist (Fulthorpe 

et al., 2011). 

Site U1352 was located on the upper slope within the Canterbury Basin and is the most 

basinward site in this study (Fig. 3.1). Lipid contents were determined for 96 samples from 

three lithological units. Unit I was dated between the Holocene and mid-Pliocene. This unit 

contains predominantly mud-rich sediments, mainly calcareous sandy muds (Fulthorpe et al., 

2011; Marsaglia et al., 2017). Forty six samples were analysed from this unit. Lithological 

Unit II consists of homogenous calcareous mud and sandy marlstone, which was dated by 

foraminifera and nannofossil proxies (Table 3.1) which show that the late Miocene/early 

Pliocene boundary is between 1266 and 1284 mbsf (Fig. 3.2). The unit is divided into three 

subunits: IIA (711–1189 mbsf) is defined as homogenous marl and bioturbated marlstone; IIB 

(1189–1694 mbsf) is defined as dark-coloured mudstone beds which increase in frequency 

toward the base  
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Figure 3.2: Chronostratigraphic framework and biostratigraphic ages of predicted seismic 

sequence boundary units across the Expedition 317 drilling transect. Pleistocene ages are 

derived from calcareous nannofossils (Fulthorpe et al, 2011).  

 
of the subunit; IIC (1694–1853 mbsf) contains a gradual progression from marlstone to 

limestone. Forty two samples were analysed from lithological Unit II, which are characterised 

by hemipelagic and pelagic sedimentation in Hole C (1275–1851 mbsf). The Miocene part of 
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Unit II consists of a low frequency of dark-coloured mudstone beds. There are also hiatuses in 

deposition between 1394 and 1410 mbsf, where at least 5 million years are missing, and 

between 1487 and 1497 mbsf, where 1.3 million years are missing. The lower part of Unit II 

consists of a gradual progression from marlstone to limestone with frequent glauconitic 

laminae and beds. There is a large unconformity of 11-12 million years between 1851 and 

1875 mbsf (Fulthorpe et al., 2011).  

The early Oligocene to Eocene sediments with hemipelagic to pelagic foraminifer-bearing 

nannofosil limestones and minor amounts of quartz and clay were identified as lithological 

Unit III (Fulthorpe et al., 2011). This unit is correlative to the onshore Amuri Limestone 

(Marsaglia et al., 2017). One long unconformity from 19–30.1 Ma (1903 –1917 mbsf) is 

present in Unit III, and the bottom part of Hole C was dated to 35.2–36.0 Ma in the Eocene 

(Fulthorpe et al., 2011). Eight samples representing Unit III, below 1875 mbsf, were analysed. 

 

3.2.2. Solvent extraction and fractionation of lipids 

The lipid analyses for glycerol dialkyl glycerol tetraether lipids (GDGTs) and alkenones were 

performed on sediment samples taken on-board ship in the organic geochemistry laboratory at 

MARUM, Bremen.  

Two different solvent extraction methods were used. The sixty-four samples from Site U1352 

from 1.05 to 1183.7 mbsf were extracted using a modified Bligh and Dyer protocol as 

described previously (Sturt et al., 2004). Total lipids were extracted with a dichloromethane 

(DCM)/methanol/buffer [1:2:0.8; v/v] solvent mixture in a ratio of 4 mL solvent per gram of 

sediment. Extraction was in four stages, with the first two stages using a phosphate buffer (pH 

7.4), and the final two stages using a trichloroacetic acid buffer (pH 2). Every extraction stage 

involved 10 min. ultrasonication, and then 10 min. centrifuging at 800 rpm to enable 

separation of the sediment and solvent phases. The four solvent extracts were combined, 
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washed with water, and evaporated to dryness with a nitrogen stream at 40ºC. The total lipid 

extract (TLE) was then analysed by high-performance liquid chromatography (HPLC). 

The rest of the samples from the U1352 Site and from the U1351 and U1353 Sites (Table 3.2) 

were hand crushed using a ceramic pestle and mortar and sieved through a 125 μm sieve. 

Samples were mixed ~50:50 with pre-extracted and baked sand (3 hours at 450°C) so as to 

increase solvent extraction efficiency and were extracted using a Dionex Accelerated Solvent 

Extractor (ASE300) using 9:1 DCM:methanol. Two extraction runs were used, each of which 

consisted of three cycles of 5 min. preheating, 5 min. static at 1500 bar pressure and 100°C, 

and 3 min. solvent purging to the collection bottle. Sulphur was removed from the extractable 

organic matter (EOM) of all samples by refluxing at 40°C with acid-activated copper 

turnings. The EOM was separated using a short silica column into three fractions using 

organic solvent solutions: aliphatic hydrocarbons (n-hexane), aromatic hydrocarbons (n-

hexane:DCM, 4:1), and polar compounds (DCM:methanol, 1:1). The polar fraction was 

analysed using HPLC-MS.  

 

3.2.3. Instrumentation for high-performance liquid chromatography (HPLC)-

MS 

Separation of the polar fractions for isoprenoidal GDGTs (iGDGTs), branched GDGTs 

(brGDGTs) and long chain alkenone analysis was carried out according to Becker et al. 

(2013), using a Dionex Ultimate 3000RS UHPLC instrument coupled to a Bruker maXis 

ultra-high resolution quadrupole time-of-flight mass spectrometer (qToF-MS), equipped with 

an Atmospheric Pressure Chemical Ionisation (APCI II) ion source for the samples extracted 

by ultrasonication (Fig. 3.3 and Fig. 3.4). The ASE300 extracted samples was analysed using 

the same instruments. See Appendix 7.1 for the structures of these lipids. Aliquots of the polar 

fractions (typically 10 μl) in n-hexane:propan-2-ol (99.5:0.5, v:v) were injected onto two  
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Figure 3.3: Partial m/z 1300, 1298, 1296, 1294, and 1292 HPLC-MS chromatograms for 

samples 106X from Site U1351 and sample 72R from Site U1352, showing the identification 

of the iGDGTs. 

 

 

 

 

Figure 3.4:  Partial HPLC-MS chromatograms for the C37:2 (m/z 531.5) and C37:3 (m/z 

529.5) alkenones identified in samples 106X and 103X from U1352 Site. 
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coupled Acquity BEH amide columns (each 2.1 x 150 mm, 1.7 mm; Waters, Eschborn, 

Germany) kept at 50 °C. Lipids were eluted using the following gradient and eluent A (n-

hexane) and eluent B (n-hexane:propan-2-ol (90:10, v:v)) with a constant flow of 0.5 ml/min: 

3% B to 5% B in 2 min, to 10% B in 8 min, to 20% B in 10 min, to 50% B in 15 min and to 

100% B in 10 min. Columns were washed with 100% B for 6 min and equilibrated with 3% B 

for 9 min between injections. GDGTs were detected using positive ion APCI and a scanning 

range from m/z 150 to 2000. The source parameters were as follows: corona current = 3500 

nA, nebulizer gas = 5 bar, drying gas = 8 L/min drying gas 160ºC, and vaporiser 400ºC with a 

scan rate of 2 Hz. The advantages of improved separation chromatography have been widely 

discussed in the literature (Liu et al., 2011; Becker et al., 2013; Hopmans et al., 2016). This 

method provides a good separation for the iGDGTs, brGDGTs, and alkenone isomers that are 

essential for SST reconstructions (Becker et al., 2013; Becker et al., 2015). Typical mass 

chromatograms are presented in Figs 3.2 and 3.3. 

3.2.4. GDGT and alkenone calculations 

3.2.4.1. iGDGTs 

The 𝑇𝐸𝑋86
𝐻  for subtropical and greenhouse periods, when temperatures were higher than 

today, was calculated from the distribution of iGDGTs using the definition of Kim et al. 

(2010) for the 10°C to 40°C temperature range: 

Eq. 1 𝑇𝐸𝑋86
𝐻 =

[𝐺𝐷𝐺𝑇−2]+[𝐺𝐷𝐺𝑇−3]+[𝐶𝑟𝑒𝑛′]

[𝐺𝐷𝐺𝑇−1]+[𝐺𝐷𝐺𝑇−2]+[𝐺𝐷𝐺𝑇−3]+[𝐶𝑟𝑒𝑛′]
 

where numbers refer to the number of rings in the GDGT, and Cren’ refers to the crenarchaeol 

regio isomer. 𝑇𝐸𝑋86
𝐻  was converted to SST using the correlation for the 10°C - 40°C 

temperature range with a proposed residual standard error of ±2.5°C (Kim et al., 2008; Kim et 

al., 2010): 

Eq. 2 𝑆𝑆𝑇 = 68.4 × 𝑇𝐸𝑋86
𝐻 + 38.6   (𝑟2 = 0.87, 𝑛 = 255, 𝑝 < 0.0001) 
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GDGT cyclisation was calculated to evaluate the ring index (Pearson et al., 2004):   

Eq. 3 𝑅𝑖𝑛𝑔 𝑖𝑛𝑑𝑒𝑥 =
[𝐺𝐷𝐺𝑇−1]+2×[𝐺𝐷𝐺𝑇−2]+3×[𝐺𝐷𝐺𝑇−3]+4×[𝐺𝐷𝐺𝑇−4]+5×[𝐶𝑟𝑒𝑛+𝐶𝑟𝑒𝑛′]

[𝐺𝐷𝐺𝑇−0]+[𝐺𝐷𝐺𝑇−1]+[𝐺𝐷𝐺𝑇−2]+[𝐺𝐷𝐺𝑇−3]+[𝐺𝐷𝐺𝑇−4]+[𝐶𝑟𝑒𝑛+𝐶𝑟𝑒𝑛′]
 

3.2.4.2. brGDGTs 

To calculate the relative fluvial input of terrigenous organic matter in the marine environment 

the branched isoprenoid tetraether (BIT) index was calculated from the brGDGTs (Hopmans 

et al., 2004): 

Eq. 4 𝐵𝐼𝑇 𝑖𝑛𝑑𝑒𝑥 =
[𝐺𝐷𝐺𝑇−𝐼𝑎]+[𝐺𝐷𝐺𝑇−𝐼𝐼𝑎]+[𝐺𝐷𝐺𝑇−𝐼𝐼𝐼𝑎]

[𝐺𝐷𝐺𝑇−𝐼𝑎]+[𝐺𝐷𝐺𝑇−𝐼𝐼𝑎]+[𝐺𝐷𝐺𝑇−𝐼𝐼𝐼𝑎]+[𝐶𝑟𝑒𝑛]
 

The methylation index of branched isoprenoid tetraethers (MBT) and the cyclisation index of 

branched isoprenoid tetraethers (CBT) were calculated from the brGDGTs as proxies for 

marine environment palaeo-reconstructions (Weijers et al., 2007):  

Eq. 5 𝑀𝐵𝑇 =
[𝐺𝐷𝐺𝑇−𝐼]

∑[𝐺𝐷𝐺𝑇−𝐼]+∑[𝐺𝐷𝐺𝑇−𝐼𝐼]+∑[𝐺𝐷𝐺𝑇−𝐼𝐼𝐼]
 

Eq. 6 𝐶𝐵𝑇 = −log (
[𝐺𝐷𝐺𝑇−𝐼𝑏]+[𝐺𝐷𝐺𝑇−𝐼𝐼𝑏]

[𝐺𝐷𝐺𝑇−𝐼𝑎]+[𝐺𝐷𝐺𝑇−𝐼𝐼𝑎]
) 

 

MAAT was calculated from MBT based on various continental soils, and soil pH was 

calculated from CBT (Weijers et al., 2007): 

Eq. 7 𝑀𝐵𝑇 = 0.122 + 0.187 × 𝐶𝐵𝑇 + 0.020 × 𝑀𝐴𝐴𝑇  (𝑟2 = 0.77, 𝑛 = 134) 

Eq. 8 𝐶𝐵𝑇 = 3.33 − 0.38 × 𝑝𝐻  (𝑟2 = 0.70, 𝑛 = 134) 

The error ranges for pH and MAAT are relatively high, at 0.7 and 4.8°C, respectively. 

Therefore, the absolute values for these measurements should be used with great caution. 

Moreover, the relative abundance of the brGDGTs in the samples could be influenced by type 

of vegetation cover, soil temperature, precipitation levels (Peterse et al., 2012).  
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3.2.4.3. Alkenones and the 𝑼𝟑𝟕
𝑲′

 ratio calculations 

The relative distribution of long chain unsaturated ketones can be presented as the 𝑈37
𝐾′

 ratio 

and calculated according to (Prahl and Wakeham, 1987): 

Eq. 9 𝑈37
𝐾′

=
𝐶37:2

𝐶37:3+𝐶37:2
 

The 𝑈37
𝐾′

 values were subsequently converted into SSTs using a global calibration and by 

applying the core top transfer function with a water temperature range of -1°C to +30°C and 

an estimated error of ±1.2°C (Conte et al., 2006): 

 

Eq. 10 𝑆𝑆𝑇(℃) = 29.876 (𝑈37
𝐾′

) − 1.334       𝑛 = 592; 𝑟2 = 0.97 

3.3. Results and discussion  

3.3.1. SST reconstructions 

3.3.1.1. Alkenone data  

Alkenones were only detected in the late Miocene samples in the U1351 and U1352 sites, and 

in the middle Miocene samples in Site U1353 (Fig. 3.5). Concentrations are presented as ng 

per g sediment in Appendix 3.1. The concentration of alkenones in the analysed samples 

varies from 0.003 ng/g to 2.98 ng/g sediment for the U1351 Site, 0.03 ng/g to 0.91 ng/g 

sediment for the U1352 Site, and 0.41 ng/g to 1.9 ng/g sediment for the U1353 Site. The 

highest concentration of alkenones in Site U1351 is from the 5.30 Ma sample (Appendix 3.1). 
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Figure 3.5: Reconstructed sea surface temperature based on Uk`37 index from the outer 

continental shelf core (U1351, green), the continental slope core (U1352, black) and the inner 

continental shelf core (U1353, orange). 

3.3.1.2. iGDGT and brGDGT data 

iGDGTs, crenarchaeol and brGDGTs were identified for all periods in the samples from the 

U1351, U1352, and U1353 sites. Relative abundances of different isomers are presented as 

BIT index TEX86
H  , methylation index of branched isoprenoid tetraethers (MBT) and the 

cyclisation index of branched isoprenoid tetraethers (CBT) (Table 3.1).  

3.3.1.3. The branched isoprenoid tetraether (BIT) index 

The BIT index is used as an indicator of the amount of terrestrial OM input into marine 

sediments (Hopmans et al., 2004), and as a result of that the quality of the reconstructed SST 

based on TEX86 data (Weijers et al., 2006). The BIT index for Site U1352 samples varies 

from 0.03 to 0.51 (Fig. 3.6; Table 3.2). The Eocene-Oligocene samples have a BIT index 

between 0.05 and 0.24, suggesting very low terrestrial OM input into the sediment. The three 

early Miocene samples have a BIT index below 0.1 (Fig. 3.6; Table 3.2) indicating low 

terrestrial OM input from the early Miocene period. The middle Miocene samples have higher 

variability in the BIT indices (0.068 – 0.162), which are also consistent with mainly marine 

OM input into sediment. The late Miocene samples have more variability in the BIT index, 

with a high value of 0.32 at 8.74 Ma suggesting an increase in terrestrial OM input. The BIT 
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indices from 10.49–8.74 Ma and 8.37–7.85 Ma is below 0.185 and indicative of high marine 

input to the samples. The Pleistocene-Pliocene samples have a significant increase in 

terrestrial OM input, with recorded BIT indices mostly >0.2. The 4.5–3 Ma period has only a 

short period of dominant marine OM in the samples (up to 4.34 Ma), followed by a significant 

increase in terrestrial input, with just one sample at 3.65 Ma having a BIT Index <0.2. 

Between 3.0 and 0.5 Ma there is high variability of the BIT index, with values varying in the 

range of 0.12 to 0.40. After 0.5 Ma there was an increasing terrestrial OM input with BIT 

values >0.2, with the majority of the samples having values from 0.3–0.6. Only the youngest 

sample (0.002 Ma) has a BIT index <0.2.    

The samples from the U1351 Site have BIT indices in the range 0.21–0.74, with a peak of 

terrestrial input at 5.84 Ma (BIT index = 0.74). The samples at 6.52, 5.76, and 5.30 Ma have 

the lowest terrestrial interference in the marine sediments, with BIT indices of 0.21, 0.23, and 

0.22, respectively (Table 3.2). The BIT indices calculated for the U1353 Site samples are 

consistently high (≥0.5), suggesting significant terrestrial OM input into the marine sediment 

and thus biased SST (TEXH
86) reconstructions. 

The sources of brGDGTs can vary. High BIT indices have been attributed to lacustrine or 

terrigenous sediments, and low BIT indices have been detected in coastal areas with low 

terrigenous sediment flux (Hopmans et al., 2004). Although the BIT index cannot be used as a 

quantitative measure of the terrigenous input in marine sediments, it has been suggested that 

values >0.8 likely correspond to strong fluvial flux into sediments, while values <0.2 are 

attributed to mainly marine OM input. It has been noted that high terrigenous OM input can 

influence the relative abundance of iGDGTs and trigger an error in the SST estimation for 

samples with a BIT index >0.5 (Schouten et al., 2004). Therefore, for SST reconstructions the 

samples with a BIT index >0.5 were excluded from being used for SST reconstruction.  
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3.3.1.4. Proxy based SST reconstructions 

The alkenone-based SST reconstructions from the U1351 Site decrease from 22.4 ºC to 18.3 

ºC during the 6.52 to 5.30 Ma time period (Fig. 3.5). The alkenone based SST for the U1353 

Site show a significant temperature decrease from 26.2ºC at 13.81 Ma to 21.6ºC at 12.03 Ma. 

The alkenone data for the U1352 Site was only recovered for the late Miocene 9.69 to 6.30 

Ma time period. The highest SST for this period (23.8 ºC) was at 6.30 Ma and the lowest of 

16.2 ºC was at 8.99 Ma (Fig. 3.5; Table 3.1).  

The reconstructed SSTs based on the iGDGT proxy data are presented in Fig. 3.6 and Table 

3.1. The U1351 Site samples record SST(TEXH
86) between 17.2ºC and 14.6 ºC for the 6.52–

5.52 Ma time period, with the lowest value recorded at 5.60 Ma. The SST(TEXH
86) for the 

U1352 Site samples vary between 1.0ºC and 29.8ºC, with the lowest value at 2.76 Ma and the 

highest at 35.28 Ma in the Eocene. 1.0ºC is an extremely cold temperature to record and can 

be attributed to the SST calculation error range, and/or the calibration used. Importantly, low 

SSTs were reconstructed for the Pliocene, so this period is interpreted to have been the cooler 

part of the Neogene. Two Oligocene samples have SST(TEXH
86) values of 21.5ºC and 22.1ºC 

at 31.14 Ma and 31.01 Ma, respectively. Early Miocene samples show a SST(TEXH
86) 

decrease from 26.0ºC at 18.87 Ma to 22.1ºC at 16.83 Ma. The middle Miocene samples have 

decreasing SST(TEXH
86) values from 24.7ºC at 15.42 Ma to 18.9ºC at 13.72. The late 

Miocene samples from the U1352 Site have SST(TEXH
86) values between 9.3ºC and 20.4ºC 

(Fig. 3.6; Table 3.1), with the lowest value at 8.39 Ma. There is a warmer period with 

temperature ~19.5°C in the late Miocene from 8.37 Ma to 7.93 Ma, but the temperatures 

decrease steeply afterwards to 12.8ºC at 6.30 Ma. The last 4.45 million years are well 

represented by 64 samples from the three holes. SST(TEXH
86) during the Pliocene varies 

between 1.0ºC and 12.3ºC, with most samples having values <10ºC, but there are three 

samples with higher temperatures (3.65 Ma, 10.7ºC; 3.31 Ma, 10.5ºC; 1.11 Ma, 11.8ºC). The 
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end of the Pliocene has a very cool reconstructed temperature of 1.0ºC at 2.76 Ma. The 

Pleistocene SST(TEXH
86) record has more variations in temperature from 1.1 ºC to 12.3ºC,  

The Eocene and Oligocene samples from the U1352 Site have high SST temperatures >21°C. 

Early Oligocene samples from ODP site 511 (South Atlantic Ocean, Falkland Plateau) have 

low (<17°C) reconstructed SSTs from GDGT and alkenone proxies (Miller et al., 2008). 

Reconstructed SSTs for samples from DSDP Leg 26, Sites 250-252  (South Africa) have 

warm temperatures during the beginning of the Oligocene (Miller et al., 2008; Liu et al., 

2009), which correlates well with the U1352 Site data at 31 Ma. Temperature reconstructions 

for Antarctica in the early and middle Eocene suggest a warm tropical environment on the 

continent (Pross et al., 2012). Warm SST temperatures at the Eocene/Oligocene boundary 

were also recorded in global oxygen isotope records (Zachos et al., 2001; Zachos et al., 2008), 

and these also show a global decrease in temperature from the Eocene to the Oligocene, 

which was also recorded in the Canterbury Basin SSTs. The early Miocene in the Canterbury 

Basin started warmer than the Oligocene, but then SST decrease through to a minimum in the 

middle Miocene, based on both TEXH
86 and the UK`

37 index.  

The differences in the reconstructed SSTs from the different proxies can be attributed to 

biases influencing the presence of the lipids in the sediment. Several factors influence the 

alkenone distribution in coastal samples, including lateral transportation in shallow 

environments (Benthien and Müller, 2000), species variation (Volkman et al., 1995), and 

probably most importantly mixed layers of different productivity levels (Prahl et al., 2001; 

Prahl et al., 2005).  

Prahl et al. (1989) and Goni et al. (2004) have shown that early diagenesis of alkenones can 

lead to the preferential degradation of the C37:3 alkenone (Kim et al., 2010; Prahl et al., 2010). 

The reduction of the C37:3 alkenone isomer allow the SST reconstructions only to the 28-29°C 

range (Conte et al., 2006). Also, the degree of unsaturation of alkenones can be influenced by 
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various factors such as the main producer, nutrient levels, low abundance, and the post 

depositional mix of alkenones in a sediment (Epstein et al., 1998; Yamamoto et al., 2008). 

The calculated SST can be influenced by regional distribution differences of alkenones, and is 

dependent on strong currents and productivity gradients (Conte et al., 2006).  

iGDGT preservation in sediments can be due to seasonal growth of Thaumarchaeolata 

(Huguet et al., 2011), but it may undergo its major growth in deeper and cooler waters, thus 

influencing the accumulation of iGDGTs above the mixed layer (Huguet et al., 2007; Kim et 

al., 2012; Seki et al., 2012). Moreover, the regional effect of each proxy must be considered 

during the reconstruction (Tierney and Tingley, 2014, 2015). In addition, different amounts of 

biotic and abiotic selective degradation could cause variations in the reconstructed SST by up 

to 5.9°C (Rontani et al., 2006; Rontani et al., 2013). 

The SST data from the Canterbury Basin show a constant temperature decrease from the early 

Miocene. This contradicts the global δ18O reconstructions for the 17–15 Ma period (the mid-

Miocene Climatic Optimum) (Zachos et al., 2001 and references within) and suggests a 

cooling trend. However, during the Neogene the Antarctic oceanic front developed (Lawver et 

al., 1992; Nelson and Cooke, 2001). This caused a decrease in the SST around New Zealand 

from the early Miocene as cooler subtropical paleo-currents and later on the cold intrusions of 

the sub-Antarctic currents started to influence the ocean temperature, especially around the 

east coast of New Zealand (Nelson and Cooke, 2001). This influence increased from the 

Middle Miocene, ~ 15 Ma. These cooling trend was also supported by land fossil records 

from New Zealand, which show warm-water environments for the first part of the Neogene 

(Beu et al., 1997; Chaproniere, 1984). 
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Figure 3.6: Reconstructed sea surface temperature based on TEXH
86 (blue) and the branched 

isoprenoid tetraether (BIT) index (green) for the U1352 Site samples, where Pl. – Pliocene, 

M. – Miocene, and H. – Holocene. Three different time scales are used: back to 35 Ma (A), 

back to 5 Ma (B), and back to 0.5 Ma (C). 
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Figure 3.7: Reconstructed mean annual air temperatures (MAAT, triangles) and soil pH 

(diamonds) for the analysed samples from the outer continental shelf core (U1351, green), the 

continental slope core (U1352, black for MAAT, blue for soil pH), and the inner continental 

shelf core (U1353, orange). Three different time scales are used: back to 20 Ma (A), back to 5 

Ma (B), and back to 0.5 Ma (C). 

A similar SST decrease during the mid-Miocene Climatic Optimum was recorded in DSDP 

Site 593, southern Tasman Sea (Cooke et al., 2008). From the start of the late Miocene (10 

Ma) to the Holocene the SST(TEXH
86) from the Canterbury Basin (Fig. 3.6) correlates well 
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with the global temperature decrease reconstructed from δ18O (Zachos et al., 2001). The late 

Miocene has a warmer, subtropical temperature (to 20ºC) at 7.93 Ma, which was also 

recorded at the ODP site 590 (south western Pacific) using the alkenone proxy (Karas et al., 

2011a), and ODP site 763 (north eastern Indian Ocean) using Mg/Ca ratio (Karas et al., 

2011b). Variations between the reconstructed temperatures can be attributed to the different 

proxies used in the studies. However, a similar warm trend around 8 Ma was recorded at all 

three sites, suggesting a global warming trend in the oceans before a significant temperature 

drop. 

In addition, a decrease in SST was recorded in multiple locations around the globe during the 

Miocene (Herbert et al., 2016). This study showed a significant temperature drop in both the 

northern and southern hemispheres, based on various drilling site samples. For example, 

DSDP 594, located in the Southern Pacific region (Herbert et al., 2016), shows a similar 

temperature decrease after 8 Ma as samples from this study. The late Miocene SST decrease 

can be correlated to an increase in ice sheet cover in southeast Greenland (Larsen et al., 1994), 

South America (Mercer and Sutter, 1982), and possible formation of ice sheets in Western 

Antarctica (Kennett, 1990). 

 

3.3.2. Reconstructed MAAT  

Samples from the U1351 Site show warm MAAT for the South Island of New Zealand for the 

6.52–5.3 Ma period (Table 3.1). The temperature reaches 28.9ºC at 5.76 Ma and does not 

drop below 20ºC for all analysed samples. The coolest MAAT (20.5ºC) is at 5.84 Ma. MAAT 

was only recorded back to the early Miocene for the U1352 Site (Fig. 3.7A). There is a 

significant increase in MAAT from 18.3 Ma to 6.3 Ma. Most early and middle Miocene 

samples have a MAAT not exceeding 11ºC, except for one middle Miocene samples at 11.9 

Ma with 21.4ºC. The samples from 9.69–6.30 Ma mostly have a MAAT of 27–32.6ºC, with 

only one rather cool sample at 7.1ºC (8.40 Ma, late Miocene). The Pliocene-Pleistocene 
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samples have much lower MAATs, varying from 0.3ºC at 4.1 Ma to 14.0ºC at 0.43 Ma. High 

temperature variability is present during the last 4.5 million years, with temperatures below 

10ºC until 1 Ma (Fig. 3.7B). From 1 Ma the MAAT increase slightly to a maximum of 14.0ºC 

at 0.43 Ma, before decreasing again to the Holocene (Fig. 3.7C).  The U1353 Site also records 

warm MAAT (25.1–28.3ºC) during the middle Miocene. The lowest MAAT is recorded at 

13.81 Ma and the highest at 13.59 Ma.  

A relatively large calibration error for Eq. 8 (±5ºC) introduces large uncertainty for the 

MAAT estimates (Weijers et al., 2007; Schouten et al., 2013). Although, the introduced 

temperature error is significant, it produces a better temperature evaluation than pollen or leaf 

based analysis, where the potential biases are harder to evaluate (Schouten et al., 2013). 

Because of the high analytical error, the exact MAAT evaluation is problematic and only 

general temperature trends can be discussed from the data.   

Our data show a warming MAAT trend in New Zealand that correlates well with the 

established mid-Miocene Climatic Optimum reconstruction (Zachos et al., 2001). The MAAT 

in the New Zealand samples continues to rise through the second part of the middle Miocene 

and the late Miocene, with only two major cooling events 10.49 and 8.39 Ma. The MAAT 

warming after 14 Ma in New Zealand is supported by fossil studies of New Zealand 

vegetation (Mildenhall, 2003).  

The warm MAAT during the late Miocene period contradicts the proposed global late 

Neogene cooling (Herbert et al., 2016). However, the global cooling trend was not constant 

everywhere. Some studies show partial warming in the Arctic and Antarctic regions during 

the end of the late Miocene and Pliocene (Kennett, 1990; Thiede et al., 1998). The 

temperature fluctuations probably correlate to the pCO2 changes in the late Miocene related to 

the orbital scale shifts forcing climatic and ecosystem changes (Herbert et al., 2016). The data 

from the Canterbury Basin suggests a time delay between cooling of the ocean, as reflected in 
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the SST, and any cooling effect on the New Zealand MAAT temperature. The new results 

show a SST decrease during the late Miocene that only influenced the MAAT during the 

Pliocene. Rapid cooling in New Zealand coincides with a significant increase in ice sheet 

cover in Antarctica (Ross Sea), dated between 3.3 and 2.5 Ma (McKay et al., 2012).  

3.3.3. Soil pH 

Soil pH was calculated for all sites from the early Miocene. There is a gradual increase in soil 

pH levels through the time (Fig. 3.7A). The late Miocene samples from the U1351 Site (6.52 

– 5.3 Ma) have soil pH values between 6.5 and 7.3, with the lowest value in the first half of 

this period. The middle Miocene samples from the U1353 Site have soil pH values between 

6.4 at 13.81 Ma and 6.8 at 12.03 Ma. The early Miocene samples from the U1352 Site have 

soil pH values between 6.4 – 7.3. The middle Miocene samples have soil pH decreasing from 

7.1 at 15.4 Ma to an outlier of 5.8 at 11.9 Ma, which is also the lowest pH of all the samples. 

The late Miocene samples generally have higher soil pH (7.0–8.1) after 10.4 Ma. The 

Pliocene samples from the U1352 Site have stable soil pH, mostly in the range 7.2–7.6 (23 

samples; Fig. 3.7B). Three samples from 4.35 Ma, 3.60 Ma, and 2.85 Ma have a slightly 

higher soil pH (7.8), and the 3.56 Ma sample has a slightly lower soil pH (7.0). The 

Pleistocene and Holocene soil pH record can be divided into two major parts, 2-0.2 Ma, and 

0.2 Ma to recent (Fig. 3.7B,C). The first interval has soil pH values between 7.2 and 8.4 with 

the highest at 0.92 Ma and the lowest at 0.87 Ma. The second interval shows a generally 

decreasing soil pH trend in the range of 7.5 to 6.7, except for the most recent sample (0.003 

Ma) which has an anomalously high value of 8.4. Three spikes of low soil pH can be 

distinguished at 0.051, 0.033, and 0.007 Ma, with values of 6.8, 6.7, and 6.8, respectively. 

Each of these spikes are followed by significant increases in soil pH to 7.8, 7.3, and 8.4 at 

0.048, 0.031, and 0.003 Ma, respectively. 
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Changing precipitation alters the acidity of soil. Higher precipitation washes away Ca and Mg 

ions from the system, leaving the soil more acidic. Based on the MBT/CBT ratio and the 

resultant soil pH parameter it is not possible to calibrate the exact amount of regional rainfall, 

but it is possible to evaluate the duration of precipitation changes. The reconstructed soil pH 

for the New Zealand region suggest a general trend of decreasing precipitation for the last 19 

Ma (Fig. 3.7). Some intervals with higher inferred precipitation in New Zealand can be 

identified by drops in soil pH, for example at 13.72 Ma, 11.92 Ma, 3.60 Ma and 3.56 Ma. 

Another significant drop in soil pH is recorded from 0.235 to 0.003 Ma when soil pH dropped 

from 7.9 to 6.7. The increase in soil pH to 7.8 at 0.048 Ma divides this period into two high 

precipitation periods, with a short drier period in between. The significant jump in soil 

alkalinity at 0.003 Ma to 8.4 suggests a rapid decrease in precipitation.  

Palynological evidence supported by moisture availability and the spread of fire in the New 

Zealand area suggests a warm temperate climate for the early Miocene (Mildenhall et al., 

2003; Pole, 2003). This model contradicts the previously suggested cool early Miocene 

climate (Pockhall, 1989). Miocene cooling in New Zealand regions arguably started from 14 

Ma (Molnar and Pole, 1997; Pole et al., 2003). However, these climate reconstructions are 

commonly based on plant fossil evidence (e.g., Utescher et. al., 2000) as well as on structural 

fossil leaf analyses (e.g. Fricke and Wing, 2004; Wing et al., 2005), and can be problematic 

due to poor plant preservation in the geological record and the difficulty of finding the fossils 

for all geological intervals.  

Reconstructed mean annual precipitation (MAP) levels in East Antarctica for the early 

Miocene period show a large increase in MAP from 20 Ma to 15 Ma (Passchier et al., 2013), 

from 500 mm to about 790 mm. The new data correlate well with these reconstructions, 

suggesting a gradual increase in precipitation levels from 16.83 Ma until the end of the middle 

Miocene. Huang et al. (2007) argued in favour of C4 plant expansion in the Himalaya 

foreland and Arabian Peninsula regions from ~10 Ma to 5.5 Ma. This expansion would be 
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consistent with a decrease in global precipitation levels and development of the savanna 

vegetation in the North Africa and Arabian Peninsula.  

The Canterbury Basin data show a decrease in precipitation from the late Miocene to the 

beginning of the Pliocene over the same time, suggesting that this event also affected New 

Zealand. The BIT index is <0.15 for most Canterbury Basin samples during the late Miocene, 

supporting low terrestrial OM runoff into the ocean (Fig. 3.6). At the same time the MAAT 

data show a high temperature spike during the late Miocene, up to 32.6ºC. Such a temperature 

increase correlates well with the inferred decrease in precipitation in New Zealand and partial 

aridification. This dry period was recorded in previous studies based on radiometrically-dated 

fossil pollen records preserved in speleothems from semiarid southern Australia (Sniderman 

et al., 2016) and atmospheric carbon dioxide fluctuations (Pagani et al., 1999).  
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3.4. Conclusions 

Until the Oligocene New Zealand was surrounded by tropical and subtropical seas. For 

example, planktonic foraminifera (Jenkins, 1965) and δ18O (Shackleton and Kennett, 1975) 

records suggest a warm SST at the Oligocene/Miocene boundary in the New Zealand region. 

Reconstructed SSTs from the Canterbury Basin show a high (29.8ºC) temperature for the 

Eocene. The SST in the New Zealand region decreased during the Neogene, following the 

development of the Antarctic oceanic front (Lawver et al., 1992; Nelson and Cooke, 2001). 

The early Miocene in the Canterbury Basin started warmer than the Oligocene, but then the 

SST decreased through to a minimum in the middle Miocene, based on both TEXH
86 and the 

UK`
37 index.  

The new data show a warming MAAT trend in New Zealand that correlates well with the 

established mid-Miocene Climatic Optimum reconstruction (Zachos et al., 2001). The MAAT 

in the New Zealand region continued to rise through the second part of the middle Miocene 

and the late Miocene. The warm MAAT during the late Miocene period is consistent with 

partial warming in the Arctic and Antarctic regions during the end of the late Miocene and 

Pliocene (Kennett, 1990; Thiede et al., 1998). In addition, the new data are suggestive of a 

delay in the influence of the late Miocene SST cooling effect on the New Zealand MAAT. 

Rapid MAAT cooling in New Zealand can be attributed to an increase in ice sheet cover in 

Antarctica (Ross Sea) during the Pliocene. The reconstructed soil pH for the New Zealand 

region shows a general trend of decreasing precipitation for the last 19 Ma, consistent with a 

general increase in global aridification. 
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3.7. Supplementary: Tables 

Table 3.1: Calculated lipid indices and reconstructed SST, MAAT, and soil pH for the 

samples from IODP Expedition 317 
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U1351B 97X c.s. 845.75 5.30 0.45 16.6 - 18.3 0.53 0.31 7.3 28.1 

U1351B 100X c.s. 871.62 5.52 0.34 15.4 15.4 19.5 0.69 0.36 6.9 27.3 

U1351B 101X c.s. 880.93 5.60 0.39 14.6 14.6 19.2 0.68 0.36 7.0 27.5 

U1351B 103X c.s. 900.04 5.76 0.31 17.0 17.0 19.9 0.64 0.33 7.2 28.9 

U1351B 104X c.s. 908.97 5.84 0.74 17.2 - 21.4 0.83 0.52 6.6 20.5 

U1351B 106X c.s. 929.41 6.01 0.56 15.3 - 20.0 0.66 0.37 7.0 26.2 

U1351B 109X c.s. 959.05 6.27 0.53 15.7 - 23.3 0.83 0.42 6.5 24.9 

U1351B 112X c.s. 989.18 6.52 0.31 17.2 17.2 22.4 0.62 0.33 7.2 28.5 

U1352A 1H1 c.s. 1.05 0.00256 0.15 6.7 6.7 - - - 8.4 7.2 

U1352A 1H2 sq.c 2.9 0.00706 0.44 12.2 - - - - 6.8 4.7 

U1352A 1H3 sq.c 3.86 0.00940 0.34 5.9 5.9 - - - 7.4 9.8 

U1352A 2H1 c.s. 5.25 0.01279 0.41 7.8 - - - - 7.1 7.7 

U1352A 2H2 sq.c 7.1 0.01730 0.26 6.4 6.4 - - - 7.2 8.0 

U1352A 2H3 sq.c 8.5 0.02071 0.28 6.5 6.5 - - - 7.2 10.1 

U1352A 2H4 sq.c 10.1 0.02460 0.40 5.0 - - - - 7.1 8.3 

U1352A 2H5 c.s. 11.55 0.02814 0.45 -5.2 - - - - 7.0 7.7 

U1352A 2H6 sq.c 12.6 0.03069 0.30 5.3 5.3 - - - 7.3 7.9 

U1352A 2H7 sq.c 13.35 0.03252 0.37 6.7 6.7 - - - 6.7 9.9 

U1352A 3H1 c.s. 14.75 0.03593 0.35 5.3 5.3 - - - 7.0 5.6 

U1352A 3H2 sq.c 16.6 0.04044 0.29 3.8 3.8 - - - 7.2 7.2 

U1352A 3H3 c.s. 17.95 0.04373 0.29 6.7 6.7 - - - 7.4 9.1 

U1352A 3H3 sq.c 18 0.04385 0.26 6.2 6.2 - - - 7.1 3.9 

U1352A 3H4 sq.c 19.6 0.04775 0.21 5.0 5.0 - - - 7.8 11.5 

U1352A 3H5 c.s. 21.05 0.05128 0.32 12.3 12.3 - - - 6.8 10.5 

U1352A 3H6 sq.c 22.1 0.05384 0.32 3.0 3.0 - - - 7.3 7.9 

U1352A 4H1 sq.c 24.3 0.05920 0.29 4.4 4.4 - - - 7.2 7.5 

U1352A 4H3 c.s. 27.45 0.06687 0.26 8.6 8.6 - - - 7.3 7.9 

U1352A 4H5 sq.c 30.6 0.07454 0.24 2.0 2.0 - - - 7.4 6.3 

U1352A 5H1 c.s. 33.75 0.08222 0.51 9.0 - - - - 7.0 1.9 

U1352A 5H5 c.s. 40.05 0.09756 0.24 5.0 5.0 - - - 7.1 6.7 

U1352A 5H7 sq.c 42.43 0.10336 0.21 11.5 11.5 - - - 7.2 2.3 

U1352B 6H4 sq.c 52.1 0.12692 0.26 5.1 5.1 - - - 7.5 7.8 

U1352B 7H4 sq.c 61.6 0.15006 0.37 6.4 6.4 - - - 7.3 7.1 

U1352B 9H2 sq.c 77.6 0.18904 0.26 8.2 8.2 - - - 7.5 9.6 

U1352B 11H2 sq.c 96.6 0.23532 0.50 3.0 - - - - 7.9 7.9 
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U1352B 13H2 sq.c 115.58 0.28156 0.20 1.1 1.1 - - - 7.9 10.1 

U1352B 15H4 c.s. 137.27 0.42873 0.21 7.8 7.8 - - - 7.9 14.0 

U1352B 19H2 sq.c 168.6 0.65317 0.35 12.1 12.1 - - - 7.4 10.6 

U1352B 23H3 sq.c 203.1 0.79888 0.17 -1.9 - - - - 8.0 11.2 

U1352B 26H3 c.s. 231.37 0.87098 0.28 6.2 6.2 - - - 7.2 10.8 

U1352B 28H2 sq.c 249.03 0.91602 0.22 6.0 6.0 - - - 8.4 5.1 

U1352B 30H3 sq.c 262.1 0.94935 0.40 16.5 - - - - 7.5 5.9 

U1352B 32H3 sq.c 276.6 1.03943 0.25 2.3 2.3 - - - 8.1 5.4 

U1352B 33H4 sq.c 286.04 1.10685 0.18 11.8 11.8 - - - 8.1 8.5 

U1352B 37X1 c.s. 298.25 1.17210 0.26 6.2 6.2 - - - 7.9 5.2 

U1352B 41X3 sq.c 335.9 1.18648 0.21 1.8 1.8 - - - 8.3 8.8 

U1352B 48X3 c.s. 402.95 1.49304 0.36 8.6 8.6 - - - 7.6 8.9 

U1352B 52X3 sq.c 441.5 1.73457 0.28 5.5 5.5 - - - 7.3 5.2 

U1352B 56X3 sq.c 479.9 1.91166 0.12 6.3 6.3 - - - 7.9 4.3 

U1352B 61X1 c.s. 524.25 2.76188 0.34 1.0 1.0 - - - 7.6 9.1 

U1352B 68X1 sq.c 582.4 2.85396 0.13 5.0 5.0 - - - 7.8 6.0 

U1352B 73X3 c.s. 633.35 2.98107 0.27 5.9 5.9 - - - 7.4 10.3 

U1352B 77X1 sq.c 668.95 3.06988 0.33 5.4 5.4 - - - 7.4 5.5 

U1352B 81X2 c.s. 708.8 3.16930 0.29 8.3 8.3 - - - 7.3 7.0 

U1352B 85X2 sq.c 737.75 3.24152 0.44 15.5 - - - - 7.4 2.6 

U1352B 88X1 sq.c 764.85 3.30913 0.23 10.5 10.5 - - - 7.4 3.7 

U1352B 90X1 sq.c 783.46 3.35556 0.21 9.5 9.5 - - - 7.2 2.9 

U1352C 22R1 c.s. 816.27 3.43742 0.28 9.7 9.7 - - - 7.4 8.3 

U1352C 24R1 sq.c 835.48 3.48534 0.21 7.0 7.0 - - - 7.6 4.9 

U1352C 27R2 sq.c 864.61 3.55801 0.43 7.1 - - - - 7.0 2.1 

U1352C 29R1 c.s. 882.93 3.60372 0.22 7.3 7.3 - - - 7.8 9.3 

U1352C 31R1 SC sq.c 902.56 3.65269 0.14 10.7 10.7 - - - 7.5 2.7 

U1352C 33R2 SC sq.c 923.05 3.70381 0.21 6.4 6.4 - - - 7.6 3.2 

U1352C 34R1 c.s. 930.84 3.72324 0.26 8.2 8.2 - - - 7.6 8.2 

U1352C 38R3 sq.c 972.85 3.82805 0.25 8.8 8.8 - - - 7.5 2.1 

U1352C 41R4 c.s. 1002.98 3.90322 0.28 9.0 9.0 - - - 7.6 6.6 

U1352C 45R1 sq.c 1036.91 3.98787 0.21 9.8 9.8 - - - 7.4 2.8 

U1352C 48R1 sq.c 1064.4 4.05645 0.35 9.0 9.0 - - - 7.5 2.8 

U1352C 50R5 sq.c 1090.6 4.12181 0.21 5.3 5.3 - - - 7.2 - 

U1352C 53R1 c.s. 1113.39 4.17867 0.22 8.4 8.4 - - - 7.4 7.5 

U1352C 58R4 c.s. 1164.22 4.34678 0.18 4.1 4.1 - - - 7.8 7.8 

U1352C 60R3 sq.c 1183.7 4.44890 0.19 9.3 9.3 - - - 7.6 0.3 

U1352C 76R1 c.s. 1305.02 6.30000 0.07 12.8 12.8 23.8 0.45 0.27 7.6 29.5 

U1352C 77R c.s. 1309.64 6.45000 0.07 16.4 16.4 17.5 0.40 0.28 7.7 28.2 

U1352C 78R c.s. 1314.52 6.61000 0.08 15.3 15.3 17.8 0.25 0.27 8.1 29.4 
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U1352C 79R c.s. 1319.47 6.78000 - - - - - - - - 

U1352C 80R c.s. 1326.05 7.00000 - - - - - - - - 

U1352C 81R c.s. 1328.03 7.07000 - - - - - - - - 

U1352C 85R c.s. 1351.57 7.85000 0.15 17.3 17.3 20 0.59 0.35 7.2 27.6 

U1352C 86R c.s. 1353.8 7.93000 0.06 19.6 19.6 - 0.41 0.32 7.7 27.8 

U1352C 87R c.s. 1367.05 8.37000 0.07 19.4 19.4 19.3 0.39 0.29 7.7 30.8 

U1352C 87R4 c.s. 1370.02 8.38818 0.19 9.3 9.3 - - - 7.8 7.1 

U1352C 88R c.s. 1378.31 8.74000 0.32 16.1 16.1 22.4 0.67 0.36 7.0 27.2 

U1352C 89R c.s. 1385.71 8.99000 0.11 16.8 16.8 16.2 0.57 0.30 7.3 29.5 

U1352C 90R c.s. 1392.51 9.22000 0.03 17.1 17.1 17.9 0.27 0.21 8.1 32.6 

U1352C 91R c.s. 1406.54 9.69000 0.07 17.3 17.3 17.5 0.57 0.27 7.3 30.9 

U1352C 94R5 c.s. 1435.7 10.49260 0.10 13.3 13.3 - - - 7.4 8.0 

U1352C 102R c.s. 1496.43 11.92000 0.11 19.8 19.8   1.11 0.52 5.8 21.4 

U1352C 105R5 c.s. 1532.28 13.72090 0.10 18.9 18.9 - - - 6.9 11.1 

U1352C 107R6 sq.c. 1553.57 14.09052 0.16 20.4 20.4 - - - 6.6 6.8 

U1352C 110R2 c.s. 1576.94 14.49624 0.11 19.8 19.8 - - - 6.8 8.7 

U1352C 115R5 c.s. 1630.05 15.41828 0.07 24.7 24.7 - - - 7.1 10.4 

U1352C 125R3 c.s. 1711.3 16.82886 0.08 22.1 22.1 - - - 7.3 7.2 

U1352C 134R2 c.s. 1795.78 18.29552 0.07 27.0 27.0 - - - 6.4 2.4 

U1352C 139R c.s. 1842.11 18.87000 0.03 26.0 26.0 - - 0.59 - - 

U1352C 140R c.s. 1851.46 19.06000 - - - - - - - - 

U1352C 143R c.s. 1875.04 30.87000 - - - - - - - - 

U1352C 144R3 c.s. 1883.97 31.01736 0.12 22.1 22.1 - - - - - 

U1352C 144R c.s. 1884.51 31.02000 0.46 25.6 - - - 0.22 - - 

U1352C 145R c.s. 1891.76 31.14000 0.05 21.5 21.5 - - 0.47 - - 

U1352C 146R c.s. 1900.92 31.29000 0.24 - - - - 0.31 - - 

U1352C 147R c.s. 1913.24 31.50000 0.20 - - - - 0.73 - - 

U1352C 148R c.s. 1917.9 31.57000 - - - - - - - - 

U1352C 148R3 c.s. 1922.2 35.28397 0.19 29.8 29.8 - - - - - 

U1353B 88X c.s. 510.09 12.03 0.50 17.5 - 21.6 0.75 0.39 6.8 26.7 

U1353B 93X c.s. 556.82 13.13 0.53 22.6 - 21.4 0.80 0.39 6.7 26.7 

U1353B 95X c.s. 576.28 13.59 0.53 16.0 - 22.1 0.78 0.35 6.8 28.3 

U1353B 96X c.s. 585.57 13.81 0.69 14.5 - 26.2 0.91 0.44 6.4 25.1 
1 sq.c. = squeeze cake; c.s. = cut sample 
2 mbsf = meters below sea floor 
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Appendix 3.1: Calculated weight of the alkenone isotopes C37:2 and C37:3 in analysed samples 
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U1351B 97X II c.s. 845.75 5.30 ASE 2.98 1.56 18.3 

U1351B 100X II c.s. 871.62 5.52 ASE 0.01 0.003 19.5 

U1351B 101X II c.s. 880.93 5.60 ASE 0.75 0.34 19.2 

U1351B 103X II c.s. 900.04 5.76 ASE 0.57 0.23 19.9 

U1351B 104X II c.s. 908.97 5.84 ASE 0.01 0.003 21.4 

U1351B 106X II c.s. 929.41 6.01 ASE 0.35 0.14 20.0 

U1351B 109X II c.s. 959.05 6.27 ASE 0.07 0.02 23.3 

U1351B 112X II c.s. 989.18 6.52 ASE 0.03 0.01 22.4 

U1352C 76R1 IIB c.s. 1305.02 6.30 ASE 0.50 0.09 23.8 

U1352C 77R IIB c.s. 1309.64 6.45 ASE 0.22 0.13 17.5 

U1352C 78R IIB c.s. 1314.52 6.61 ASE 0.07 0.04 17.8 

U1352C 85R IIB c.s. 1351.57 7.85 ASE 0.40 0.16 20.0 

U1352C 86R IIB c.s. 1353.8 7.93 ASE 0.18 - - 

U1352C 87R IIB c.s. 1367.05 8.37 ASE 0.13 0.06 19.3 

U1352C 88R IIB c.s. 1378.31 8.74 ASE 0.91 0.23 22.4 

U1352C 89R IIB c.s. 1385.71 8.99 ASE 0.04 0.03 16.2 

U1352C 90R IIB c.s. 1392.51 9.22 ASE 0.06 0.03 17.9 

U1352C 91R IIB c.s. 1406.54 9.69 ASE 0.08 0.05 17.5 

U1353B 88X II c.s. 510.09 12.03 ASE 0.61 0.46 21.6 

U1353B 93X II c.s. 556.82 13.13 ASE 1.91 0.57 21.4 

U1353B 95X II c.s. 576.28 13.59 ASE 1.43 0.41 22.1 

U1353B 96X II c.s. 585.57 13.81 ASE 1.55 0.16 26.2 

1 c.s. = cut sample 

2 mbsf = meters below sea floor 
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Abstract 

Significant climate changes during the Cenozoic (the last 66 million years) have been 

recorded by multiple proxies from around the world. A general cooling pattern can be seen 

through the Cenozoic, but the Miocene is characterised as globally warm. An overall increase 

in aridity related to mountain building caused grassland expansion and was recorded around 

the globe during the middle and late Miocene. At the same time, continental isolation of 

Antarctica and formation of the Antarctic Circumpolar Current caused significant changes in 

global oceanic and atmospheric circulations. These processes reduced the mixing of warm, 

tropical ocean water and cold, polar water, which caused the build-up of the Antarctic polar 

ice cap, the global ocean and land temperatures to decrease, followed by development of 

seasonality and aridity in various regions. 

To investigate the relative importance of eustatic and local influences on climate in the 

Miocene, two Integrated Ocean Discovery Program (IODP) expedition locations were 

studied. The main purpose of IODP Expedition 313 on the New Jersey continental shelf, was 

to estimate the corresponding amplitudes, rates, and mechanism of sea-level changes through 

dating of the Late Paleogene–Neogene deposits, and by comparing these to the sea level 

lowering proposed by interpretation of the δ18O glacio-eustatic proxy. The recovered 

sediments were dated from the late Eocene to the early Miocene, and provide a nearly 

continuous composite of sea level cycles between 22 and 12 Ma. The purpose of IODP 

Expedition 317 in the Canterbury Basin, New Zealand was to compare the relative influence 

of local tectonics and global sea level changes on sediments accumulated on the continental 

shelf and slope off the east coast of the South Island. The recovered cored sediments dated 

from the early Oligocene to the Holocene, and there was a particular focus on the sequence 

stratigraphy of the last 19 million years, when global sea level changes were dominated by 

glacioeustasy. This paper provides the first cross-correlation of the organic geochemical 
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record of early Oligocene to late Miocene sediments from three IODP drilling sites from these 

two expeditions: M0027A, M0028A, and U1352.  

The continental slope site from New Zealand has much lower total organic carbon (TOC) 

values than the two continental shelf sites from the New Jersey region. Based on n-alkanes, 

isoprenoids, GDGTs and TOC data, the late-early Miocene and early-middle Miocene periods 

are interpreted to have been strongly influenced by global sea level decreases. Variations in 

interpreted sea surface temperatures at both locations show a general decrease in water 

temperature from the early Oligocene to the late Miocene, with a temporary increase around 

the early/middle Miocene boundary for the New Jersey region. Soil pH data derived from 

brGDGT data for the New Zealand samples suggest a decrease in precipitation levels during 

the Miocene, but the New Jersey samples show a different soil pH pattern during the 

Miocene, suggesting a regional increase in precipitation. The New Jersey samples show a 

strong dependence on eustasy around the mid-Miocene Climatic Optimum and afterwards, but 

the New Zealand samples show a much stronger dependence on local tectonic activity and 

creation of the land mass during the same period. 
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4.1. Introduction 

Significant climate changes during the Cenozoic (the last 66 million years) have been 

recorded by multiple proxies from around the world (e.g. Zachos et al., 2001; Zachos et al., 

2008). A general cooling pattern can be seen through the Cenozoic, but the Miocene can be 

characterised as globally warm. An overall increase in aridity has been suggested to be related 

to mountain building caused grassland expansion (Pagani et al., 1999; Zhisheng et al., 2001; 

Keeley and Rundel, 2005). In North America, the build-up of the Sierra Nevada and Cascade 

Mountain ranges created a drier climate, with a decrease in rainfall during the middle and late 

Miocene (Poage and Chamberlain, 2002; Retallack, 2004). In Australia, a mixture of wet and 

dry periods occurred during the Miocene (Flower and Kennett, 1994; Martin, 2006). By the 

late Miocene the rainforests in Australia began to decrease and were replaced by dry forests 

and woodlands. Eurasia also experienced increasing aridification during the Miocene. These 

climatic changes were related to significant tectonic rearrangements – the closing of the 

Tethys connection between the Mediterranean and the Indian Ocean (Heine et al., 2004; 

Metcalfe, 2013), and the Himalaya mountain and Tibetan plateau uplift (Zhisheng et al., 

2001; Clift et al., 2008). This uplift was associated with rifting in East Africa and the union of 

the African-Arabian and Indian plates with Eurasia. These tectonic processes were related to 

development of the Asian Monsoon (Zhisheng et al., 2001) and creation of a rain shadow 

effect between wet Central-West Africa and dry East Africa (Bonnefille, 2010). Moreover, 

Antarctica became isolated from the other continents in the Miocene, leading to the formation 

of the Antarctic Circumpolar Current which caused significant changes in global ocean and 

atmospheric circulations during the Miocene (e.g., Tynan, 1998; Lawver and Gahagan, 2003; 

Passchier et al., 2013). These changes reduced the mixing of warm, tropical ocean water and 

cold, polar water, causing the build-up of the Antarctic polar ice cap which caused global 

cooling and accelerated the development of global seasonality and aridity. 
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Global paleoclimate reconstructions during the Cenozoic mostly rely on δ18O and Mg/Ca 

ratios from foraminiferal records (Zachos et al., 2008). These data provide information 

regarding the sea surface temperatures (SST) and changes in global ice volume levels 

(Keigwin and Keller, 1984; Shackleton and Pisias, 1985; Miller et al., 1991). The oxygen 

isotope record suggests global SST decreased from the early Eocene all the way through the 

Neogene (Zachos et al., 2001; Zachos et al., 2008), with a warm period called the “mid-

Miocene Climatic Optimum” (Flower and Kennett, 1994; Böhme 2003). One of the 

challenges in Cenozoic climate reconstructions is to separate the regional and global triggers 

that prompted these changes (Zachos et al., 2008). One option is to analyse sediments 

accumulated under similar conditions in different geographical areas. This enables global sea-

level changes (eustasy) influenced by high tectonic activity (Haq et al., 1987; Van Sickel et 

al., 2004) and quasi-periodic oscillations in Earth’s orbital parameters (eccentricity, obliquity, 

and precession) (Miller et al., 2005) to be distinguished from local or regional tectonic 

activity that controls sedimentary distribution on the continental margins (Van Sickel et al., 

2004). 

To investigate the relative importance of eustatic and local influences on climate in the 

Miocene, two Integrated Ocean Discovery Program (IODP) expedition locations were 

studied. The main purpose of IODP Expedition 313, which occurred from April to July 2009 

on the New Jersey continental shelf (Fig. 4.1B) off the east coast of the United States of 

America. The purpose of the expedition was to estimate the corresponding amplitudes, rates, 

and mechanism of sea-level changes through dating of the Late Paleogene–Neogene deposits, 

by comparing these to the sea level lowering proposed by interpretation of the δ18O glacio-

eustatic proxy (Mountain et al., 2010). The sedimentary sequences were drilled in a transect 

of three sites (Fig. 4.1B) on the continental shelf (landward to basinward: Sites M0027A, 

M0028A, and M0029A) (Mountain et al., 2010). The recovered sediments from the three sites 

were dated from the late Eocene to the early Miocene, and provide a nearly continuous 
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composite of sea level cycles between 22 and 12 Ma (Mountain et al., 2010). The New Jersey 

sediments enable the study of the influence of eustasy versus local tectonic activity on the 

formation and preservation of these long geological sequences. 

The main purpose of IODP Expedition 317, which occurred from November 2009 to January 

2010 in the Canterbury Basin, New Zealand (Fig. 4.1A), was to compare the relative 

influence of local tectonics and global sea level changes on sediments accumulated on the 

continental shelf and slope off the east coast of the South Island. The recovered cored 

sediments dated from the early Oligocene to the Holocene, and there was a particular focus on 

the sequence stratigraphy of the last 19 million years, when global sea level changes were 

dominated by glacioeustasy (Fulthorpe et al., 2011c). Sedimentary sequences (Fig. 4.1A) 

were drilled in a transect of three sites on the continental shelf (landward to basinward, Sites 

U1353, U1354, and U1351) and one on the continental slope (Site U1352) (Fulthorpe et al., 

2011c). The Canterbury Basin sedimentary record enables the examination of the 

accumulated biomarker signal in the region. A global climatic optimum at the early/middle 

Miocene boundary (Nelson and Cooke, 2001a) was accompanied by the growing land mass of 

the sub-continent, based on an increase in sedimentation rates since the middle Miocene 

(King, 2000; Lu et al., 2005). This observation suggests gradual intensification in the amount 

of land vegetation. Interpretation of global eustatic and climatic transformations suggest that 

cooler Neogene seawater conditions were coupled with a decrease in global sea levels 

(Zachos et al., 2001; Van Sickel et al., 2004). Therefore, the influence of this climate shift on 

the accumulation and preservation of organic matter in the marine sediments is expected.  

Correlations between increasing CO2 concentrations and increases in global SST have been 

proposed (Zachos et al., 2008). During the Cenozoic the global climatic optima that are 

related to high temperature levels, warm poles and no ice cover are associated with high pCO2 

(Zachos et al., 2001). The CO2 levels were calculated using various proxy data sets such as 

boron, alkenones, and nahcolites from marine and lacustrine environments (Royer, 2006).  
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Figure 4.1: Drilled and proposed Expedition 317 (Fulthorpe et al., 2011c) (A) and Expedition 

313 (Mountain et al., 2010) (B) sites, with the multichannel seismic (MCS) commercial low-

resolution grids. Blue curved lines show the distribution of seismically-resolvable sediment 

drifts 

 

Eustatic sea-level changes are influenced by variations in the ice sheet volumes around the 

globe, mainly in Antarctica and Greenland. These variations are strongly related to 
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temperature variations (Haq et al., 1987; Van Sickel et al., 2004; Miller et al., 2005). The 

imprint of Cenozoic sea level changes can be seen in sediments and sedimentary rocks on 

continental margins (Posamentier, 1988; Kominz et al., 1998; Van Sickel et al., 2004). While  

accumulation and melting of large continental ice sheets is proposed to be responsible for 

large (>100 m) sea-level fluctuations (Haq et al., 1987; Pitman and Golovchenko, 1991), 

smaller changes, up to 25 m, can be related to modest climatic changes and ice volume 

fluctuations (Miller et al., 1998; Miller et al., 2003; Van Sickel et al., 2004). The sequence 

stratigraphic modelling described by Haq et al. (1987) is still widely used. Later stratigraphic 

modelling based on the accumulation of sediments on the Siberian Platform (Sahagian et al., 

1996) and the New Jersey Margin (Van Sickel et al., 2004) suggest slightly different global 

sea level fluctuations. The global eustatic sequence was updated lately based on the new 

accumulated data (Miller et al., 2005). High levels of disagreement between all sea-level 

models for the Cenozoic are observed for the first half of the Neogene (to 11 Ma).    

The modern New Zealand subcontinent lies at the interface between the southwest Pacific 

Ocean and the Southern Ocean (Nelson and Cooke, 2001a; Tomczak and Godfrey, 2013). 

Tectonic reconstructions show significant movement of the New Zealand land mass to the 

north for the last 40 Ma (King, 2000; Nelson and Cooke, 2001a). These models also suggest 

the presence of some New Zealand land mass from the Oligocene (King, 2000) for the South 

Island, and the first appearance of the Southern Alps as early as the middle Miocene (~11 Ma) 

(Wood and Stagpoole, 2007). Rapid uplift of the Southern Alps with an associated significant 

increase of the land mass is proposed from 7-6 Ma (Nelson and Cooke, 2001a).  

Tropical and subtopical ocean temperatures have been proposed for the New Zealand region 

at the Oligocene/Miocene boundary, based on planktonic foraminifera (Jenkins, 1965) and 

δ18O (Shackleton and Kennett, 1975). The development of multiple Antarctic fronts during 

the Neogene caused a decrease in the SST around New Zealand (Lawver et al., 1992; Nelson 

and Cooke, 2001a). From the early Miocene the recorded SSTs are strongly influenced by 
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cold intrusions of the sub-Antarctic currents, especially around the east coast of New Zealand 

(Nelson and Cooke, 2001). This influence increased from the middle Miocene, ~ 15 Ma. 

These reconstructions are supported by land fossil records from New Zealand, which show 

warm-water environments for the first part of the Neogene (Chaproniere, 1984; Beu et al., 

1997).  

Simulations of global late Miocene terrestrial temperatures between 11.6-5.3 Ma show 

warmer conditions than the modern climate, with mean annual air temperatures (MAAT) 

3.8ºC higher than preindustrial ones (Lunt et al., 2008). Steppuhn et al. (2006) proposed a 

simulation that calculated the late Miocene MAAT for the Australasian region to be between 

15.6 ºC and 26.6 ºC. However, the reconstructed values should be used carefully due to a 

large calculation error (±5ºC) in the MAAT estimation (Weijers et al., 2007). 

Palynological evidence supported by moisture availability and the spread of fire in the New 

Zealand area suggests a warm temperate climate for the early Miocene (Mildenhall et al., 

2003; Pole, 2003). This model contradicts the previously suggested cool early Miocene 

climate (Pockhall, 1989). Miocene cooling in New Zealand regions arguably started from 14 

Ma (Molnar and Pole, 1997; Pole et al., 2003). However, these climate reconstructions are 

commonly based on plant fossil evidence (e.g., Utescher et. al., 2000) and on structural fossil 

leaf analyses (e.g. Fricke and Wing, 2004; Wing et al., 2005). These can be problematic due 

to poor plant preservation in the geological record and the difficulty of finding the fossils for 

all geological intervals.  

This paper provides the first cross examination of the organic geochemical record from three 

IODP drilling sites (Tables 4.1-4.3). IODP Expedition 313 is represented by 18 samples from 

the M0027A Site, dated from late Oligocene to middle Miocene, and by 25 samples from the 

M0028A Site dated from early to late Miocene. IODP Expedition 317 is represented by 55 

samples from the continental slope site (U1352), dated from early Oligocene to late Miocene. 
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The hydrocarbon and biomarker data sets show the differences between local tectonic and 

eustatic influences on the organic reservoirs in the Canterbury Basin and New Jersey 

sediments. The main aim of this research is to find evidence of global climatic 

transformations in hydrocarbon and biomarker data in both sites through the Miocene, and 

distinguish these from local tectonic activity influences. 

 

4.2. Materials and methods 

4.2.1. Lithology, age/depth models and sample collection 

The 55 analysed samples from Site U1352 (Fig. 4.1A) are from the late Oligocene and the 

early, middle and late Miocene, and are dated from 31.50 to 5.49 Ma (Tables 4.1 and 4.2). 

The samples represent geological units II and III (Fulthorpe et al., 2011c; Marsaglia et al., 

2017). The age model is presented in Fig. 4.2. The age-depth model shows four hiatuses in the 

recovered sequence. 
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Figure 4.2: Age-depth plot for Holes U1352B and U1352C. Sedimentation rates are tentative 

and based on visual correlation of data. Hiatuses are marked as purple waves (Fulthorpe et al., 

2011c).  

The 18 samples from Site M0027 and the 25 samples from Site M0028 are from the early–late 

Miocene, dated from ~  28.37 to 5.85 Ma and representing geological units VIII to III 
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(Mountain et al., 2010). The age model is presented in Fig. 4.3. The age-depth model shows 

several hiatuses in the recovered sequence. 

 

Figure 4.3: Expedition 313 chronology for the uppermost Eocene to Pleistocene section, 

based on integrating biostratigraphy and Sr isotopic ages obtained in Holes M0027A–

M0029A (Mountain et al., 2010).  

4.2.1.1. IODP 317 

The eastern margin of the South Island of New Zealand is part of a continental fragment, the 

New Zealand Plateau, that started rifted from Antarctica at ~80 Ma. The rifting continued to 

be active until ~55 Ma. This rifting linked the Indian and Pacific Oceans through the 

southern Tasman Sea in the late Eocene (Molnar et al., 1975). 
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The Canterbury Basin lies at the landward edge of the rifted continental fragment and 

underlies the present-day onshore Canterbury Plains and offshore continental shelf (Field 

and Browne, 1989). Basin sediments thin toward the Bank and Otago peninsulas. The basin 

formed part of a simple passive margin from the Late Cretaceous to the late Eocene.  

The Alpine Fault formed during the earliest Miocene (~23 Ma) (Kamp, 1987; King, 2000) 

and was recorded by the deposition of a widespread shelf siltstone (the Bluecliffs 

Formation), starting in the latest Oligocene or earliest Miocene. The uplift of the Southern 

Alps accelerated at ~8–5 Ma (Tippett and Kamp, 1993; Batt et al., 2000) or at ~10–8 Ma 

(Carter and Norris, 1976; Adams, 1981; Norris et al., 1990), leading to an increase in the 

rate of sediment supply to the offshore Canterbury Basin (Lu et al., 2005). Large sediment 

drifts within the basin suggest that similar currents existed throughout much of the Neogene 

(Fulthorpe and Carter, 1991; Carter et al., 2004). 

This study is based on a set of sedimentary samples from Site U1352 located on the upper 

slope within the Canterbury Basin, New Zealand (Fig. 4.1A). Hydrocarbon and biomarker 

contents were determined for 55 samples from lithological units II and III, dated from the late 

Oligocene to the late Miocene, with one sample dated to the late Eocene (Table 4.2; 4.3). 

Lithological units were defined based on the observed variation in lithology in the cores 

(Fulthorpe et al., 2011c). The age model for the site is based on the shipboard study of 

calcareous nannofossils, diatoms, and planktonic and benthic foraminifera (Fulthorpe et al., 

2011c). The bottom part of Hole C is dated to 36.0 – 35.2 Ma in the Eocene (Fulthorpe et al., 

2011c), which is followed by the Eocene to early Oligocene (Unit III) hemipelagic to pelagic 

foraminifer-bearing nannofosil limestones with minor amounts of quartz and clay sediments 

(Fulthorpe et al., 2011c). This unit is correlative to the onshore Amuri Limestone and is 

followed by a long unconformity from 19–30.1 Ma (1916.63 – 1903.29 mbsf). Six samples 

representing the early Oligocene from unit III, below 1875 mbsf, were analysed. 
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The lower part of Unit II is dated to the early to middle Miocene and consists of a gradual 

progression from marlstone to limestone with frequent glauconitic laminae and beds 

(Marsaglia et al., 2017). There is a large unconformity of 12–11 million years between 

1875.46 and 1851.46 mbsf (Fulthorpe et al., 2011c). Good sediment recovery led to an 

excellent record of the Miocene. The Miocene part of unit II, represented by 55 samples, 

consists of a low frequency of dark-coloured mudstone beds. There are also hiatuses in 

deposition between 1496.91 and 1486.78 mbsf, where 1.3 million years are missing, and 

between 1409.66 and 1394.62 mbsf, where at least 5 million years are missing (Fulthorpe et 

al., 2011c). The Miocene part of the lithological unit IIB is characterised by hemipelagic and 

pelagic sedimentation in Hole C (1851–1275 mbsf) (Marsaglia et al., 2017). The late 

Miocene/early Pliocene boundary is between 1284 and 1266 mbsf.  

 

4.2.1.2. IODP 313 

The New Jersey–Delaware–Maryland middle Atlantic margin is a classic passive margin 

initiated in the late Triassic (~230 Ma) with sea floor spreading from the middle Jurassic 

(Sheridan and Grow, 1988; Withjack et al., 1998). The sediment accumulation rates were 

generally low during the late Cretaceous to Paleogene, which are characterised by 

siliciclastic and carbonate deposition (Poag, 1985). A major switch from carbonate ramp 

deposition to starved siliciclastic sedimentation occurred in the late middle Eocene onshore 

to earliest Oligocene on the slope in response to global and regional cooling (Miller et al., 

1998). Sedimentation rates increased dramatically in the late Oligocene to Miocene (Poag, 

1985; Miller et al., 1998), which could be related to tectonics in the hinterland. Also, some 

greenhouse sequences during the Cretaceous and the Eocene that are related to eustasy were 

recognised (Miller et al., 1991, 1998, 2003).  
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This study is based on a set of sedimentary samples from Sites M0027 and M0028 located on 

the shallow New Jersey Shelf off the east coast of the United States of America (Fig. 4.1B). 

Hydrocarbon and biomarker contents were analysed in 43 samples from lithological units II – 

VII dating from the early Oligocene to late Miocene (Tables 4.2 and 4.3). The lithological 

units were defined based on the observed variation in lithology of the cores (Mountain et al., 

2010). The age model for the sites is based on the shipboard analysis of calcareous 

nannofossils, diatoms, and planktonic and benthic foraminiferas (Mountain et al., 2010). Of 

the analysed samples from Expedition 313, only 26 had a strong n-alkane signal (Table 4.2). 

Of these samples, two are from the early Oligocene, fifteen are from the early Miocene, and 

nine are from the middle Miocene. 

The M0028 Site was drilled on the shallow New Jersey continental shelf, but further offshore 

than Site M0027 (Fig. 4.1B). The M0027 Site sediments are dated from the late Eocene to the 

Pleistocene, without the Pliocene. The M0028 Site sediments are dated from early to late 

Miocene (Mountain et al., 2010). Of the analysed samples from Site M0027, eleven have n-

alkanes suitable for analysis (Table 4.2), and eighteen samples have high lipid contents (Table 

4.3). Fifteen samples were analysed from the M0028 Site (Tables 4.2 and 4.3). 

 

The recovered sediment is divided into eight lithostratigraphic units and only units II – VII 

were sampled for this study (Mountain et al., 2010). Unit VII is dated to the early Oligocene–

early Miocene for the M0027 Site and to early Miocene for the M0028 Site. Unit VII at Site 

M0027 consists of silt, very fine sand and poorly sorted glauconite-rich coarse sand with 

some signs of bioturbation. Unit VII at the M0028 Site comprises dark brown siltstone with 

thin-walled articulated shells deposited in a deep offshore environment.  

Unit VI for both sites is dated to the early Miocene and consist of a pale brown clayey silt 

with intercalated fine sand beds. The overlying unit V at the M0027 Site is dated to the late-
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early Miocene and shows an abrupt change to poorly sorted glauconite-rich sand. Unit V at 

the M0027 Site (middle-early Miocene) consist of turbidites with poorly sorted coarse 

sediments.  

Unit IV is dated to the late-early Miocene for both sites and comprises a transition from a 

shoreface to an offshore facies. Unit II at the M0027 Site is dated to the middle Miocene and 

consists of shoreface to an offshore facies, with clay-rich layers in the upper part of the unit. 

Unit II at the M0028 Site (middle Miocene) consists of poorly sorted, coarse grained 

sediments, followed by transgressive and shore face to offshore and regressive offshore to 

shoreface sedimentary cycles.  

In general, Units VII and VI consist of sediments deposited in a river dominated offshore 

environment, followed by Unit V turbidites deposited during river flood events in an offshore 

environment. Unit IV is defined as multiple river flood events in an offshore environment, 

and Unit III consist of storm dominated and river-influenced deltaic sediments. Unit II is 

defined as a series of transgressive shore face to offshore and regressive offshore to shore face 

sedimentary cycles influenced by eustatic changes (Mountain et al., 2010).  

  

An erosional surface separates unit IV and III (295.01–236.16 mbsf; middle Miocene), which 

comprises deepening- and shallowing-upward packages of silt with periodic major storm 

influences, and is followed by sediments defined as unit IV (525.52–512.29 mbsf).  

Unit II (236.16–167.74 mbsf) is dated to the middle Miocene and consists of a series of 

deepening-upward sedimentary cycles deposited in environments evolving from a shoreface 

to an offshore facies, with clay-rich layers in the upper part of the unit. Unit II (335.37–

223.33 mbsf; middle Miocene) consists of poorly sorted, coarse grained sediments, followed 

by transgressive and shore face to offshore and regressive offshore to shoreface sedimentary 

cycles.  
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4.2.2. IODP 313 and IODP 317 total organic carbon measurements 

For the IODP 313 samples (Methods in Mountain et al., 2010) the total organic carbon (TOC) 

measurements were analysed at the University of Bremen straight after the expedition. Five 

cm3 of sediment was freeze dried and finely ground by hand in an agate mortar. Sediment 

samples were analysed for contents of organic carbon and carbonate using a LECO CS-125 

carbon-sulphur analyser. About 50 mg of dried, ground sample were analysed for the CO2 and 

SO2 content using a nondispersive infrared detector. A second aliquot of ~90 mg was weighed 

in a ceramic cup, reacted with 12.5% HCl twice, washed with deionised water twice, and 

reanalysed as above. The CO2 measured in the second run was assumed to come from organic 

carbon. The analytical precision was about ±0.02% absolute. Sample data are summarised in 

Table 4.1. 

For the IODP 317 samples TOC and total nitrogen (TN) analyses were performed on board 

(Methods in Fulthorpe et al., 2011b). Nominally 10 cm3 wet volume (about 3 g dry mass) of 

sediment was selected based on the changes in lithology, with organic-rich lithologies 

identified based on visual differences. Dried samples were crushed and homogenised to a fine 

powder. The inorganic carbon (IC) content was determined by a UIC 5011 CO2 coulometer. 

About 10 mg of the sample was reacted with 1N HCl. Total carbon (TC) and the TN content 

of the sediment samples were determined using a ThermoElectron FlashEA 1112 elemental 

analyser equipped with a ThermoElectron packed column (CHNS/NCS) and a thermal 

conductivity detector (TCD). Between 8-12 mg of each sample was mixed with one small 

spatula of vanadium pentoxide catalyst and the sample was combusted in a stream of oxygen 

at 900°C. The TOC content was calculated as the difference between TC and IC from 

coulometry (Table 4.1). 
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4.2.3. Solvent extraction and fractionation of the soluble organic matter 

The IODP 317 samples were sampled on board the JOIDES Resolution during the expedition. 

The IODP 313 samples were sampled at the MARUM core repository at the University of 

Bremen about 4 years after the end of the expedition. All samples were hand crushed using a 

ceramic pestle and mortar and sieved through a 125 μm sieve. Samples were mixed ~50:50 

with pre-extracted and baked sand (3 hours at 450°C) so as to increase solvent extraction 

efficiency and were extracted using a Dionex Accelerated Solvent Extractor (ASE 300) using 

9:1 dichloromethane (DCM): methanol. Two extraction runs were used, each of which 

consisted of three cycles of 5 min. preheating, 5 min. static at 1500 bar pressure and 100°C, 

and 3 min. solvent purging to the collection bottle. Sulphur was removed from the extractable 

organic matter (EOM) of all samples by refluxing at 40°C with acid-activated copper 

turnings. The volume of the EOM was reduced to 10 mL using a rotary evaporator (Buchii R-

210), and 1 mL was dried in order to obtain the weight of the EOM recovered. The 

extractability was calculated relative to the weight of sediment used (mg EOM/g sediment) 

(Table 4.1). 

The rest of the EOM was separated using a short silica column into three fractions using 

organic solvent solutions: aliphatic hydrocarbons (n-hexane), aromatic hydrocarbons (n-

hexane:DCM, 4:1), and polar compounds (DCM:methanol, 1:1). The polar fraction was dried, 

weighed and redissolved in n-hexane:propan-2-ol (99.5:0.5, v:v) before analysis for glycerol 

dialkyl glycerol tetraether lipids (GDGTs). The hydrocarbon fractions were spiked with a 

mixture of internal standards (IS) of known concentration (terphenyl d14, anthracene d10, and 

tetracosane d50) before analysis. 
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4.2.4. Gas chromatography-mass spectrometry (GC-MS) 

The two hydrocarbon fractions were analysed by gas chromatography-mass spectrometry 

(GC-MS), using an Agilent GC (6890N) coupled to an Agilent Mass Selective Detector 

(5975B). 1 μL of solution was injected onto a Programmable Temperature Vaporizing (PTV) 

inlet at 35°C, followed by a temperature increase at 700°C/min. to 310°C. Separation was 

performed on a J&W DB5MS UI column (60 m x 250 μm x 0.25 μm), with helium carrier gas 

at 1.5 mL/min. constant flow rate and 155 KPa starting pressure. The MS was operated in 

full-scan mode (50–550 amu) for all samples and fractions. In addition, some of the samples 

were analysed using two selective ion monitoring (SIM) mode programmes. For the aliphatic 

fraction the targeting ion masses were: m/z 123.1, 177.2, 191.2, 205.2, 217.2, 218.2, 231.2, 

253.2, and 259.2. For the aromatic fraction the targeting ion masses were: m/z 91.1, 106.1, 

120.1, 128.1, 134.1, 142.1, 152.2, 154.2, 156.1, 164.2, 166.1, 168.1, 170.1, 178.1, 180.1, 

182.1, 192.1, 197.1, 202.1, 206.1, 212.1, 216.1, 220.1, 230.1, 234.1, and 241.1. In addition, 

SIM ion masses m/z 66.1, 183.2, and 188.1 were added to each programme for IS 

identification. The target compounds are identified using retention times relative to known 

standards, and mass spectral comparison to NIST and WILEY library data. 

4.2.5. High performance liquid chromatography-mass spectrometry (HPLC-

MS) 

 Separation was carried out for isoprenoidal GDGTs (iGDGTs), branched GDGTs (brGDGTs) 

after (Becker et al., 2013) using a 1260 Infinity liquid chromatograph coupled to a 6120 

quadrupole mass spectrometer. Aliquots of the polar fraction (typically 10 μl) in n-

hexane:propan-2-ol (99.5:0.5, v:v) were injected onto two coupled Acquity BEH amide 

columns (each 2.1 x 150 mm, 1.7 lm; Waters, Eschborn, Germany) at 50 °C. Lipids were 

eluted using the following gradient with eluent A (n-hexane) and eluent B (n-hexane:propan-

2-ol (90:10, v:v), using a constant flow of 0.5 ml/min: 3% B to 5% B in 2 min, to 10% B in 8 

min, to 20% B in 10 min, to 50% B in 15 min an d to 100% B in 10 min. The columns were 
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washed with 100% B for 6 min and equilibrated with 3% B for 9 min between injections. 

GDGTs were identified using positive ion atmospheric pressure chemical ionisation with the 

targeted ion masses of m/z 1018, 1020, 1022, 1032, 1034, 1036, 1046, 1048, 1050, 1292, 

1294, 1296, 1298, and 1300. The source parameters were as follows: corona current 3500 nA, 

nebulizer gas 5 bar, drying gas 8 litre/min, drying gas 160ºC, vaporiser 400ºC, and a MS scan 

rate of 2 Hz. The advantages of improved separation chromatography during HPLC-MS have 

been widely discussed in the literature (Liu et al., 2011; Becker et al., 2013; Hopmans et al., 

2016). This method provides good separations of the iGDGT, brGDGT, and alkenone isomers 

that are essential for the SST reconstructions (Becker et al., 2013; Becker et al., 2015).  

 

4.2.6. Ratios and temperature reconstructions 

4.2.6.1. iGDGTs 

The 𝑇𝐸𝑋86
𝐻  was calculated from the distribution of iGDGTs using the definition of Kim et al. 

(2010) for the 10°C to 40°C temperature range: 

Eq. 11 𝑇𝐸𝑋86
𝐻 =

[𝐺𝐷𝐺𝑇−2]+[𝐺𝐷𝐺𝑇−3]+[𝐶𝑟𝑒𝑛′]

[𝐺𝐷𝐺𝑇−1]+[𝐺𝐷𝐺𝑇−2]+[𝐺𝐷𝐺𝑇−3]+[𝐶𝑟𝑒𝑛′]
 

where numbers refer to the number of rings in the GDGT, and Cren’ refers to the crenarchaeol 

regio isomer. 𝑇𝐸𝑋86
𝐻  was converted to SST using the correlation for the 10°C to 40°C 

temperature range with a proposed residual standard error of ±2.5°C (Kim et al., 2008; Kim et 

al., 2010): 

Eq. 12 𝑆𝑆𝑇 = 68.4 × 𝑇𝐸𝑋86
𝐻 + 38.6 (𝑟2 = 0.87, 𝑛 = 255, 𝑝 < 0.0001) 

GDGT cyclisation was calculated to evaluate the ring index (Pearson et al., 2004):  

Eq. 13 𝑅𝑖𝑛𝑔 𝑖𝑛𝑑𝑒𝑥 =
[𝐺𝐷𝐺𝑇−1]+2×[𝐺𝐷𝐺𝑇−2]+3×[𝐺𝐷𝐺𝑇−3]+4×[𝐺𝐷𝐺𝑇−4]+5×[𝐶𝑟𝑒𝑛+𝐶𝑟𝑒𝑛′]

[𝐺𝐷𝐺𝑇−0]+[𝐺𝐷𝐺𝑇−1]+[𝐺𝐷𝐺𝑇−2]+[𝐺𝐷𝐺𝑇−3]+[𝐺𝐷𝐺𝑇−4]+[𝐶𝑟𝑒𝑛+𝐶𝑟𝑒𝑛′]
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4.2.6.2. brGDGTs 

To estimate the relative fluvial input of terrigenous organic matter in the marine environment 

the branched isoprenoid tetraether (BIT) index was calculated from the brGDGTs (Hopmans 

et al., 2004): 

Eq. 14 𝐵𝐼𝑇 𝑖𝑛𝑑𝑒𝑥 =
[𝐺𝐷𝐺𝑇−𝐼𝑎]+[𝐺𝐷𝐺𝑇−𝐼𝐼𝑎]+[𝐺𝐷𝐺𝑇−𝐼𝐼𝐼𝑎]

[𝐺𝐷𝐺𝑇−𝐼𝑎]+[𝐺𝐷𝐺𝑇−𝐼𝐼𝑎]+[𝐺𝐷𝐺𝑇−𝐼𝐼𝐼𝑎]+[𝐶𝑟𝑒𝑛]
 

 

The methylation index of branched isoprenoid tetraethers (MBT) and the cyclisation index of 

branched isoprenoid tetraethers (CBT) were calculated from the brGDGTs as proxies for 

marine environment palaeo-reconstructions (Weijers et al., 2007):  

Eq. 15 𝑀𝐵𝑇 =
[𝐺𝐷𝐺𝑇−𝐼]

∑[𝐺𝐷𝐺𝑇−𝐼]+∑[𝐺𝐷𝐺𝑇−𝐼𝐼]+∑[𝐺𝐷𝐺𝑇−𝐼𝐼𝐼]
 

Eq. 16 𝐶𝐵𝑇 = −log (
[𝐺𝐷𝐺𝑇−𝐼𝑏]+[𝐺𝐷𝐺𝑇−𝐼𝐼𝑏]

[𝐺𝐷𝐺𝑇−𝐼𝑎]+[𝐺𝐷𝐺𝑇−𝐼𝐼𝑎]
) 

Mean annual air temperature (MAAT) was calculated from MBT based on various continental 

soils, and soil pH was calculated from CBT (Weijers et al., 2007): 

Eq. 17 𝑀𝐴𝐴𝑇 =
0.122+0.187×𝐶𝐵𝑇

0.020
   (𝑟2 = 0.77, 𝑛 = 134) 

Eq. 18 𝐶𝐵𝑇 = 3.33 − 0.38 × 𝑝𝐻 (𝑟2 = 0.70, 𝑛 = 134) 

The error ranges for pH and MAAT are relatively high, 0.7 and 4.8°C , respectively. 

Therefore, the absolute values for this measurements should be used with a great level of 

caution. Moreover, the relative abundance of the brGDGTs in the samples could be 

influenced by type of vegetation cover, soil temperature, and precipitation levels (Peterse et 

al., 2012).  
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4.3. Results 

4.3.1. Expedition 313 and 317 TOC data 

For the U1352 Site Miocene and early Oligocene samples the TOC varies from 0.03 to 1.5 

wt%, with most values <0.5 wt% and an average of ~0.42 wt% (Table 4.1; Fig. 4.4A). The 

highest TOC values are between 18.7 Ma and 19.3 Ma (reaching 1.5 wt%) and between 13.5 

Ma and 14.6 Ma with values as high as 1.0 wt%. TN values for the U1352 Site are scattered 

in the range of <0.001–0.04 wt%, with very low or undetectable levels of TN in the range of 

31.67 – 11.92 Ma, and some higher values of 0.09 and 0.06 wt% at 19.07 and 17.39 Ma, 

respectively (Table 4.1).  

For the Site M0027 middle Miocene and Oligocene samples the TOC varies from 0.11 to 7.45 

wt%, with most values <2.0 wt% (Table 4.1; Fig. 4.4A). The highest TOC values are between 

22.1 and 20.8 Ma (reaching 4.4 wt%) and one sample in the middle Miocene with a TOC of 

7.45 wt%. For the M0028A Site the early to middle Miocene samples have TOC values from 

0.13 to 2.9 wt% , with most values <2.0 wt% (Table 4.1; Fig. 4.4A). The highest TOC values 

are in the early Miocene between 17.8 and 17.1 Ma reaching 2.9 wt%, and one sample in the 

middle Miocene at 12.65 Ma with a value of 2.1 wt%. TN values were not measured for these 

sites. 

 

4.3.2. Expedition 313 and 317 solvent extractability 

The solvent extractability of the analysed samples vary between 0.01 and 8.15 mg EOM/g 

sediment. There is no correlation between the amount of sample extracted and the 

extractability (Table 4.2; Fig. 4.4B). Overall, the samples from the U1352 Site have lower 

extractability than the samples from the M0027 and M0028 Sites. 

The Site U1352 sediments have low extractabilities that do not exceed 0.5 mg EOM/g 

sediment (Table 4.2). Two depth ranges with higher than average extractability can be 



 

181 

 

identified in Site U1352 between 1750–1580 mbsf and 1390–1245 mbsf. These depths are 

characterised by darker grey layers of fine sandy mudstone alternating with greenish grey 

very fine sandy marlstones for the deeper section, and brownish very fine sandy mudstones 

for the upper section. There is no obvious correlation between extractability and TOC in the 

Site U1352 sediments. Lithological subunit IIC in U1352C is characterised by many samples 

with low extractabilities (<0.1 mg/g), which correlates with recovered sandstone layers 

(Fulthorpe et al., 2011). The foraminifera limestone lithology of unit III in U1352C is also 

characterised by similarly low extractability levels.  

The Site M0027 samples have high and quite variable extractabilities, in the range between 

0.35 and 8.15 mg EOM/g sediment (Table 4.2; Fig. 4.4B). The lowest extractabilities 

correlate with lithological Units VI and IV from the early Miocene. The sample with the 

highest extractability is part of lithological Unit III which is characterised by silt with a major 

storm influence (Mountain et al., 2010a).  

The Site M0028 samples have extractabilities that vary between 0.21 and 4.0 mg EOM/g 

sediment (Table 4.2; Fig. 4.4B). While most samples have extractabilities < 2.0 mg EOM/g 

sediment, two samples at 603 mbsf (early Miocene) and 300 mbsf (late-early Miocene) have 

extractabilities of 4.0 and 3.29 mg EOM/g sediment, respectively. These samples are from 

lithological unit VII, composed of silt and very fine sand, and unit IV, composed of 

transitions from red clay to very fine sand. In both IODP 313 sites the highest extractability 

samples are dated to the late-early Miocene.  
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Figure 4.4: On-board acquired bulk geochemistry data for the IODP Expedition 317 

continental slope site (U1352, red; Fulthorpe et al., 2011), and the IODP Expedition 313 

continental shelf sites (M0027A, green; and M0028A, blue; Mountain et al., 2010). 

Parameters are plotted against interpreted age from the biostratigraphy (Table 4.1). TOC is 

total organic carbon. 

 

4.3.3. Expedition 313 and 317 n-alkanes and isoprenoids 

The early Oligocene samples (1904–1874 mbsf) from the U1352 Site are characterised by a 

strong even-over-odd carbon number predominance, a low carbon preference index for the 

C22-C32 n-alkanes (CPI(22-32); 0.12–0.94) and a very low terrigenous/aquatic ratio (TAR; 0.2–

3.51) (Fig. 4.5A; Fig. 4.6A,B; Table 4.2). A similar pattern of n-alkanes is present in most of 

the early Miocene samples from 18.9 to 16.9 Ma (Table 4.2; Fig. 4.5B). Samples from 18.40–

and 17.36 Ma have a high predominance of even-over-odd short-chain n-alkanes (Fig. 4.5B). 
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The 19.06 Ma sample is an exception as it has a strong predominance of long chain n-alkanes 

without obvious even or odd predominance. The 16.85 Ma sample has a very strong 

predominance of C29 and C31 n-alkanes and a high CPI(22-32) of 4.7 reflecting this odd 

predominance, whereas the 16.62 Ma sample has predominant n-alkane chain lengths at C24, 

C26, and C28 and thus a rather low CPI(22-32) of 0.53 (Fig. 4.5B; Fig. 4.6A). The TAR is mainly 

<2, with three samples having extremely high values of 91, 58, and 17 at 19.06, 17.23, and 

16.85 Ma, respectively (Fig. 4.6B; Fig. 4.5C; Table 4.2).  

In general, the middle and late Miocene samples in U1352 Site have a more diverse 

distribution of n-alkanes (Table 4.2). The samples mainly have C14, C16, and C18 

predominance, and/or C27, C29, and C31 predominance (Fig. 4.5C,D ). No obvious correlations 

between changes in the n-alkane distribution and age or lithology could be identified. The 

CPI(22-32) for this period varies from 0.8 to 2.8 (Fig. 4.6A) without correlation to sample depth. 

However the TAR has more significant variations during the middle Miocene from 55 at 

16.43 Ma to 0.6 at 13.68 Ma (Fig. 4.6B). While most TAR values are below 9.4, three other 

samples at 14.57, 12.84, and 12.64 Ma also have high values (Fig. 4.6B).  

Two late Oligocene samples (505-498 mbsf) from the M0027A inner continental shelf Site 

have a high predominance of long chain n-alkanes (Table 4.2; Fig. 4.5E ) and are 

characterised by a strong odd-over-even carbon number predominance, high CPI(22-32) values 

(>3.0) and a very high TAR (>30) (Fig. 4.6A,B). The earliest part of the early Miocene (the 

Aquitanian Stage (23.03 – 20.44 Ma)) is represented by two samples at 22.28 and 20.74 Ma 

(Table 4.2). The 22.28 Ma sample has a bimodal distribution of short and long chain n-

alkanes, together with a high abundance of n-C17, a CPI(22-32) of 2.7 and a relatively low TAR 

of 3.5 (Fig. 4.6A,B). The 20.74 Ma sample contains only n-C21 to n-C33. The following 

Burdigalian Stage (20.44–15.97 Ma) – late-early Miocene, is represented by seven samples 

with a strong predominance of long chain n-alkanes with strong odd-over-even predominance 

(CPI(22-32) >5.0) for most samples (Table 4.2). The exception is the 17.9 Ma sample which has 
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very high relative abundances of n-C24, n-C26, and n-C28 and thus a CPI(22-32) of 0.24. The 

TAR values for all seven samples are >10.0 (Fig. 4.6A,B).  

 

Figure 4.5: Representative n-alkane distributions for the IODP Expedition 317 continental 

slope Site U1352 (A–D), and the IODP Expedition 313 continental shelf sites M0027A (E), 

and M0028A (F). 

 

The three Aquitanian Stage (23.03–20.44 Ma) samples (673–620 mbsf) from the M0028A 

middle continental shelf Site have a bimodal n-alkane distribution with short and long chain 

n-alkane predominance for two samples, and only long chain n-alkane predominance for the 

673 mbsf sample. The CPI(22-32) values are >4.0 and TAR values are >11 (Fig. 4.6A,B). The 

Burdigalian Stage (20.44–15.97 Ma) (603–439 mbsf) is represented by seven samples with 

varying n-alkane distributions. The 18.61 and 16.08 Ma samples have a bimodal n-alkane 

distribution, whereas the other five samples have a unimodal distribution with long chain n-

alkane predominance. The CPI(22-32) for the Burdigalian Stage samples is mostly in the range 

1.9–4.1, but the 18.30 Ma sample has an exceptionally high value of 7.3 (Fig. 4.5F; Fig. 4.6A; 

Table 4.2). The TAR for these samples varies from 2.89 and 28.61 with the highest value in 

the 18.30 Ma sample (Fig. 4.6B). The middle Miocene in the M0028A Site (322–220 mbsf) is 



 

185 

 

represented by six samples. The 14.34–12.53 Ma samples have highly abundant long chain n-

alkanes, except for the 13.90 Ma sample. The other three middle Miocene samples have a 

unimodal distribution with long chain n-alkanes predominating (Table 4.2). The CPI(22-32) 

varies in the range 1.1–5.1, with the lowest value dated to 13.90 Ma (Fig. 4.6A). The TAR 

values vary significantly between 12.86 and 69.29, with the lowest value dated to 12.53 Ma 

(Fig. 4.6B).  

The pristane/phytane (Pr/Ph) ratios in the Site U1352 vary with geological period (Table 4.2; 

Fig. 4.6C). The early Oligocene samples have Pr/Ph values between 0.85 and 3.05. The early 

Miocene samples from 19.06 to 14.12 Ma have widely variable Pr/Ph ratios from 0.74 to 5.9, 

and then the middle Miocene samples mostly have lower Pr/Ph ratios, with a very low value 

of 0.58 for the sample at 12.84 Ma (Fig. 4.6C). The samples younger than 8.37 Ma have Pr/Ph 

ratios from 0.7–1.7 (Table 4.2; Fig. 4.6C). The M0027A Site samples have highly variable 

Pr/Ph ratios (0.38–5.5; Table 4.2; Fig. 4.6C). Only two samples at 22.28 and 15.69 Ma have 

Pr/Ph values <0.8. The very high value of 5.5 is from the sample at 17.90 Ma. The M0028A 

Site samples have Pr/Ph values in the range 0.47–15.6 (Table 4.2; Fig. 4.6C). The three 

Aquitanian Stage samples have Pr/Ph values <0.5. The younger 19.47 Ma sample has an 

extremely high Pr/Ph value of 15.6, and the following samples have ratios > 1.0 from 18.16 to 

15.63 Ma. The samples between 15.63 and 11.02 Ma mostly have Pr/Ph values <0.8, with one 

sample at 14.34 Ma having a value of 2.6.  

The U1352 Site samples from the Oligocene and the Eocene are characterised by Pr/n-C17 

ratios from 0.24–1.9 and Ph/n-C18 ratios from 0.08–0.43 (Table 4.2; Fig. 4.6D). Pr/n-C17 

ratios in the early to middle Miocene sediments vary from 0.3 to 17, with the majority of the 

samples having values <3.2 (Table 4.2; Fig. 4.6D). The Ph/n-C18 ratio in the early Miocene 

sediments varies from 0.04 to 5.2 without specific correlation to sample depth and/or 

lithology. Late Miocene and early Pliocene samples are characterised by Pr/n-C17 values 
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between 1.0 and 4.8 and Ph/n-C18 values between 0.3 and 1.9 (Table. 4.2; Fig. 4.6D), also 

without correlation to sample depth and/or lithology.  

The M0027A Site samples have Pr/n-C17 ratios in the range of 0.11–0.53 with only one 

exception (17.90 Ma, 5.2; Table 4.2; Fig. 4.6E). The Ph/n-C18 ratios vary between 0.37 and 

1.56 (Table 4.2; Fig 4.3E). The M0028A sSite samples are characterised by Pr/n-C17 ratios in 

the range of 0.05–1.24 and Ph/n-C18 ratios between 0.09 and 1.96 (Table 4.2; Fig. 4.6F).  

 

 

Figure 4.6: n-Alkane and isoprenoid ratios calculated for the IODP Expedition 317 

continental slope site (U1352, red), and the IODP Expedition 313 continental shelf sites 

(M0027A, green and M0028A, blue) versus the interpreted age from the biostratigraphy. A – 

Carbon preference index (CPI(22-32)) for the C22-C32 n-alkanes; B- terrigenous/aquatic ratio 

(TAR); C – Pristane/Phytane (Pr/Ph) ratio; D – Pr/n-C17 and Ph/n-C18 ratios for the Site 

U1352; E – Pr/n-C17 and Ph/n-C18 ratios for the Site M0027A; F – Pr/n-C17 and Ph/n-C18 

ratios for the Site M0028A. 

 

 



 

187 

 

 

Figure 4.6 (continued): n-Alkane and isoprenoid ratios calculated for the IODP Expedition 

317 continental slope site (U1352, red), and the IODP Expedition 313 continental shelf sites 

(M0027A, green and M0028A, blue) versus the interpreted age from the biostratigraphy. A – 

Carbon preference index (CPI(22-32)) for the C22-C32 n-alkanes; B- terrigenous/aquatic ratio 

(TAR); C – Pristane/Phytane (Pr/Ph) ratio; D – Pr/n-C17 and Ph/n-C18 ratios for the Site 

U1352; E – Pr/n-C17 and Ph/n-C18 ratios for the Site M0027A; F – Pr/n-C17 and Ph/n-C18 

ratios for the Site M0028A. 

 

 

4.3.4. Expedition 313 and 317 branched isoprenoid tetraether (BIT) index 

The BIT index is used as an indicator of terrestrial organic matter (OM) input into marine 

sediments (Hopmans et al., 2004). It is also used to qualify the reliability of the reconstructed 

SST based on TEX86 data (Weijers et al., 2006; Damsté et al., 2010). The calculated BIT 

index for the Site U1352 samples varies from 0.03 to 0.46 (Fig. 4.7A; Table 4.3). The 

Eocene-Oligocene samples have a BIT index between 0.05 and 0.24 suggesting low terrestrial 

OM input into the sediment, except for the 31.02 Ma sample. The three early Miocene 

samples have BIT values <0.1 (Fig. 4.7A), suggesting less terrestrial OM input compared to 
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the Oligocene. The middle Miocene samples have higher variability in BIT index values 

(0.068–0.162), but still indicate mainly marine OM input into the sediments. The late 

Miocene samples have higher variability in the BIT index, with the 0.32 value at 8.74 Ma 

suggesting an increase in terrestrial OM input. The BIT index from 10.49–8.99 Ma and 8.37–

7.85 Ma stays below 0.19 and is indicative of dominant marine OM input into these samples.  

The BIT index for the M0027A Site samples generally higher than for Site U1352 (0.24–0.66; 

Table 4.3; Fig. 4.7A). The late Oligocene samples are characterised by a high BIT index 

(>0.5) indicating high terrigenous OM input. The earliest Miocene (Aquitanian Stage) 

samples have a lower BIT index (0.26–0.34), indicative of more marine OM input into the 

sediments. The samples from the Burdigalian Stage at the M0027A Site have a BIT index 

between 0.24 and 0.62 with no correlation with sample age. The 18.75, 16.76, and 15.69 Ma 

samples have recorded values >0.5 indicating very strong terrigenous OM input.  

The Site M0028A samples have highly variable BIT index values between 0.21 and 0.79 

(Table 4.3), which are similar to those of Site M0027A (Fig. 4.7A). The Aquitanian Stage 

samples have BIT values between 0.29 and 0.48 with higher values in the deeper samples 

(Table 4.3; Fig. 4.7A). The overlying Burdigalian Stage samples have highly variable BIT 

index values between 0.17 at 18.30 Ma and 0.79 at 19.28 Ma. The data suggest a decrease in 

the BIT index from 0.76 to 0.22 between 19.47 Ma and 18.05 Ma, indicating a decrease in 

terrigenous OM input, but without any specific depth trend. The 18.61 to 18.05 Ma period has 

the lowest BIT values for this site (Fig. 4.7A). The middle Miocene samples have BIT index 

values between 0.32 and 0.61, suggesting a mixture of marine and terrigenous OM input. 

Somewhat higher terrigenous OM input is suggested at 12.53 Ma.  
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4.3.5. Expedition 313 and 317 sea surface temperature (SST) based on TEXH
86 

The reconstructed SST based on TEXH
86 is presented in Fig. 4.7B. Only samples with BIT 

indices <0.5 were considered as reliable for SST reconstruction (Fig. 4.7B; Table 4.3), as a 

high BIT index is associated with an increase in the error of the reconstructed SST (Hopmans 

et al., 2004). A separate column is provided in Table 4.3 for the filtered data.  

The U1352 Site samples show reconstructed SST between 9.3ºC and 29.8ºC for the period 

from 35 to 6 Ma (Table 4.3). The highest value was recorded at 35.28 Ma and the lowest at 

8.39 Ma. The Eocene-Oligocene is represented by four samples which show a decreasing 

temperature from 29.8ºC at 35.3 Ma to 21.5ºC at 31.1 Ma (Fig. 4.7B). The early and middle 

Miocene are represented by nine samples and show a consistent SST decrease through time 

from 27.0ºC at 18.3 Ma to 18.9ºC at 13.7 Ma. All reconstructed temperatures for the late 

Miocene period do not exceed 20ºC (Fig. 4.7B). The early-late Miocene samples follow the 

same decreasing SST trend to 13.3ºC at 10.5 Ma. The shallower late Miocene samples are 

generally consistent with a warming period, with a SST increase to 19.6ºC at 7.9 Ma, 

although these is more variability between samples in this interval (Fig. 4.7B). This warm 

period is reversing after 7.3 Ma, with a low SST value of 12.8ºC reached at 6.3 Ma.  

Of the analysed samples from the M0027A Site only nine have a BIT index <0.5 and thus can 

be interpreted. The results show SST variation between 13.8ºC and 23.0ºC (Table 4.3; Fig. 

4.7B). The early Miocene samples have SST varying from 18.4ºC and 23.0ºC with the highest 

temperature at 19.74 Ma. The younger samples show a decreasing SST to 13.8 ºC at 16.2 Ma, 

following by an increase to 17.2ºC at 15.69 Ma (Table 4.3; Fig. 4.7B). The Miocene samples 

from the M0028A Site show SST variation between 24.1ºC at 22.20 Ma and 15.5°C at 16.3 

Ma, representing an overall decrease, albeit with substantial variation (Table 4.3; Fig. 4.7B). 

The youngest sample (from 11Ma) has a slightly higher SST (20.2°C). 
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Figure 4.7: Lipid ratios, temperature and soil pH reconstructions for the IODP Expedition 317 

continental slope site (U1352, red), and the IODP Expedition 313 continental shelf sites 

(M0027A, green and M0028A, blue) versus the interpreted age from the biostratigraphy. A – 

BIT index; B- Sea surface temperature (SST (TEXH
86) (ºC)); C – Mean annual air temperature 

(MAAT (ºC)); D – soil pH. Samples with BIT index >0.5 were excluded from the SST 

(TEXH
86) plot. 

 

 

4.3.6. Expedition 313 and 317 mean annual air temperatures (MAAT) 

MAAT (ºC) was only recorded from the early Miocene for the U1352 Site (Fig. 4.7C). 

MAAT significant increases from 18.30 Ma (6.4°C) to 6.30 Ma (29.5°C). Early and middle 

Miocene samples have MAAT values that do not exceed 10ºC, except for the 11.9 Ma sample 

(21.4ºC), whereas samples younger than 10 Ma have much higher values (27.2ºC to 32.6ºC).  

The Site M0027A samples have large MAAT variability from 4.5ºC to 33.3ºC. The late 

Oligocene samples have a MAAT of 22.4 ºC and 19.2ºC (Table 4.3; Fig. 4.7C). The 

Aquitanian Stage samples show a significant temperature drop to 4.5ºC at 20.74 Ma, but then 

a much higher value of 25.7ºC at 20.30 Ma, following by a temperature decrease to 12.5ºC at 

18.96 Ma. From 17.90 Ma to 15.69 Ma the MAAT increases significantly to >30ºC, before 

reducing to 19.3ºC in the shallowest sample (Table 4.3).  
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The Site M0028A samples show big MAAT variations from 3.1ºC to 38.0ºC (Table 4.3; Fig 

4.4C). The three oldest samples (21.50–22.57 MA) have the highest recorded values >34ºC, 

which are following by a consistent temperature decrease to 12.3ºC at 19.03 Ma. The MAAT 

then vary between 26.2ºC and 7.8ºC, with no obvious pattern, with the lowest MAAT reached 

at 16.52 Ma, shortly followed by a much higher MAAT at 16.08 Ma (26.2°C). The middle 

Miocene samples then show a rapid MAAT decrease to 3.1ºC at 14.34 Ma, followed by 

warmer values in the shallower samples (Table 4.3). 

4.3.7. Expedition 313 and 317 soil pH 

The soil pH could only be calculated for the U1352 Site samples from the early Miocene 

(Table 4.3). Soil pH has an overall increase through time (Fig. 4.7), with early Miocene 

samples having interpreted soil pH in the range 6.4–7.3. The middle Miocene samples have 

soil pH data that decrease from 7.1 at 15.4 Ma to 5.8 at 11.9 Ma. The late Miocene and 

Pliocene samples have higher values between 7.0 and 8.1. 

The Site M0027A samples have near neutral soil pH that vary between 7.9 and 8.6 for all 

samples, and in the early Miocene are significantly higher than those seen in Site U1352 

samples. The deeper samples have slightly lower values, and there is a slight increase in soil 

pH from 7.9 at 19.21 Ma to a maximum of 8.6 at 15.69 Ma (Fig. 4.7D; Table 4.3).  

The Site M0028A samples have a similar soil pH range (7.8–8.4) as for Site M0027A. The 

Aquitanian Stage samples have slightly higher soil pH values between 8.5 and 8.3 (Fig. 4.7D; 

Table 4.3), and there is a slight tendency for these to decrease during the Burdigalian Stage 

and reach a minimum of 7.8 at 19.03 Ma. The soil pH values increase upwards through the 

middle Miocene period to 8.4 around 15.90 Ma, followed by a decrease to 8.0 at 14.34, above 

which they remain constant until the shallowest (11.02 Ma) sample (Table 4.3).  
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4.4. Discussion 

High levels of OM burial in marine sediments are known from around the world (Berner, 

1982; Walsh, 1988). The TOC of marine sediments consists of material derived from the land 

(terrigenous OM) and from the ocean (marine OM). Estimated calculations suggest about 

180×1012g TOC/year are exported to marine sediments via rivers (Meybeck, 1982). TOC 

levels generally decrease with distance from the shore (Prahl et al., 1994). Bioturbation also 

influences TOC levels in continental shelf areas by decreasing the original organic input and 

mixing up TOC from different sediment layers. The bioturbation influence is higher closer to 

the shore, and might decrease the relative abundance of TOC in the sample (Prahl et al., 1994; 

Dickens et al., 2004). Moreover, the way that organic carbon is transported and distributed in 

marine sediments, and bottom water oxicity, can significantly alter the TOC content (Berner, 

1990; Cowie and Hedges, 1992; Hedges and Keil, 1995). Deltaic sediments are responsible 

for ~45% total TOC input into ocean (Berner, 1989). Anoxic bottom water can support 

preservation of the TOC in coastal environments (Cowie and Hedges, 1992).   

Our data (Table 4.1; Fig. 4.4A) supports previous observations. The continental slope site in 

the Canterbury Basin (~82 km offshore now) has much lower TOC values than the two 

continental shelf sites from New Jersey. Distance to shore is also a control on the TOC values 

of the M0027A and M0028A Sites. The M0027 Site is closer to the shore (~45 km offshore 

now) and has samples with very high TOC levels (> 3 wt% for the 21.47–20.33 Ma period in 

the early Miocene, with an exception at 21.10 Ma, and 7.5 wt% for a sample in the middle 

Miocene (Fig. 4.4A). These high TOC values are possibly due to the proximity of the drilling 

site to the shore in the Miocene (Prahl and Coble, 1994). The M0028 Site is further offshore 

(~56 km offshore now; Fig. 4.1B) and samples have much lower TOC values than for the 

M0027 Site (up to 2.9 wt%). At the M0028 Site the early to middle Miocene samples from 

the 18.88 – 14.78 Ma interval have TOC values from 1.02 to 2.9 wt%. This could possibly 
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indicate a temporal change in the proximity of the shoreline to the site, and possibly a 

decrease in the global sea level. 

Clear indication of coastal onlap associated with a major downward shift  was recorded in 

New Jersey area from middle Oligocene bringing nearshore marine and coastal-plain 

depositional environments during late Oligocene and early-early Miocene – Aquatanian 

(Greenlee and Moore, 1988). Low global sea levels during the early Miocene were recorded 

by Haq et al. (1987), who estimated a decrease just after 21 Ma. In addition, a major 

downward shift is noted in New Jersey area ~21 Ma (Greenlee and Moore, 1988). Abreu and 

Anderson (1998) also show a global sea level decrease, with minimal sea levels during the 

early Miocene around 21 Ma and slightly after 20 Ma (Abreu and Anderson, 1998). 

Moreover, the sea level reconstruction for the New Jersey region by Van Sickel et al. (2004) 

does  show low sea levels around 21 Ma with global sea level decrease from 21.5 Ma to ~18 

Ma.  

Most of the U1352 Site samples have very low TOC contents, with the majority <1 wt% and 

only three samples at 19.06, 15.42, and 14.50 Ma with TOC values > 1 wt% (Fig. 4.4A). A 

slight increase in TOC is apparent for the Site U1352 samples from 17 and 14 Ma, which 

correlates with the proposed lower sea level for the New Jersey region over this time (Miller 

et al., 2005).   

In general, a CPI(22-32) <1 is associated with marine and aquatic environments, whereas a 

CPI(22-32) >1.0 is associated with terrigenous OM input (Bray and Evans, 1961). Low CPI(22-32) 

<1 values for the early Oligocene samples are Fig. 4.6indicative of marine OM input 

dominated by diatoms and phytoplankton (Albaigés et al., 1984; Saliot et al., 1998), and is 

consistent with high sea levels during this period.  
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Figure 4.8: n-Alkane and isoprenoid ratios calculated for the IODP Expedition 317 

continental slope site (U1352, red), and the IODP Expedition 313 continental shelf sites 

(M0027A, green and M0028A, blue) versus the changes in global δ18O (C, red) (Cramer et 

al., 2011) and global sea level fluctuations (C, blue and black; Miller et al., 2005 and 

green;Kominz et al., 2008). 

 

A similar distribution of even n-alkanes in the range of C12-C20 in the early Oligocene 

samples from the Site U1352 has been reported in some coastal sediments from Gulf of Fos, 

Mediterranean sea (Mille et al., 2007) and Gulf of Mexico (Nishimura and Baker, 1986), but 

were suggested to be due to possible bacterial input. Importantly, an even n-alkane 

distribution can also be attributed to petrogenic contamination of the samples (Ekpo et al., 

2005; Aloulou et al., 2010). A TAR < 1 is indicative of strong algal input, whereas higher 

values indicate a predominance of terrigenous OM input (Silliman et al., 2000). Therefore, the 

low TAR values for the early Oligocene period in the U1352Site are interpreted to suggest a 

strong aquatic plant input, with low terrigenous vegetation imprint (Fig. 4.6B).  
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The two late Oligocene samples from the M0027A Site have high CPI(22-32) indices and a high 

TAR (Fig. 4.6A,B) that indicate high terrigenous OM input. Both ratios significantly decrease 

at the beginning of Aquitanian Stage which indicates an increase in marine OM input. 

Another rapid decrease in CPI(22-32) to 0.24 is recorded for the 17.90 Ma sample, suggesting 

dominant marine OM input, but the TAR suggest the reverse and may be misleading 

(Cranwell et al., 1987; Meyers and Ishiwatari, 1993a). The samples from the second part of 

the Burdigalian Stage and the beginning of the middle Miocene have a high CPI(22-32) and 

TAR, indicating high terrigenous OM input.  

Very similar distributions of n-alkanes and a low CPI(22-32) values are recorded in early 

Miocene samples from the Site U1352 (Fig. 4.6A) which suggest strong marine OM input. 

The late-early Miocene is characterised by an increase in long chain n-alkane abundance and 

high CPI(22-32) values at 16.85 Ma. This change is indicative of greater terrigenous OM input 

during the second part of early Miocene (Eglinton and Hamilton, 1967). Low TAR values 

before ~16 Ma also indicate high marine OM input. Two early Miocene samples with high 

TAR values of 58.3 and 55.3 at 17.23 Ma and 16.43 Ma (Table 4.2) show high terrigenous 

OM input for the New Zealand region at these times. Importantly to note, the TAR might 

over-represent the absolute amount of terrigenous sources in marine sediments, due to much 

higher n-alkane production by land plants (Cranwell et al., 1987; Meyers and Ishiwatari, 

1993a).  

The samples from the Aquitanian Stage in the M0028A Site have a high CPI(22-32) and TAR, 

with some variations between the samples, indicating high terrigenous OM input (Fig. 

4.6A,B). The samples from the Burdigalian Stage are characterised by CPI(22-32) >1.9 

indicating high terrigenous OM input. The TAR for these samples indicates a decrease in 

terrigenous OM input until 18.61 Ma, following by an increase in terrigenous OM input to 

18.05 Ma. The short term increase in marine OM input around 17.83 Ma is followed by an 

increase in TAR through the last part of Burdigalian Stage and into the middle Miocene 
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samples. The increase in marine OM input at 18.61 and 17.83 Ma was recorded in both of the 

New Jersey sites (Fig 4.4A,B).  

The middle Miocene Site U1352 samples from around 15 Ma have high CPI(22-32) values, 

indicating an increase in terrestrial OM input (Fig. 4.6A). The decrease of CPI(22-32) around 12 

Ma suggests a decrease in terrigenous OM input, as is also indicated by a low TAR index 

showing dominant marine OM input (Fig. 4.6B). Some late Miocene Site U1352 samples also 

contain significant marine OM input, with high n-C14, n-C16, and n-C18 abundances for several 

samples (Table 4.2). A significant increase in terrigenous OM between 6.5 Ma and 5.4 Ma 

can be observed through an increase in CPI(22-32). TAR data suggest at least three strong 

terrigenous OM input events at 10.8 Ma, 8 Ma, and 6 Ma (Fig. 4.6A,B). These data suggest a 

strong influence of the Southern Alps uplift on input of terrestrial OM.  

The CPI(22-32) and TAR data for the early Miocene do not completely correlate with the TOC 

data for the same period. This can be attributed to local factors such as river runoffs and local 

marine productivity that have a strong influence on biomarker signals. 

. 

   The main source of pristane (2,6,10,14-tetramethylpentadecane; Pr) and phytane (2,6,10,14-

tetramethylhexadecane; Ph) is the phytol side chain of chlorophyll in phototrophic organisms 

and bacteriophyl from purple sulphur bacteria (Powell and McKirdy, 1973). Some marine 

organisms such as calanoid copepods have been suggested to be an additional biological 

sources (Blumer et al., 1964). In addition, Pr could be derived from anaerobic bacterial 

degradation (Rontani et al., 2010), thermal degradation (Lao et al., 1989) or clay-catalysed 

degradation of the chlorophyll phytyl chain (Lao et al., 1989; Rontani et al., 2010). Ph can 

also be produced through anaerobic biodegradation (Grossi et al., 1998), clay-catalysed 

thermal hydrogenation of the isoprenoid alkenes (Gelin et al., 1995), and by thermal 

maturation of methanogenic bacteria (Rowland, 1990). In general, Pr/Ph <0.8 indicates an 



 

197 

 

anoxic depositional environment, and >3 indicates terrigenous organic matter input deposited 

under oxic conditions. (Peters et al., 2005). Although the ratio is widely used in 

environmental interpretations, the multiple possible sources of both compounds and the 

influence of the post depositional environment means that conclusions should be supported 

with other biomarker ratios. The Pr/n-C17 and Ph/n-C18 ratios are sensitive to the 

biodegradation levels of sediments (the ratios increase with increasing biodegradation) and to 

thermal maturity (the ratios decrease) (Peters and Moldowan, 1993) (Tissot et al., 1971).  

The early Oligocene Site U1352 samples do not show any consistent pattern of Pr/Ph, and 

suggest a sub-oxic to oxic depositional environment (Fig. 4.6C). Pr/Ph increases from the 

early Miocene samples to the middle Miocene in the Site U1352, indicating an increasing 

oxicity trend that is consistent with CPI(22-32) and TAR results that showed a gradual increase 

of terrigenous OM input over that period. The changes in accumulation of OM in the 

Canterbury Basin during the early Oligocene and early Miocene can be attributed to a 

decrease in global sea level (up to 30 m) (Haq et al., 1987; Van Sickel et al., 2004; Miller et 

al., 2005). The reconstructed tectonic activity of New Zealand for these periods doesn’t 

suggest any major activity in the area (Winkworth et al., 2002).  

The middle Miocene Site U1352 samples have Pr/Ph ratios that suggest a suboxic 

depositional environment, except for the 15 – 12 Ma period where a strongly oxic pattern is 

sometimes present (Fig. 4.6C). From 11 Ma the Pr/Ph ratios decrease to values that suggest 

mainly sub-oxic conditions. During the same time there is an increase TAR and CPI(22-32) 

values indicating increase in terrigenous sediment input. The fluctuations in oxicity of the 

depositional environment in the Canterbury Basin are consistent with global sea levels 

fluctuations during the middle Miocene (Fig. 2.8) (Van Sickel et al., 2004; Miller et al., 2005; 

Fulthorpe et al., 2011a)(Haq et al., 1987; Van Sickel et al., 2004; Miller et al., 2005; 

Fulthorpe et al., 2011a). The increase in sea level would contribute to increased erosion of 

previously exposed shore line regions that, in turn, would increase the input of terrigenous 
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OM into the marine sediments. This deposition would not occur under oxic conditions (e.g., 

with a high Pr/Ph ratio), but under a new, sub-oxic environment. Increased terrigenous input 

from 14–12 Ma, together with high sedimentation rates at the same time, can be attributed to 

significant land mass build up on the South Island related to increase in convergence rate 

from ~20 Ma (Lu et al., 2005). The slow uplift of the western part of the South Island, and the 

resulting increase in the erosional gradient of the Canterbury Basin created an sub-oxic 

environment in the continental margin area, and fast sedimentary input to the continental 

slope area. 

The relatively high sea levels during the Middle Miocene climatic optimum, including an 

increase in global temperatures and a decrease in ice sheet cover (Zachos et al., 2001; Miller 

et al., 2005; Zachos et al., 2008), can be proposed as a reason for low terrigenous OM input 

before 11 Ma. Cooling during the late Miocene and stable uplift of the Southern Alps (Lu et 

al., 2005) at the same time lead to an increase in vegetation cover and led to an increase in 

terrigenous OM input. This event could correlate to another increase in the land mass of the 

South Island of New Zealand (Lu et al., 2005). The highest input of terrigenous OM was 

recorded around 6 Ma, based on TOC data, CPI(22-32) and TAR indices. This spike can be 

attributed to an increase in convergence rate between the Pacific and Australian plates to >7 

mm/year around 6 Ma (Lu et al., 2005; Wood and Stagpoole, 2007). The higher amount of 

terrigenous OM is consistent with the increase in the elevation of the Southern Alps, and may 

possibly be related to expanding angiosperm vegetation cover of the South Island. 

  

The middle Miocene increase in oxicity of the depositional environment recorded in Site 

U1352 samples is correlating with the Haq et al., (1987) and Abreau et al., (1998) 

reconstructions, but oppose the Van Sickel et al. (2004) sea level fluctuations. This variations 

in the oxicity could be influenced more by the local tectonic activity and uplift of the New 
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Zealand Southern Island rather than global climate change events. This also correlates well 

with CPI(22-32) and TAR data sets for this period. 

Most M0027A Site samples have Pr/Ph ratios close to or below 0.8 (Fig. 4.6C), indicative of 

an anoxic depositional environment. One late Oligocene sample (23.11 Ma) has a higher 

Pr/Ph ratio (1.46), suggesting a transient suboxic depositional environment. Another sample 

dated to 17.90 Ma has a Pr/Ph of 5.5, indicative of a transient oxic depositional environment 

in the early Miocene. These data are consistent with TOC variations that indicate low sea 

levels during this period (Table 4.2). More generally, the mainly anoxic depositional 

environment at the M0027A Site on the New Jersey continental shelf explains the good 

preservation of OM and higher TOC contents, compared to the more oxic Canterbury Basin. 

However, the M0028A Site samples show a different picture of the depositional environment. 

While all three Aquitanian Stage samples have very low Pr/Ph ratios (<0.5), consistent with 

an anoxic depositional environment similar to that seen at the M0027A Site, the 19.47 Ma 

sample from the M0028A Site has a very high Pr/Ph ratio (15.6), consistent with a strongly 

oxic depositional environment which is consistent with the recovered thin coaly layer at this 

depth (Mountain et al., 2010). The second part of the Burdigalian Stage samples from the 

M0028A Site have Pr/Ph ratios consistent with a suboxic depositional environment, with the 

exception of an oxic spike at 18.05 Ma (Pr/Ph = 5.2), which is at the same time as when a Site 

M0027A sample also indicated an oxic depositional environment in the early Miocene. The 

middle Miocene at the M0028A Site is characterised by interpreted anoxic depositional 

environments, the only exception being one sample at 14.34 Ma with a Pr/Ph ratio value of 

2.6. 

The New Jersey samples show a close correlation between global sea level fluctuations and 

the oxicity of the depositional environment (Fig. 2.8). The 18 Ma oxicity spike recorded at 

both sites occurred at the same time as a global sea level decrease (Van Sickel et al., 2004; 
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Miller et al., 2005). The 18 Ma increase in oxicity of the depositional environment is also 

recorded in the U1352 Site samples, supporting the idea of an influence by a global eustatic 

event. However, the 19.47 Ma spike in oxicity of the depositional environment seen only in 

Site M0028A is not correlated to a global sea level decrease, and could be due to an increase 

of terrigenous input as a part of a storm deposit, high river input, or localised development of 

a coal. 

Isoprenoid data have a good correlation to TOC variation in all three locations. The proposed 

decrease in global sea level based on TOC correlates with an increase in the Pr/Ph ratio. There 

is some delay in the Pr/Ph ratio increase for the M0028 Site, which can be attributed to the 

distance of the site from the shore line and the later influence of sea level change on deeper 

marine sites.   

The Pr/n-C17 and Ph/n-C18 ratios show the degree of thermal maturation and biodegradation 

of the samples (Volkman and Maxwell, 1986), and are relatively low for all the samples 

(Table 4.2; Fig. 4.6D-F).  

The samples from the U1352 Site (Fig. 4.6D) have low Pr/n-C17 and Ph/n-C18 ratios, 

consistent with low levels of biodegradation and thermal maturity of the samples. Both ratios 

increase during the early and middle Miocene, around 16.85 Ma and between 13.5–15.5 Ma. 

The same samples have poor preservation of n-alkanes (Table 4.2), which may have affected 

the calculated ratios.  

Additional biomarkers were analysed to determine the thermal maturity of the U1352 Site 

samples. A detailed discussion regarding the low thermal maturity is summarised in Chapter 

2. In short, the C27 17α-22,29,30-trisnorhopane (Tm) and C27 18α-22,29,30-trisnorneohopane 

(Ts) relative abundance (Ts/(Ts+Tm)) indicates a low thermal maturity for the samples from 

the Eocene to the late Miocene (Table 2.4). However, the sedimentation processes, early 

diagenesis, or source of OM can significantly alter this ratio (Ourisson et al., 1984). The C31 
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αβ 22S/(22S+22R) hopane ratio suggests a low thermal maturity for the samples (Table 2.4). 

The hopane/mortane ratio is also used as a thermal maturity indicator. The low C30 

αβ/(αβ+βα) ratios are indicative of a low thermal maturity (Mackenzie et al., 1980; Seifert and 

Moldowan, 1980). Maturity-related parameters can also be obtained from the isomerisation 

ratio of 20S/(20S+20R) C29 5α,14α,17α(H) steranes (Seifert and Moldowan, 1986). Based on 

this ratio, the sample set has a low maturity as well. 

Although individually, hopanes can be influenced by the source of the OM, the combination 

of all these ratios shows a low thermal maturity for the analysed sediments, with some 

increase in maturation with depth. Diasterane levels in sediments can be increased through the 

oxidation processes or during clay catalysed reactions.(Kirk and Shaw, 1975; Seifert and 

Moldowan, 1986).  

The Site M0027A samples (Fig. 4.6E) have stable Ph/n-C18 ratios < 2.0 during all periods. 

The Pr/n-C17 are also low (< 1), except for one sample at 17.90 Ma with a Pr/n-C17 ratio of 

5.9, which could be due to some increase in biodegradation. The M0028A Site samples (Fig. 

4.6F) have very low Pr/n-C17 and Ph/n-C18 ratios, similar to the M0027A Site. The Pr/n-C17 

ratios stay < 1.5, when Ph/n-C18 does not exceed 2.0. These data indicated low levels of 

biodegradation for this site as well. Data from both sites suggest a low thermal maturity 

influence on the OM. 

The only Eocene sample from Site U1352 has a reconstructed SST of 29.8 ºC. The Oligocene 

samples (Fig. 4.7B) have a SST between 21.5ºC and 25.6ºC. No Eocene or Oligocene SST 

data were recorded for the IODP 313 samples. These Canterbury Basin data are consistent 

with a proposed tropical environment for all southern regions. The early Oligocene records 

recovered from ODP site 511 (South Atlantic Ocean, Falkland Plateau) have relatively low 

SSTs (between 16ºC and 19ºC) reconstructed from GDGT and alkenone proxies (Liu et al., 

2009).  
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The BIT index is used as indicator of the amount of terrigenous OM input into marine 

sediments (Hopmans et al. 2004). The data collected at both locations shows a correlation 

between distance of the drilling site from the shore and the BIT index (Table 4.3; Fig. 4.7A). 

The U1352 Site is a continental slope site and has the lowest BIT indices (mostly <0.2, with 

three samples in the range of 0.2–0.4; Fig. 4.7A). In contrast, the M0027A and M0028A Sites 

have BIT indices between 0.2 and 0.8, with only one sample <0.2. These sites are located on 

the continental shelf and have a higher influence from terrigenous sediment flux. 

Very high BIT indices (>0.5) mean that SST reconstructions can’t be based on the calculated 

TEXH
86 index. For the M0027A and M0028A Sites the samples the discussed SSTs have BIT 

indices <0.5 (Table 4.3; Fig. 4.7B). All SSTs calculated for the U1352 Site samples can be 

considered in the discussion, based on their low BIT indices. However, the exact calculated 

SST value should be used with caution, due to reconstruction errors (Hopmans 2004; 

Hopmans et al., 2013). 

Reconstructed SST from the DSDP Leg 26, sites 250-252 (South Africa) show warm 

temperatures (> 20ºC) for the beginning of the Oligocene (Müller et al., 2008), which 

correlates well with the reconstructed SST for 31 Ma in the Canterbury Basin. Moreover, 

temperature reconstructions in the Antarctic region for the early and middle Eocene suggest 

warm tropical environments on the continent (Pross et al., 2012). Warm SST at the 

Eocene/Oligocene boundary (~6ºC warmer than today) were also recorded by global oxygen 

isotope records (Zachos et al., 2001, 2008). The same records also showed a global decrease 

in temperature from the Eocene to the Oligocene, which is also apparent in the Canterbury 

Basin SST data (Fig. 4.7B).  

The reconstructed temperature data from the Canterbury basin and New Jersey Shelf show a 

decreasing SST trend from the early Miocene to the middle Miocene (Fig. 4.7). A global 

climatic optimum and temperature increase occurred at the early/middle Miocene boundary 
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based on the δ18O and δ13C composition of calcareous microfossil shells (Shackleton and 

Kennett, 1975; Rohling and Cooke, 1999). Nelson and Cooke (2001a), together with the 

increasing land mass of the New Zealand sub-continent as inferred by an increase in 

terrigenous sedimentation rates since the middle Miocene (Lu et al., 2005), suggest gradual 

intensification in the amount of land vegetation in southern island of New Zealand. 

Interpretation of global eustatic sea level changes and climatic transformations such as 

accumulation of Antarctic ice cover suggest that cooler Neogene seawater conditions were 

coupled with a decrease in global sea levels (Zachos et al., 2001; Van Sickel et al., 2004).  

The middle Miocene climatic optimum recorded in the δ18O data (Barker et al., 1999) 

suggested some SST increase between 16 Ma and 14 Ma. These SST spikes can be seen in the 

New Jersey Shelf data, but not in the New Zealand data. This can be attributed to a high local 

influence in the New Zealand depositional setting, and a higher eustatic influence on SST in 

the New Jersey region. Important climate trends in the southern hemisphere such as the 

Western and Eastern Antarctica ice sheet accumulation (Miller et al., 1991) and development 

of cold Antarctic currents (Belkin and Gordon, 1996; Nelson and Cooke, 2001b) are likely to 

be the main factors influencing the SST around New Zealand (Nelson and Cooke, 2001b), 

rather than global climate and eustasy fluctuations.  

The Site U1352 samples from the late Miocene show a decrease in SST from 19ºC at 11.92 

Ma to about 13ºC at 6.3 Ma, with plenty of scatter. The only data point from the late Miocene 

from the New Jersey Shelf fits within this trend (Fig. 4.7B). These data indicate an increasing 

influence of the Eastern Antarctic ice cover accumulation and development of the ACC 

(Vincent et al., 1985; Flower and Kennett, 1994). 

The mid-Miocene Climatic Optimum is a very well-studied event in the Miocene (e.g., 

Itoigawa and Yamanoi, 1990; Mcgowran et al., 1997; Schwarz, 1997). Warm 

palaeotemperatures around 16 Ma were followed by a rapid decrease in global temperatures 
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by 15 Ma (Graham, 1999). In the eastern coast of North America there is fossil evidence for 

tropical plants from ~16 Ma (Graham, 1999), and mammal fossils suggest the presence of 

tropical- and savanna-adapted animals (Janis et al., 1998). This North American warm period 

was also recorded by palaeosols, with reconstructed MAAT for the 16 Ma samples of ~16ºC. 

The temperature decreased afterwards to ~9ºC around 15.65 Ma (Sheldon, 2006). Since the 

existing MAAT calibration has a relatively large error (±5ºC), only the general temperature 

trends can be interpreted. However, the MAAT produces a better temperature evaluation than 

pollen or leaf-based analyses where the potential biases are hard to evaluate (Weijers et al., 

2007; Schouten et al., 2013).  

Warmer high latitude areas were proposed in North America (Wolfe, 1994b; Graham, 1999) 

and in the Beringia area between Canada and Russia (Wolfe, 1994a) for the mid-Miocene 

Climatic Optimum. Warm temperatures for polar regions were also proposed (Bruch et al., 

2006). General cooling through the Miocene from mid-Miocene Climatic Optimum was 

recorded in global δ18O records from ~15Ma (Zachos et al., 2001). The new Canterbury Basin 

data show some MAAT in New Zealand that correlates well to the established cool climate 

reconstructions during the middle Miocene (Fig. 4.7C), with temperatures below 15ºC.  

The increase in MAAT during the mid-Miocene Climatic Optimum is recorded for the New 

Jersey samples between 17 and 15 Ma supporting previously proposed reconstructions 

(Zachos et al., 2001; Sheldon, 2006). A second warming after the mid-Miocene Climatic 

Optimum is recorded in the M0028A and Site U1352 data sets from 14.34 Ma until 6.3 Ma 

(Fig. 4.7C). This interpreted warming is unexpected given the established global cooling 

inferred from the δ18O  record (Zachos et al., 2001) and the reconstructed SST.  

The MAAT for the New Zealand region shows relatively high reconstructed values for the 

late Miocene period (Fig. 4.7C), with only two samples showing a temperature decrease at 

10.49 and 8.39 Ma. Continuing warming through the late Miocene in New Zealand was 
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proposed by fossil studies of New Zealand vegetation (Mildenhall, 2003). A tropical climate, 

a temperature increase, a decrease in precipitation levels and a high fire signal were proposed 

for the New Zealand region during the late Miocene (Pole, 2003).The study suggested slow 

movement of subtropical pressure over New Zealand, causing warm subtropical temperatures 

on land. The proposed model contradicts the previously suggested cool climate (Pocknall, 

1989). The warm subtropical late Miocene climate also contradicts the development of the 

oceanic currents proposed by Nelson and Cooke (2001b), which suggested cooling of the 

region from the mid-Miocene Climatic Optimum caused by development of the Antarctic 

Circumpolar Current. The new data from the Canterbury Basin in New Zealand supports a 

local subtropical climate for New Zealand during the late Miocene period (Nelson and Cooke, 

2001a). 

The reconstructed early-middle Eocene latitudinal temperature gradients calculated for North 

America and Australia show that MAAT decreases poleward in the Southern Hemisphere in 

an almost linear manner. The MAAT gradient along the North American east coast also 

shows an almost linear MAAT gradient poleward (Greenwood and Wing, 1995). The 

reconstructions show Northern Hemisphere temperatures for New Jersey were around 20ºC 

and for New Zealand around 10ºC during the Eocene. The MAAT reconstructed in this study 

is dated only to the Neogene. However, Fig. 4.7 shows that the MAAT from New Jersey for 

the early Miocene is higher than the MAAT in New Zealand. This supports the general 

latitudinal temperature gradients differences discussed earlier.  

Soil pH can be estimated from relative abundances of terrigenous lipids in samples (Weijers 

et al., 2006). Increasing precipitation increases soil acidity by washing out Ca and Mg ions 

from the system. The biomarker signal is not sensitive enough to calibrate the exact 

precipitation levels, but it is possible to evaluate the duration of the precipitation change 

based on the calculated pH (Weijers et al., 2006; Schouten et al., 2013). The Site U1352 

samples show a broad trend of decreasing acidity based on soil pH in New Zealand (Table 
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4.3; Fig. 4.7D). These data are consistent with decreasing precipitation levels in New Zealand 

during the Miocene. Some pH fluctuations can be seen in the general pattern, including 

slowly increasing soil acidity between 16.73 and 14.09 Ma (Fig. 4.7D), perhaps suggesting a 

partial increase in precipitation.  

The New Zealand samples show a decrease in soil acidity during the late Miocene (Fig. 

4.7D). This decrease in precipitation can be attributed to a general decrease in precipitation 

around the globe and an increase in C4 plant vegetation distribution (Cerling et al., 1993; 

Pagani et al., 1999). In addition, there is a strong correlation between a decrease in 

precipitation and initiation of the uplift of the Southern Alps (Tippett and Kamp, 1993).   

The New Jersey samples show a different soil pH pattern through the Miocene (Table 4.3; 

Fig. 4.7D). In general, higher soil pH values are proposed for all the New Jersey samples 

(7.8–8.6), in comparison to those from New Zealand. These data suggest no significant 

temporal variations in precipitation patterns in the New Jersey region.  

The higher early and middle Miocene soil pH values for New Jersey compared to New 

Zealand might indicate differences in the type of terrigenous material eroded at the two 

places. The New Zealand soil pH values fluctuate by 1.5 pH values, indicating significant 

variations in rainfall patterns during the early and middle Miocene. In contrast, the New 

Jersey data for the same time show a small variability of 0.6 pH values for these periods. The 

New Zealand samples show some soil pH decrease that starts at ~17 Ma and continues up to 

11.92 Ma (Fig. 4.5D). The New Jersey samples do not show a significant soil pH decrease. 

Site M0028A samples from ~14 Ma until ~11 Ma have soil pH values close to 8, which are 

consistently lower than for the period before (Fig. 4.7D). These values are slightly lower 

between 15.69 and 14.34 Ma than for the New Zealand samples. It is important to note that in 

the New Zealand samples the slow decrease in soil pH is also recorded between 16.83 and 12 

Ma.  
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Significant variation in precipitation pattern in New Zealand must have been influenced by 

local variations in evaporation patterns (Kennett et al., 1974; Pocknall, 1989). Wetter 

conditions during the mid-Miocene Climatic Optimum have been widely discussed in the 

literature (e.g., Retallack, 2009; Wan et al., 2009; You et al., 2009; Bruch et al., 2011). The 

Serravallian Stage (13.82 – 11.62 Ma) in Europe was characterised by a decrease in 

precipitation caused by global cooling events (Shevenell et al., 2004). However, later studies 

based on physiological structure of herpetological assemblages did not find any significant 

precipitation decrease in Europe related to this cooling (Böhme et al., 2011). The New Jersey 

data in this study supports the later study and show no change to higher precipitation for this 

period. The New Zealand data for the same Serravallian Stage does show an increase in 

precipitation, as is also supported by flora proxy data collected in southern New Zealand 

(Reichgelt et al., 2015).  

Reconstructed mean annual precipitation (MAP) levels in East Antarctica for the early 

Miocene show a large increase from 20 Ma to 15 Ma (Passchier et al., 2013), from 500 mm to 

about 790 mm. Our data correlates well with these reconstructions, suggesting a gradual 

increase in precipitation levels from 16.83 Ma until the end of the middle Miocene. Huang et 

al. (2007) argued in favour of C4 plant expansion in the Himalaya foreland and Arabian 

Peninsula regions from ~10 Ma to 5.5 Ma. This expansion would be consistent with a 

decrease in global precipitation levels and development of the savanna vegetation in the North 

Africa and Arabian Peninsula. The data from New Zealand show a persistent interpreted 

decrease in precipitation from 11.92 Ma to 6.3 Ma.  

In addition, the low BIT index (< 0.15) for most Canterbury Basin samples during the late 

Miocene supports low terrestrial OM runoff into the Pacific Ocean (Fig. 4.7A). At the same 

time the MAAT data show a high temperature spike during the late Miocene, up to 32.6ºC for 

the New Zealand region (Fig. 4.7A). Such a temperature increase correlates well with a 

decrease of precipitation in the New Zealand region and partial aridification. This dry period 
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was recorded through global atmospheric carbon dioxide evolution (Pagani et al., 1999), 

compound specific n-alkane records of δ13C and δD in northern Japan (Seki et al., 2010), and 

pollen records preserved in speleothems from semiarid southern Australia (Sniderman et al., 

2016).  

The relatively good preservation of brGDGTs in marine and continental sediments provides a 

good alternative to the sometimes poorly preserved floral proxies such as leaf structure or 

pollen grains. However, further studies to create a numerical correlation between soil pH and 

amount of precipitation must be carried out.  



 

209 

 

4.5. Conclusions 

This paper provides a unique opportunity for hydrocarbon and biomarker data set comparison 

from two IODP drilling expeditions that were part of the continental shelf drilling project. 

One site was drilled in New Jersey on the continental shelf area, and the other one in the 

Canterbury Basin, New Zealand. Despite the differences in the locations, similar variations 

are observed in the biomarker data. These enable discussion of the influence of global climate 

changes on organic accumulation in both regions. 

The continental slope Site U1352 has much lower TOC values than the two continental shelf 

sites from the New Jersey region, supporting the previous observations (Prahl et al., 1994) 

that TOC decreases with distance from the shore line. The alteration of the shore line during 

the Miocene can be suggested through comparison of the M0027A and M0028A site samples, 

assuming alterations in global sea levels. Low sea levels can be proposed for the early 

Miocene period dated between 21 and 18 Ma (Haq et al., 1987; Prahl et al., 1994; Van Sickel 

et al., 2004).  

TOC and isoprenoid data show a good correlation in all three locations. The proposed 

decrease in global sea level based on TOC correlates with an increase in Pr/Ph ratios. The 

delay in the Pr/Ph increase for the M0028 site can be attributed to the distance of the site from 

the shore line, and thus a delay in the influence of the sea level change for the deeper marine 

sites.   

A low thermal maturity is indicated by the n-alkane assemblages and the Pr/n-C17 and Ph/n-

C18 ratios, suggesting low thermal alteration of the OM and relatively high reliability of the 

interpretations.  

The CPI(22-32) and the TAR data are well correlated with each other in all three sites. A low 

CPI(22-32) in the early Miocene samples from New Zealand is correlated to low land mass in 

the area during this time, and an increase in global sea level. The New Jersey samples also 
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show high marine OM input during the early Miocene. This supports the suggested influence 

of high global sea levels. High spikes in the TAR in New Zealand around 16 and 17 Ma 

arguably can be related to the land mass creation during the uplift of the south island of New 

Zealand (Tippett and Kamp, 1993). An increase in marine OM input at both locations 

suggests an increase in global sea levels around 17–18 Ma. The CPI(22-32) and TAR data for 

the early Miocene do not completely correlate with the TOC data for the same period. This 

can be attributed to local factors such as river runoffs and local marine productivity that have 

strong influences on biomarker signals.    

The first part of the middle Miocene period shows high terrigenous OM input in all three 

sites, suggesting a strong influence of global sea level decrease (Haq et al., 1987; Van Sickel 

et al., 2004). The second part of the middle Miocene shows some variability in the data. 

While the New Jersey samples show strong dependence on eustasy around the mid-Miocene 

Climatic Optimum and afterwards, the New Zealand samples show much stronger 

dependence on local tectonic activity and creation of the land mass during the same period. 

The BIT index supports the n-alkane based observations. 

The reconstructed SST for the Site U1352 shows high values of 26.0ºC and 27.0ºC at 18 Ma. 

The SST decreases to 22.1ºC at 16.83 Ma. The early Miocene samples from the IODP 313 

Sites show generally lower temperatures that the IODP 317 Site samples. The samples show 

high variation in SST between 24.1ºC and 18.4ºC, with the lowest temperature dated to 20.30 

Ma. The reconstructed data suggest a decreasing SST trend from the early Miocene until the 

middle Miocene. A global climatic optimum and temperature increase at the early/middle 

Miocene boundary (Nelson and Cooke, 2001a), together with the increasing land mass of the 

sub-continent based on an increase in sedimentation rates since the middle Miocene (Lu et al., 

2005), suggests gradual intensification in the amount of land vegetation.  
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High SST variations in the New Jersey data are attributed to the influence of local tectonic 

activity. These SST variations are not recorded in the New Zealand data. This is attributed to 

the low local tectonic influence on the New Zealand samples and thus a higher eustasy 

influence on SSTs. Southern Hemisphere influenced trends such as Western Antarctica ice 

sheet accumulation (Miller et al., 1991) and development of colder Antarctic currents (Belkin 

and Gordon, 1996; Nelson and Cooke, 2001b) can be proposed as the main factors 

influencing the SST around New Zealand (Nelson and Cooke, 2001b), rather than global 

climate and eustasy fluctuations.  

The data show a warming MAAT trend in New Zealand that correlates well to the established 

mid-Miocene Climatic Optimum reconstruction. The MAAT in the New Zealand samples 

continues to rise through the second part of middle Miocene and during the late Miocene, 

with only two major cooling events at 10.49 and 8.39 Ma. Some variation of MAAT increase 

after the mid-Miocene Climatic Optimum is recorded in the Site M0028A record. In addition, 

the MAAT for the New Jersey region shows an increasing trend to 29.7ºC at 11.02 Ma. The 

increase in MAAT during the mid-Miocene Climatic Optimum is recorded for all three sites 

between 17 Ma and 15 Ma. The MAAT warming after 14 Ma in New Zealand is supported by 

fossil studies of the New Zealand vegetation (Mildenhall, 2003). 

Soil pH from New Zealand samples shows a decrease in precipitation levels during the 

Miocene. The New Jersey samples show no change in precipitation pattern.  
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4.8. Appendix: Tables 

Table 4.1: On-board bulk geochemistry data (Fulthorpe et al., 2011) for the analysed 

geological periods for Site U1352 (Fulthorpe et al., 2011), M0027A (Mountain et al., 2010), 

and M0028A (Mountain et al., 2010). 

IODP 

Expedition 

Site and Hole 

number 

Sample 

number 

Age 

(Ma) 

Sample depth 

(mbsf) 

IC1 

(wt%) 

CaCO3
2 

(wt%) 

TC3 

(wt%) 

TOC4 

(wt%) 

317 U1352C 72R1 6.24 1266.06 4.51 37.60 5.16 0.65 

317 U1352C 73R4 6.31 1280.3 0.96 7.99 1.29 0.33 

317 U1352C 73R5 6.32 1281.69 2.67 22.21 3.08 0.41 

317 U1352C 77R1 6.45 1309 4.00 33.35 4.39 0.39 

317 U1352C 78R3 6.61 1317.2 3.93 32.72 4.40 0.47 

317 U1352C 79R1 6.78 1318.1 4.16 34.63 4.77 0.61 

317 U1352C 80R1 7.00 1323.69 3.11 25.94 3.53 0.42 

317 U1352C 81R1 7.07 1328.31 2.57 21.37 3.07 0.50 

317 U1352C 82R1 7.75 1332.75 3.17 26.40 3.68 0.51 

317 U1352C 85R2 7.85 1349.21 4.32 35.99 4.73 0.41 

317 U1352C 85R4 7.92 1351.41 1.56 12.96 1.72 0.16 

317 U1352C 86R2 7.93 1353.29 5.64 47.02 6.05 0.41 

317 U1352C 87R1 8.37 1362.75 4.57 38.06 4.85 0.28 

317 U1352C 88R2 8.74 1373.07 0.74 6.14 1.23 0.49 

317 U1352C 88R5 8.95 1378.29 0.48 4.02 0.69 0.21 

317 U1352C 89R3 8.99 1384.35 0.78 6.53 1.22 0.44 

317 U1352C 89R4 9.18 1385.04 1.29 10.75 1.79 0.50 

317 U1352C 89R4 9.19 1385.71 1.64 13.69 2.33 0.69 

317 U1352C 90R1 9.22 1390.52 0.41 3.42 0.73 0.32 

317 U1352C 90R3 9.64 1393.4 3.44 28.62 4.43 0.99 

317 U1352C 91R1 9.69 1401.06 6.76 56.31 7.46 0.70 

317 U1352C 94R1 10.49 1428.92 5.20 43.31 5.65 0.45 

317 U1352C 94R6 10.65 1436.59 2.50 20.82 3.10 0.60 

317 U1352C 95R2 10.73 1440.21 4.35 36.27 4.79 0.43 

317 U1352C 99R1 11.52 1477.64 6.02 50.18 6.69 0.67 

317 U1352C 102RCC 11.92 1496.47 3.71 30.92 4.19 0.48 

317 U1352C 103R1 12.54 1506.7 4.72 39.31 5.25 0.53 

317 U1352C 103R2 12.63 1508.23 4.49 37.37 4.94 0.45 

317 U1352C 103R5 12.94 1513.24 2.05 17.07 2.39 0.34 
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IODP 

Expedition 

Site and Hole 

number 

Sample 

number 

Age 

(Ma) 

Sample depth 

(mbsf) 

IC1 

(wt%) 

CaCO3
2 

(wt%) 

TC3 

(wt%) 

TOC4 

(wt%) 

317 U1352C 104R1 13.14 1516.55 4.24 35.34 4.62 0.38 

317 U1352C 105R1 13.72 1526.17 4.62 38.50 5.09 0.47 

317 U1352C 105R1 13.72 1526.2 5.44 45.32 6.11 0.67 

317 U1352C 106R4 13.97 1540.15 4.49 37.44 5.11 0.62 

317 U1352C 106R6 14.01 1542.35 2.07 17.26 2.50 0.42 

317 U1352C 107R2 14.09 1546.48 5.38 44.77 6.07 0.69 

317 U1352C 107R3 14.13 1549.21 6.35 52.93 6.87 0.52 

317 U1352C 108R4 14.26 1558.94 2.77 23.07 3.26 0.49 

317 U1352C 109R1 14.35 1565.29 5.54 46.18 6.04 0.50 

317 U1352C 109R3 14.39 1568.05 3.02 25.18 3.66 0.64 

317 U1352C 110R2 14.50 1575.83 1.57 13.12 2.59 1.02 

317 U1352C 110R3 14.52 1577.08 2.39 19.90 3.14 0.75 

317 U1352C 111R1 14.65 1584.74 1.01 8.41 1.53 0.52 

317 U1352C 111R4 14.71 1588.45 8.12 67.65 8.43 0.31 

317 U1352C 112R1 14.81 1594.11 7.58 63.14 7.86 0.28 

317 U1352C 112R3 14.85 1596.68 2.82 23.50 3.55 0.73 

317 U1352C 113R2 15.00 1605.23 6.54 54.49 7.52 0.98 

317 U1352C 113R4 15.06 1608.81 6.47 53.87 6.80 0.33 

317 U1352C 114R3 15.20 1617.03 4.84 40.30 5.24 0.40 

317 U1352C 114R4 15.21 1618.03 7.84 65.35 7.87 0.03 

317 U1352C 115R6 15.42 1630.35 2.30 19.18 3.67 1.37 

317 U1352C 115R6 15.43 1631.02 8.18 68.14 8.60 0.42 

317 U1352C 116R2 15.49 1634.3 8.09 67.37 8.36 0.27 

317 U1352C 116R3 15.51 1635.67 6.67 55.55 7.11 0.44 

317 U1352C 117R3 15.68 1644.79 3.56 29.68 4.19 0.63 

317 U1352C 117R6 15.75 1649.06 7.71 64.23 7.78 0.07 

317 U1352C 118R3 15.85 1654.38 5.36 44.64 5.65 0.29 

317 U1352C 118R3 15.86 1654.85 4.76 39.68 5.21 0.45 

317 U1352C 119R4 16.06 1666.45 1.17 9.78 1.88 0.71 

317 U1352C 119R4 16.07 1666.68 6.90 57.51 7.29 0.39 

317 U1352C 120RCC 16.11 1668.9 3.72 30.97 4.42 0.70 

317 U1352C 120RCC 16.11 1669.24 6.06 50.52 6.38 0.32 

317 U1352C 122R1 16.46 1688.87 4.97 41.44 5.50 0.53 
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IODP 

Expedition 

Site and Hole 

number 

Sample 

number 

Age 

(Ma) 

Sample depth 

(mbsf) 

IC1 

(wt%) 

CaCO3
2 

(wt%) 

TC3 

(wt%) 

TOC4 

(wt%) 

317 U1352C 122R2 16.49 1690.26 8.59 71.56 8.94 0.35 

317 U1352C 123R1 16.54 1693.23 3.53 29.39 4.23 0.70 

317 U1352C 123R2 16.57 1694.65 9.20 76.59 9.21 0.01 

317 U1352C 124R6 16.77 1705.96 6.83 56.91 7.15 0.32 

317 U1352C 125R2 16.83 1709.41 3.70 30.86 4.06 0.36 

317 U1352C 125R5 16.91 1714.16 6.63 55.25 6.85 0.22 

317 U1352C 126R3 17.02 1720.51 9.41 78.36 9.65 0.24 

317 U1352C 126R6 17.09 1724.31 9.38 78.14 9.62 0.24 

317 U1352C 127R2 17.15 1728.06 9.36 77.95 9.49 0.13 

317 U1352C 127R3 17.19 1730.22 4.85 40.39 5.36 0.51 

317 U1352C 128R1 17.30 1736.38 10.27 85.58 10.40 0.13 

317 U1352C 128R5 17.39 1741.69 0.82 6.87 1.55 0.73 

317 U1352C 129R1 17.45 1745.44 9.62 80.16 9.86 0.24 

317 U1352C 129R2 17.50 1747.88 4.41 36.77 4.70 0.29 

317 U1352C 130R2 17.66 1757.2 10.02 83.45 10.08 0.06 

317 U1352C 130R3 17.68 1758.63 3.53 29.39 3.86 0.33 

317 U1352C 130R4 17.71 1760.44 3.77 31.36 4.01 0.24 

317 U1352C 131R2 17.83 1766.98 3.51 29.25 3.67 0.16 

317 U1352C 131R2 17.83 1767.13 10.51 87.52 10.81 0.30 

317 U1352C 132R3 18.00 1776.86 8.09 67.38 8.31 0.22 

317 U1352C 132R3 18.01 1777.38 4.33 36.04 4.38 0.05 

317 U1352C 133R2 18.17 1786.74 3.46 28.83 3.64 0.18 

317 U1352C 133R3 18.18 1787.37 10.38 86.49 10.65 0.27 

317 U1352C 134R1 18.30 1794.18 2.41 20.11 2.58 0.17 

317 U1352C 134R3 18.33 1796.58 10.24 85.31 10.28 0.04 

317 U1352C 135R1 18.41 1803.84 10.40 86.60 10.57 0.17 

317 U1352C 135R4 18.46 1807.91 2.82 23.47 2.93 0.11 

317 U1352C 136R3 18.57 1816.86 2.68 22.32 2.96 0.28 

317 U1352C 136R4 18.59 1818.5 3.60 29.98 3.77 0.17 

317 U1352C 136R5 18.59 1818.86 10.75 89.59 10.93 0.18 

317 U1352C 137R4 18.70 1827.88 10.90 90.82 11.04 0.14 

317 U1352C 137R5 18.71 1828.82 5.90 49.17 5.96 0.06 

317 U1352C 138R1 18.76 1832.84 10.07 83.92 10.30 0.23 
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IODP 

Expedition 

Site and Hole 

number 

Sample 

number 

Age 

(Ma) 

Sample depth 

(mbsf) 

IC1 

(wt%) 

CaCO3
2 

(wt%) 

TC3 

(wt%) 

TOC4 

(wt%) 

317 U1352C 138R4 18.80 1836.52 10.70 89.15 11.22 0.52 

317 U1352C 138R4 18.82 1837.73 3.29 27.44 3.62 0.33 

317 U1352C 139R1 18.87 1842.1 3.08 25.64 3.20 0.12 

317 U1352C 139R1 18.87 1842.36 10.52 87.66 10.75 0.23 

317 U1352C 140R1 19.06 1851.26 10.54 87.79 10.94 0.40 

317 U1352C 140R1 19.06 1851.45 9.42 78.44 10.88 1.46 

317 U1352C 140R2 19.07 1852.69 11.58 96.44 12.35 0.77 

317 U1352C 141R1 19.17 1861.69 11.51 95.88 11.60 0.09 

317 U1352C 143R2 30.87 1877.2 11.54 96.16 11.66 0.12 

317 U1352C 144R4 31.92 1884.24 11.53 96.08 11.72 0.19 

317 U1352C 145R3 31.14 1892.9 11.20 93.30 11.46 0.26 

317 U1352C 146R3 31.29 1902.47 11.01 91.68 10.88 -0.13 

317 U1352C 147R3 31.50 1911.56 10.82 90.12 10.91 0.09 

317 U1352C 147R4 31.53 1913.23 4.55 37.89 5.09 0.54 

317 U1352C 147R6 31.58 1916.31 5.36 44.67 5.69 0.33 

317 U1352C 148R3 35.28 1921.41 6.19 51.59 6.69 0.50 

317 U1352C 148R5 35.33 1924.03 10.73 89.41 10.86 0.13 

313 M0027A 67X2 15.69 198.68 0.77 - 1.81 1.04 

313 M0027A 67X3 15.69 200.06 0.85 - 2.19 1.34 

313 M0027A 68X1 15.69 202.26 0.71 0.002 1.6 0.89 

313 M0027A 70X2 15.69 209.22 0.39 0.013 1.33 0.94 

313 M0027A 72H1 15.69 210.7 0.4 0.030 2.23 1.83 

313 M0027A 75X1 15.69 216.67 0.21 0.039 2.58 2.37 

313 M0027A 80R1 15.69 226.24 0.65 0.012 2.2 1.55 

313 M0027A 82R2 15.69 232.36 0.06 - 0.8 0.74 

313 M0027A 85R1 15.69 241.35 0.02 - 0.83 0.81 

313 M0027A 88R1 15.69 250.38 1.33 0.061 3.34 2.01 

313 M0027A 91R1 15.69 259.03 0.96 0.043 8.41 7.45 

313 M0027A 94R2 15.69 270.28 0.24 0.028 4.06 3.83 

313 M0027A 97R2 16.76 279.33 0.07 0.003 1.53 1.47 

313 M0027A 98R1 16.80 280.86 0.25 0.027 2.67 2.42 

313 M0027A 101R1 17.06 290.3 0.31 0.017 3.02 2.71 

313 M0027A 104R1 17.33 299.24 0.19 - 1.33 1.13 
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IODP 

Expedition 

Site and Hole 

number 

Sample 

number 

Age 

(Ma) 

Sample depth 

(mbsf) 

IC1 

(wt%) 

CaCO3
2 

(wt%) 

TC3 

(wt%) 

TOC4 

(wt%) 

313 M0027A 107R1 17.55 308.23 0.31 0.033 2.34 2.03 

313 M0027A 110R2 17.81 318.76 0.39 0.042 1.9 1.52 

313 M0027A 113R1 18.02 326.81 0.27 0.011 1.77 1.5 

313 M0027A 115R2 18.22 334.36 0.11 0.004 1.04 0.93 

313 M0027A 119R1 18.38 340.08 0.02 0.007 0.65 0.64 

313 M0027A 122R1 18.61 347.96 0.06 0.002 0.21 0.16 

313 M0027A 123R1 18.69 350.95 0.57 0.003 0.79 0.21 

313 M0027A 129R1 19.14 365.96 0.04 0.001 0.17 0.13 

313 M0027A 133R2 19.48 376.81 0.09 0.001 0.2 0.11 

313 M0027A 136R1 19.71 383.96 0.02 0.001 0.18 0.17 

313 M0027A 138R2 20.01 392.83 0.04 0.002 0.2 0.16 

313 M0027A 144R1 20.63 409.75 0.02 0.001 0.3 0.28 

313 M0027A 146R1 20.83 415.18 0.13 0.007 1.59 1.46 

313 M0027A 148R2 21.12 422.73 0.27 0.024 3.43 3.16 

313 M0027A 151R2 21.47 431.86 0.23 0.015 4.34 4.11 

313 M0027A 153R2 21.78 438.06 0.11 0.014 4.36 4.25 

313 M0027A 154R1 20.74 439.77 0.21 0.014 4.58 4.37 

313 M0027A 157R1 21.10 448.67 0.16 0.008 1.35 1.19 

313 M0027A 158R1 21.21 451.37 - 0.001 - - 

313 M0027A 160R1 21.47 457.72 0.61 0.049 4.41 3.8 

313 M0027A 165R1 22.09 473.1 0.12 0.015 2.04 1.91 

313 M0027A 168R1 22.49 483 0.69 0.014 1.74 1.06 

313 M0027A 171R2 22.82 491.1 0.47 0.009 0.71 0.23 

313 M0027A 175R1 23.11 498.2 0.25 0.008 1.76 1.51 

313 M0027A 179R2 23.62 509.1 1.46 0.139 2.27 0.81 

313 M0027A 183R2 24.03 518.1 0.85 0.073 2.02 1.17 

313 M0027A 190R1 24.75 533.63 3.24 0.002 3.76 0.52 

313 M0027A 206R1 26.76 576.96 0.3 0.035 2.02 1.73 

313 M0027A 209R1 27.18 585.86 0.18 0.013 1.75 1.57 

313 M0027A 213R2 27.82 599.78 0.73 0.070 3.04 2.31 

313 M0027A 217R2 28.37 611.56 0.42 0.012 2.18 1.76 

313 M0028A 2R1 11.02 223.33 0.54 0.007 2.1 1.56 

313 M0028A 3R2 11.42 228.4 0.21 0.010 1.73 1.51 
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IODP 

Expedition 

Site and Hole 

number 

Sample 

number 

Age 

(Ma) 

Sample depth 

(mbsf) 

IC1 

(wt%) 

CaCO3
2 

(wt%) 

TC3 

(wt%) 

TOC4 

(wt%) 

313 M0028A 4R2 11.63 231.46 0.77 0.011 2.1 1.33 

313 M0028A 7R2 12.19 240.46 0.17 0.006 1.11 0.93 

313 M0028A 10R2 12.65 250.64 0.23 0.010 2.31 2.08 

313 M0028A 14R1 13.10 257.96 0.09 0.001 0.23 0.13 

313 M0028A 19R1 14.28 268.82 0.46 0.008 1.07 0.61 

313 M0028A 21R2 14.42 276.46 0.4 0.005 0.87 0.47 

313 M0028A 29R 14.78 297.37 0.34 0.036 2 1.66 

313 M0028A 81R1 17.12 422.61 0.2 0.012 1.47 1.27 

313 M0028A 97R1 17.71 470.98 0.26 0.025 3.16 2.9 

313 M0028A 100R2 17.84 481.42 0.31 0.027 2.21 1.91 

313 M0028A 113R2 18.88 520.86 0.18 0.016 1.2 1.02 

313 M0028A 127R2 19.51 548.87 0.05 0.044 0.63 0.58 

313 M0028A 130R2 19.69 557.87 0.03 0.001 1.79 1.76 

313 M0028A 133R2 20.00 566.87 0.11 0.002 0.74 0.63 

313 M0028A 136R2 20.32 575.87 0.03 0.002 0.45 0.42 

313 M0028A 141R2 20.64 584.87 0.09 0.001 0.25 0.15 

313 M0028A 145R3 20.96 593.87 0.03 0.001 0.4 0.37 

313 M0028A 149R1 21.33 604.42 0.09 0.001 0.74 0.64 

313 M0028A 152R1 21.50 611.86 0.42 - 1.08 0.66 

313 M0028A 155R1 21.50 620.14 0.31 0.003 0.98 0.67 

313 M0028A 161R1 21.50 638.14 0.73 - 1.39 0.66 

313 M0028A 164R2 21.50 649.13 0.37 - 1.01 0.64 

 

1IC = inorganic carbon 

2CaCO3 = calcium carbonate 

3TC = total carbon 

4Total organic carbon = total carbon (TC)-inorganic carbon; TC = (CaCO3/8.33); after Fulthorpe et al., 

2011 
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Table 4.2: Extractability of the organic matter (mg OM/g sediment), n-alkane and isoprenoid 

ratios, and n-alkane distributions for the analysed IODP Expedition 317 (U1352) and IODP 

Expedition 313 (M0027A and M0028A) samples. 
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11 12 13 14 15 

U1352C_73R4 1281 5.49 13.7 0.07 1.92 5.6 1.18 2.02 0.90 10.7 13.5 17.4 100 21.0 

U1352C_76R1 1305 6.30 50.2 0.14 2.09 17.3 1.14 1.37 0.86 14.8 15.0 11.3 30.2 4.6 

U1352C_76R1 1305 6.30 13.2 0.05 2.56 37.3 0.72 3.00 1.88 - 0.3 0.6 0.7 0.4 

U1352C_77R1 1310 6.45 13.1 0.25 1.60 2.0 1.25 3.59 1.38 69.3 14.9 21.2 100 23.1 

U1352C_78R1 1315 6.61 11.4 0.06 1.19 2.6 1.74 1.56 0.50 12.4 11.5 15.7 100 29.0 

U1352C_79R2 1319 6.78 12.1 0.16 3.86 17.3 0.85 1.85 1.57 3.5 3.7 4.6 25.2 6.0 

U1352C_80R3 1326 7.00 11.3 0.07 1.08 5.0 1.32 1.35 0.68 18.2 14.4 19.8 100 22.2 

U1352C_81R1 1328 7.07 10.9 0.16 1.28 1.3 0.99 1.14 0.63 16.9 15.6 16.4 93.2 27.8 

U1352C_85R4 1352 7.85 13.0 0.05 1.39 9.5 0.72 1.30 0.61 4.4 3.5 3.9 28.5 11.7 

U1352C_86R2 1354 7.93 11.1 0.04 1.01 14.0 1.14 2.03 0.89 7.2 6.0 5.9 29.5 8.4 

U1352C_87R4 1367 8.37 50.1 0.09 1.26 18.0 0.89 3.10 1.67 0.6 0.8 1.2 9.9 0.5 

U1352C_88R5 1378 8.74 9.0 0.14 2.17 26.3 0.95 0.96 0.33 3.9 3.9 3.5 19.8 4.5 

U1352C_89R3 1384 8.95 15.2 0.07 1.34 7.0 1.04 1.04 0.46 - - - - - 

U1352C_89R4 1386 8.99 76.0 0.31 1.34 7.0 1.04 1.04 0.46 10.8 12.4 16.4 86.6 19.7 

U1352C_90R2 1393 9.22 10.4 0.09 1.05 1.9 1.45 1.38 0.54 21.8 13.6 15.4 100 25.2 

U1352C_91R5 1407 9.69 12.8 0.10 0.87 3.1 3.82 4.29 0.59 11.2 9.0 10.9 86.2 28.1 

U1352C_94R5 1436 10.66 50.0 0.08 1.67 18.1 1.49 2.56 0.86 - - - - - 

U1352C_95R2 1441 10.80 10.2 0.09 1.09 41.9 1.48 1.67 0.46 0.9 0.6 0.6 6.1 2.1 

U1352C_102R 1496 11.92 9.0 - 0.98 2.0 1.40 0.57 2.60 22.4 29.0 28.1 100 24.9 

U1352C_103R5 1513 12.25 9.5 - 0.72 0.8 13.17 1.72 0.04 10.0 11.4 12.7 78.0 19.3 

U1352C_104R2 1517 12.34 12.2 0.08 0.89 2.1 5.78 1.39 1.56 31.2 34.8 29.8 100 18.2 

U1352C_105R5 1532 12.64 50.1 0.05 1.29 34.9 1.76 2.00 0.39 - - 0.3 2.7 0.6 

U1352C_106R6 1542 12.84 11.0 0.07 1.20 16.6 0.58 0.91 0.65 0.4 0.3 0.3 1.1 1.3 

U1352C_107R6 1553 13.06 7.7 0.03 - - 3.73 2.70 0.59 - - - - - 

U1352C_108R1 1555 13.09 10.0 - - - 14.37 2.02 0.22 - - - - - 

U1352C_109R3 1569 13.37 8.6 - - - 2.20 3.94 1.01 - - - - - 

U1352C_111R1 1584 13.68 6.2 0.34 1.06 0.6 2.21 4.69 1.00 8.1 12.6 18.0 100 29.9 

U1352C_112R3 1597 13.93 8.3 0.11 1.30 3.4 2.34 5.58 1.60 17.4 26.0 32.8 100 26.6 

U1352C_113R2 1606 14.12 10.5 0.12 - - 3.76 9.65 3.25 - - - - - 

U1352C_114R3 1617 14.34 12.5 0.08 1.13 0.5 2.69 10.00 2.93 - - - - - 

U1352C_115R4 1628 14.57 10.8 0.26 2.76 22.2 5.88 6.92 1.13 - - 1.3 4.5 2.0 

U1352C_116R3 1637 14.74 9.3 0.06 1.44 2.1 2.97 6.12 0.93 27.0 45.9 53.9 100 20.3 

U1352C_117R6 1649 14.99 8.0 0.21 1.69 3.3 1.97 17.17 4.88 5.0 37.4 54.2 100 22.4 
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U1352C_118R4 1655 15.11 8.0 0.18 2.47 9.4 2.18 15.27 5.24 7.1 11.7 14.2 39.0 10.5 

U1352C_123R1 1693 15.87 12.7 0.05 1.39 1.9 2.54 3.55 0.93 25.4 22.8 26.2 100 35.2 

U1352C_124R1 1698 15.97 4.0 0.20 0.84 0.8 1.95 1.65 0.67 40.2 28.7 30.1 100 20.0 

U1352C_125R4 1713 16.27 15.2 0.07 1.06 0.6 3.84 2.72 0.59 31.6 29.6 27.9 100 20.7 

U1352C_126R3 1721 16.43 7.5 0.09 1.37 55.3 1.47 2.30 0.97 0.6 1.0 1.3 4.4 1.6 

U1352C_127R3 1730 16.62 6.0 0.13 0.53 1.8 2.19 2.36 0.70 46.1 41.3 26.9 100 19.2 

U1352C_128R5 1742 16.85 10.4 0.34 4.73 16.6 2.49 12.99 3.73 1.3 2.7 5.0 20.9 5.9 

U1352C_129R2 1748 16.98 9.1 0.08 0.61 1.2 2.63 3.18 0.78 25.6 21.8 21.6 100 29.4 

U1352C_130R4 1760 17.23 1.6 0.25 0.95 58.3 2.14 2.27 1.90 - - - - - 

U1352C_131R2 1767 17.36 11.6 0.02 0.36 0.9 3.19 0.91 0.19 56.3 57.2 37.7 100 12.8 

U1352C_133R4 1789 17.80 6.0 0.07 0.38 0.3 3.46 1.62 0.28 19.3 18.4 20.8 100 25.2 

U1352C_134R1 1794 17.89 8.1 0.07 - - 3.61 0.25 - - - - - - 

U1352C_135R5 1809 18.21 6.0 0.07 0.27 0.4 2.51 0.77 0.17 39.9 32.7 26.5 100 21.4 

U1352C_136R4 1819 18.40 6.2 0.05 0.24 0.4 1.89 0.47 0.08 18.0 11.1 7.0 49.8 12.5 

U1352C_137R5 1829 18.60 8.0 0.04 0.15 0.1 1.52 0.82 0.30 45.8 39.1 21.9 100 25.7 

U1352C_139R1 1842 18.87 12.0 0.09 0.63 0.6 2.01 1.24 0.41 23.6 28.4 27.7 100 20.2 

U1352C_140R1 1851 19.06 15.4 0.03 1.00 90.5 0.74 2.69 0.79 1.1 - - 0.8 - 

U1352C_143R1 1875 30.87 4.0 0.03 0.12 0.2 2.10 0.24 0.08 100 65.2 27.4 70.5 7.7 

U1352C_144R4 1885 31.02 9.6 0.04 0.32 0.3 0.85 0.97 0.43 77.0 61.8 33.8 9.6 18.6 

U1352C_145R2 1892 31.14 8.2 0.09 0.26 1.1 1.39 0.50 0.21 100 71.3 46.2 61.7 9.0 

U1352C_146R2 1901 31.29 10.2 0.01 - - 3.05 0.38 0.09 - - 3.9 50.5 15.0 

U1352C_147R4 1913 31.50 14.5 0.01 0.94 3.5 0.93 1.87 0.42 - - - - - 

M0027A_67X 195 15.69 15 1.53 6.00 75.14 1.03 0.53 0.84 1.2 2.1 0.7 0.2 0.4 

M0027A_70X 209 15.87 9.9 1.04 6.87 10.05 0.87 0.12 0.58 5.7 0.6 1.8 0.3 2.1 

M0027A_84X 240 16.26 10 8.15 6.80 28.23 0.68 0.08 0.37 - 0.8 2.1 0.5 1.0 

M0027A_97R 279 16.76 10.2 1.33 5.85 21.08 1.02 0.27 1.25 11.1 - - - - 

M0027A_104R 300 17.33 10 0.49 5.11 63.67 0.94 0.28 0.46 1.9 1.5 2.2 0.3 0.3 

M0027A_111R 321 17.90 10.2 0.42 0.24 14.81 5.47 5.20 1.12 24.3 0.9 0.8 1.2 1.1 

M0027A_127R 361 18.75 10.4 2.93 5.44 11.41 0.82 0.11 1.45 - - 2.8 - 2.0 

M0027A_154R 439 20.74 10.5 1.90 3.67   - - - - - - - - 

M0027A_167R 479 22.28 11 0.35 2.70 3.51 0.38 0.06 1.56 65.5 3.0 6.8 2.6 8.7 

M0027A_175R 498 23.11 9.9 1.81 3.74 31.63 1.46 0.38 0.59 9.8 9.5 19.4 3.6 0.0 

M0027A_177R 505 23.59 12 0.37 5.35 95.42 0.68 0.49 0.39 0 0.4 0.0 0.1 0.2 

M0028A_2R 220 11.02 9.8 1.81 4.85 69.29 0.48 0.20 0.34 0.7 3.8 1.0 0.1 0.6 

M0028A_9R 243 12.53 10.0 0.58 3.20 12.86 0.75 0.23 0.38 12.4 2.3 - - 1.9 
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M0028A_15R 260 13.90 12.0 0.46 1.11 21.47 0.47 0.52 0.90 7.2 1.0 0.8 0.3 0.3 

M0028A_22R 280 14.34 9.9 0.39 3.91 15.53 2.55 0.23 0.61 4.0 1.9 2.4 1.0 2.1 

M0028A_31R 300 15.63 7.0 3.29 5.05 18.46 0.52 0.08 1.24 3.7 1.1 4.0 1.3 2.1 

M0028A_38R 322 15.90 10.0 0.42 4.09 17.91 1.41 0.24 0.92 17.0 2.6 4.2 1.9 2.8 

M0028A_45R 337 16.08 10.0 1.01 5.21 18.68 1.12 0.33 0.27 5.1 1.1 0 0 2.7 

M0028A_54R 439 16.27 12.3 0.41 4.09 17.91 1.41 0.24 0.92 17.0 2.6 4.2 1.9 2.8 

M0028A_98R 481 17.83 10.0 0.60 2.35 5.11 1.42 0.14 0.16 - 2.6 0.6 0.7 3.3 

M0028A_104R 499 18.05 9.8 1.38 2.83 10.62 5.16 1.24 0.33 - - - - 11.9 

M0028A_111R 520 18.30 7.3 1.38 7.29 28.61 1.41 0.21 1.44 2.8 - - - 0.9 

M0028A_121R 542 18.61 10.0 0.21 1.91 2.89 0.96 0.12 0.43 82.2 74.4 63.0 11.3 6.7 

M0028A_153R 603 19.47 10.5 4.00 4.43 5.89 15.56 0.25 0.09 11.8 2.2 3.8 1.9 4.8 

M0028A_160R 620 21.50 10.2 0.42 4.46 13.81 0.37 0.05 1.04 6.8 0.0 2.2 0.8 2.7 

M0028A_167R 662 22.20 9.9 0.37 4.28 11.33 0.39 0.06 1.62 18.1 1.1 0 1.3 3.6 

M0028A_171R 673 22.57 7.10 1.25 5.88 57.51 0.49 1.10 1.96 - 1.6 1.3 1.0 1.1 
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Table 4.2 (continued): Extractability of the organic matter (mg OM/g sediment), n-alkane and 

isoprenoid ratios, and n-alkane distributions for the analysed IODP Expedition 317 (U1352) 

and IODP Expedition 313 (M0027A and M0028A) samples. 
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16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 

U1352C_73R4 50.2 10.9 20.6 2.2 11.4 3.0 12.6 8.0 22.3 25.2 36.1 40.0 29.4 66.5 19.7 84.8 

U1352C_76R1 14.1 6.2 8.7 0.9 8.7 1.3 9.7 4.8 17.1 19.0 30.2 35.2 28.7 68.5 23.4 100 

U1352C_76R1 1.2 1.7 3.2 1.8 3.5 4.0 7.9 10.9 12.4 14.2 10.7 20.2 8.8 63.8 10.5 100 

U1352C_77R1 50.4 6.7 13.9 2.7 3.6 3.6 5.4 7.5 11.8 15.7 18.2 19.8 13.4 22.1 8.0 24.1 

U1352C_78R1 78.9 10.3 18.2 3.7 5.2 3.1 6.7 9.2 20.6 34.2 46.4 45.7 36.8 38.7 20.8 26.9 

U1352C_79R2 17.3 3.7 5.2 1.7 1.9 2.1 2.6 4.9 7.9 17.1 16.3 32.9 16.2 66.1 13.4 100 

U1352C_80R3 52.8 10.0 15.1 4.9 9.9 4.4 7.8 11.9 28.6 49.6 74.1 73.3 68.2 67.7 47.4 46.3 

U1352C_81R1 100 30.0 54.4 16.3 42.9 14.5 30.2 9.2 20.6 6.9 17.7 10.9 15.8 30.1 13.7 52.0 

U1352C_85R4 47.5 10.0 29.4 5.8 17.3 6.1 13.3 14.8 31.5 48.1 63.1 70.4 63.2 90.3 54.4 100 

U1352C_86R2 27.6 7.0 14.1 2.9 12.1 4.2 13.1 14.3 42.6 65.3 100.0 97.4 94.7 87.9 72.5 70.7 

U1352C_87R4 4.8 5.9 11.9 7.3 14.7 13.0 27.9 32.3 60.0 65.8 86.5 92.8 70.0 100 50.5 94.6 

U1352C_88R5 21.0 4.1 12.7 2.3 5.3 2.2 5.8 9.9 24.5 53.2 64.5 87.6 61.0 100 1.1 98.5 

U1352C_89R3 - - - - - - - - - - - - - - - - 

U1352C_89R4 65.8 13.1 28.5 4.0 14.0 2.9 14.0 9.7 29.2 40.2 62.4 70.3 64.6 85.6 52.1 100 

U1352C_90R2 81.4 12.5 22.2 2.3 5.6 2.9 6.2 7.5 17.2 26.9 37.1 35.7 28.7 26.2 16.7 13.9 

U1352C_91R5 100 17.1 32.6 7.7 17.3 6.1 45.4 15.1 39.9 50.6 76.8 66.5 67.4 57.7 47.6 39.3 

U1352C_94R5 5.2 4.3 8.6 8.6 14.6 18.9 35.7 47.8 55.3 51.8 45.6 54.6 37.2 78.7 33.6 100 

U1352C_95R2 12.6 2.6 6.4 1.0 5.1 2.0 7.0 8.1 20.4 31.7 48.9 56.4 65.0 84.8 84.2 100 

U1352C_102R 55.3 30.7 4.8 9.2 25.6 5.0 23.9 11.2 30.4 22.6 42.9 32.6 39.3 55.2 32.7 40.2 

U1352C_103R5 100 12.3 40.2 1.7 17.4 1.2 9.3 3.1 11.9 9.0 15.7 10.8 13.1 11.0 8.1 5.8 

U1352C_104R2 59.1 23.1 3.6 3.4 26.1 1.9 28.0 12.1 32.1 24.7 40.7 31.2 34.6 40.2 23.6 24.4 

U1352C_105R5 6.1 2.0 4.7 2.5 6.1 6.3 13.4 17.0 29.2 35.9 45.9 60.6 49.4 100.0 43.0 64 

U1352C_106R6 5.3 5.1 12.4 9.8 24.0 21.1 45.3 51.0 81.9 81.5 86.9 81.3 68.9 87.2 56.7 100 

U1352C_107R6 - - - - - - - - - - - - - - - - 

U1352C_108R1 - - - - - - - - - - - - - - - - 

U1352C_109R3 - - - - - - - - - - - - - - - - 

U1352C_111R1 51.6 7.1 15.0 1.3 2.6 0.0 5.5 3.9 6.9 9.7 10.0 10.1 8.7 8.3 7.1 5.7 

U1352C_112R3 53.7 13.3 19.9 4.7 8.2 6.5 12.8 14.3 28.9 37.5 48.9 44.9 36.7 66.6 27.7 38.5 

U1352C_113R2 - - - - - - - - - - - - - - - - 

U1352C_114R3 - - - - - - - - - - - - - - - - 
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16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 

U1352C_115R4 3.4 3.0 3.1 3.6 4.2 6.2 7.5 12.8 15.3 22.5 21.1 35.1 22.5 100 17.9 55.9 

U1352C_116R3 24.1 6.5 14.3 - - - - 19.1 16.8 38.6 38.1 22.4 19.8 19.3 4.5 14.9 

U1352C_117R6 31.6 10.9 19.4 5.6 9.1 4.7 10.1 19.3 21.4 28.6 36.2 38.3 25.3 57.8 16.8 33.5 

U1352C_118R4 14.7 6.3 8.5 5.6 5.7 4.7 6.5 8.0 14.6 24.6 26.7 45.6 28.4 100 23.8 65.5 

U1352C_123R1 49.6 11.1 16.6 3.2 5.3 3.5 6.6 7.1 13.5 18.9 25.0 29.0 24.7 41.4 17.3 24.2 

U1352C_124R1 27.8 5.5 6.9 - 3.1 - 3.9 - 7.4 8.6 10.9 10.0 9.4 6.6 6.0 4.9 

U1352C_125R4 32.7 8.6 10.3 - - 2.5 - 3.1 7.5 8.3 7.8 7.4 7.0 5.8 5.0 4.1 

U1352C_126R3 2.5 1.7 2.7 2.0 4.1 4.4 11.7 19.9 38.6 63.1 84.5 98.1 100 99.9 0.9 90.4 

U1352C_127R3 64.1 37.1 56.9 8.6 56.2 8.9 60.5 14.8 67.0 31.0 73.9 34.2 65.3 47.8 52.0 31.7 

U1352C_128R5 10.4 4.0 5.6 2.8 4.3 3.3 4.7 4.5 6.4 10.2 8.2 29.5 13.4 100 14.6 81.3 

U1352C_129R2 64.6 27.0 42.1 6.5 35.7 7.9 36.0 11.7 41.5 25.1 48.9 31.1 42.5 28.1 30.6 19.2 

U1352C_130R4 - - - - - - - - - - - - - - - - 

U1352C_131R2 60.7 32.0 47.8 3.1 40.9 2.8 40.0 5.0 37.6 8.4 35.1 10.3 32.5 18.6 28.2 15.0 

U1352C_133R4 61.9 18.3 30.4 4.8 20.9 3.8 20.8 2.7 13.3 3.4 9.9 3.2 7.1 4.5 7.1 5.2 

U1352C_134R1 - - - - - - - - - - - - - - - - 

U1352C_135R5 71.1 26.9 47.8 5.2 46.1 6.1 43.0 6.0 33.0 5.1 28.8 6.6 23.3 9.0 15.8 7.9 

U1352C_136R4 100 28.3 86.3 6.1 56.9 5.8 46.9 6.6 33.9 5.5 27.9 7.6 20.0 6.2 13.1 3.5 

U1352C_137R5 96.2 34.0 61.1 5.1 46.7 4.6 49.2 2.9 32.7 4.0 23.1 3.0 15.7 3.6 8.7 2.5 

U1352C_139R1 46.1 14.6 22.1 4.8 14.0 4.0 15.8 4.4 12.2 5.0 10.9 5.6 9.0 9.6 8.5 7.2 

U1352C_140R1 2.0 2.4 11.0 0.0 5.0 5.1 8.0 15.7 38.0 70.0 96.9 100 95.0 77.3 58.1 39.3 

U1352C_143R1 74.5 53.1 77.8 5.7 79.1 6.0 81.6 6.4 67.7 4.8 48.9 3.8 36.2 6.4 21.9 5.3 

U1352C_144R4 85.4 37.7 100 17.8 88.1 22.4 94.5 27.2 63.9 13.6 39.6 9.4 32.4 11.4 20.1 3.7 

U1352C_145R2 74.7 39.3 67.5 6.7 79.6 6.3 90.4 8.6 85.4 17.7 78.4 22.8 62.2 22.6 45.3 12.7 

U1352C_146R2 100 11.7 56.0 11.4 25.6 15.9 21.3 18.2 27.9 33.0 48.0 47.9 54.3 50.8 42.4 35.1 

U1352C_147R4 - - - - - - - - - - - - - - - - 

M0027A_67X 0.5 1.6 0.9 1.2 2.1 4.3 5.4 23.7 9.3 36.7 10.7 55.9 13.1 100 11.4 83.5 

M0027A_70X 1.3 14.9 3.5 4.4 9.5 4.0 6.1 0.0 3.1 6.3 3.8 29.5 9.4 100 10.6 84.3 

M0027A_84X 1.0 5.8 1.7 1.1 3.2 1.0 2.8 1.7 2.3 7.6 4.8 32.0 10.8 100 11.9 89.9 

M0027A_97R - 6.1 1.3 4.7 3.1 1.0 3.4 5.1 3.5 18.8 8.9 43.9 13.3 100 12.3 82.8 

M0027A_104R 0.7 1.9 1.2 1.6 2.1 2.1 3.1 11.0 5.7 25.0 9.8 48.9 15.9 100 17.5 95.0 

M0027A_111R 1.2 1.1 0.9 1.0 0.9 4.0 2.3 5.2 17.7 9.3 34.1 13.3 56.7 17.5 100 14.8 

M0027A_127R 1.0 16.8 1.5 1.4 6.4 1.5 7.2 4.7 5.0 14.6 7.4 42.4 13.5 100 13.0 88.3 

M0027A_154R - - - - - 2.4 4.4 30.1 19.2 48.8 24.0 71.4 21.1 100 17.6 72.6 

M0027A_167R 2.8 43.9 4.5 1.8 18.9 1.9 16.7 5.0 12.0 11.1 12.8 23.0 15.8 67.8 20.8 100 
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M0027A_175R 3.2 4.4 2.0 1.6 3.3 2.7 3.8 4.8 6.2 7.4 7.8 18.4 12.1 71.0 19.4 100 

M0027A_177R 0.1 0.4 0.8 1.9 2.2 4.7 4.5 14.6 6.5 26.2 9.4 45.4 15.5 100 15.0 95.4 

M0028A_2R 0.8 1.2 1.5 1.6 1.3 2.4 3.5 24.2 8.7 35.4 12.8 53.6 17.9 100 15.6 82.8 

M0028A_9R 3.1 8.0 6.4 7.9 11.8 7.2 6.7 6.6 6.0 12.9 12.8 38.3 23.9 91.6 25.3 100 

M0028A_15R 0.8 1.1 1.4 1.9 2.7 1.4 1.2 1.3 1.6 2.9 7.1 14.1 20.8 29.6 29.7 28.5 

M0028A_22R 1.2 10.8 1.6 1.1 5.3 1.3 6.3 3.9 7.2 11.6 9.6 34.1 15.9 83.4 18.7 100 

M0028A_31R 0.9 9.6 1.1 1.4 4.8 1.5 4.5 8.4 5.6 23.5 10.4 48.2 17.5 100 14.9 93.7 

M0028A_38R 3.2 8.2 1.5 2.1 5.3 1.8 4.6 3.7 6.0 11.0 10.2 35.5 16.8 98.8 19.7 100 

M0028A_45R 2.4 3.0 3.3 5.9 5.2 4.8 4.7 6.1 4.5 11.0 6.1 30.8 11.9 86.2 15.9 100 

M0028A_54R 3.2 8.2 1.5 2.1 5.3 1.8 4.6 3.7 6.0 11.0 10.2 35.5 16.8 98.8 19.7 100 

M0028A_98R 4.8 17.3 10.5 20.8 16.9 22.0 18.1 29.2 18.0 23.4 17.8 34.0 23.1 77.4 33.3 100 

M0028A_104R 8.7 4.6 6.6 15.8 22.1 94.8 38.0 100 38.1 66.1 22.3 72.1 21.4 38 0.0 0.0 

M0028A_111R - 4.3 0.4 2.6 1.2 1.1 1.7 1.6 0.5 6.1 3.7 26.8 10.3 97.7 12.7 100 

M0028A_121R 7.3 50.2 14.2 9.2 29.5 9.3 26.3 11.8 18.7 19.5 22.6 39.0 26.9 76.4 27.8 75.9 

M0028A_153R 2.4 20.8 3.7 13.7 9.1 2.0 11.0 4.9 6.8 17.8 11.5 38.2 15.5 100 14.8 93.1 

M0028A_160R 1.0 13.6 1.9 1.3 7.0 2.3 7.2 9.3 7.7 28.2 12.6 50.8 17.9 100 16.8 93.6 

M0028A_167R 1.2 17.1 1.7 0.8 9.4 1.5 8.3 12.1 11.1 30.0 12.9 46.7 17.6 97.3 17.1 100 

M0028A_171R 0.7 1.1 1.2 1.9 1.9 2.6 2.1 5.4 4.7 20.5 8.7 56.5 14.0 100 13.8 80.7 
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Table 4.2 (continued): Extractability of the organic matter (mg OM/g sediment), n-alkane and 

isoprenoid ratios, and n-alkane distributions for the analysed IODP Expedition 317 (U1352) 

and IODP Expedition 313 (M0027A and M0028A) samples.  
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32 33 34 35 36 37 38 Pr Ph 

U1352C_73R4 6.9 13.7 0.7 0.2 - - - 22.1 18.6 

U1352C_76R1 9.5 21.5 1.2 0.9 - - - 8.5 7.5 

U1352C_76R1 4.7 15.8 1.4 2.7 0.2 - - 5.1 6.1 

U1352C_77R1 3.0 0.1 - - - - - 24.0 19.2 

U1352C_78R1 5.3 2.3 - - - - - 16.0 9.2 

U1352C_79R2 4.5 16.7 - - - - - 6.9 8.1 

U1352C_80R3 17.4 9.7 3.7 0.4 1.0 - - 13.5 10.2 

U1352C_81R1 5.2 11.2 1.5 - - - - 34.3 34.5 

U1352C_85R4 26.8 27.1 6.1 - - - - 13.0 18.0 

U1352C_86R2 34.2 19.2 6.4 3.2 1.6 - - 14.3 12.5 

U1352C_87R4 22.5 24.9 6.8 6.7 2.9 - - 18.4 20.0 

U1352C_88R5 14.6 15.1 1.6 0.3 - - - 3.9 4.1 

U1352C_89R3 - - - - - - - - - 

U1352C_89R4 26.4 27.4 6.7 4.8 3.3 1.7 - 13.6 13.1 

U1352C_90R2 4.8 1.8 0.8 - - - - 17.3 11.9 

U1352C_91R5 18.2 7.5 2.6 1.4 - - - 73.2 19.2 

U1352C_94R5 19.8 35.3 9.0 7.9 3.9 - - 11.1 7.4 

U1352C_95R2 70.3 57.4 35.3 21.0 12.3 - - 4.3 2.9 

U1352C_102R 15.0 - - - - - - 17.5 12.5 

U1352C_103R5 3.5 - - - - - - 21.2 1.6 

U1352C_104R2 6.7 - - - - - - 32.1 5.6 

U1352C_105R5 23.8 21.3 8.7 7.6 4.2 - - 3.9 1.8 

U1352C_106R6 35.1 39.7 15.7 13.2 4.9 - - 4.7 8.0 

U1352C_107R6 - - - - - - - - - 

U1352C_108R1 - - - - - - - - - 

U1352C_109R3 - - - - - - - - - 

U1352C_111R1 - - - - - - - 33.1 15.0 

U1352C_112R3 12.6 3.8 - - - - - 74.3 31.8 
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U1352C_113R2 - - - - - - - - - 

U1352C_114R3 - - - - - - - - - 

U1352C_115R4 2.9 5.7 - - - - - 20.7 3.5 

U1352C_116R3 - - - - - - - 39.6 13.3 

U1352C_117R6 - - - - - - - 186.9 94.7 

U1352C_118R4 3.3 7.4 - - - - - 96.9 44.5 

U1352C_123R1 6.4 4.3 - - - - - 39.2 15.5 

U1352C_124R1 - - - - - - - 9.0 4.6 

U1352C_125R4 - - - - - - - 23.4 6.1 

U1352C_126R3 82.0 71.1 55.3 46.6 33.2 29.4 21.1 3.9 2.6 

U1352C_127R3 24.8 1.0 - - - - - 87.4 39.8 

U1352C_128R5 5.4 12.7 - - - - - 51.7 20.8 

U1352C_129R2 12.6 5.4 - - - - - 85.9 32.7 

U1352C_130R4 - - - - - - - - - 

U1352C_131R2 14.3 7.6 - - - - - 29.3 9.2 

U1352C_133R4 4.2 - - - - - - 29.6 8.6 

U1352C_134R1 - - - - - - - - - 

U1352C_135R5 8.4 2.0 - - - - - 20.9 8.3 

U1352C_136R4 6.5 - - - - - - 13.2 7.0 

U1352C_137R5 2.2 - - - - - - 27.8 18.3 

U1352C_139R1 4.0 2.6 - - - - - 18.1 9.0 

U1352C_140R1 23.6 11.8 6.7 3.6 2.4 - - 6.4 8.6 

U1352C_143R1 5.3 - - - - - - 12.8 6.1 

U1352C_144R4 7.5 - - - - - - 36.6 43.3 

U1352C_145R2 21.7 2.9 - - - - - 19.6 14.1 

U1352C_146R2 27.8 14.0 10.0 - - - - 4.4 5.3 

U1352C_147R4 - - - - - - - - - 

M0027A_67X 5.7 26.3 1.1 2.4 - - - 0.8 0.8 

M0027A_70X 4.4 18.1 - - - - - 1.8 2.0 

M0027A_84X 5.6 21.4 0.8 1.8 - - - 0.4 0.6 
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32 33 34 35 36 37 38 Pr Ph 

M0027A_97R 6.2 21.3 - - - - - 1.6 1.6 

M0027A_104R 8.8 32.1 2.0 4.0 - - - 0.5 0.6 

M0027A_111R 88.0 7.2 25.8 - - - - 5.5 1.0 

M0027A_127R 6.8 21.6 - - - - - 1.8 2.2 

M0027A_154R 8.0 13.3 - - - - - - - 

M0027A_167R 13.8 37.8 - - - - - 2.7 7.0 

M0027A_175R 13.0 43.5 - - - - - 1.7 1.2 

M0027A_177R 8.0 30.5 0.9 0.4 - - - 0.2 0.3 

M0028A_2R 8.6 28.9 - - - - - 0.2 0.5 

M0028A_9R 13.1 36.1 - - - - - 1.8 2.4 

M0028A_15R 18.3 12.2 7.6 4.3 - - - 0.6 1.2 

M0028A_22R 10.3 33.4 - - - - - 2.5 1.0 

M0028A_31R 7.1 28.2 - - - - - 0.7 1.4 

M0028A_38R 11.9 35.9 - - - - - 1.9 1.4 

M0028A_45R 8.5 35.5 - - - - - 1.0 0.9 

M0028A_54R 11.9 35.9 - - - - - 1.9 1.4 

M0028A_98R 21.7 57.6 7.0 10.2 - - - 2.4 1.7 

M0028A_104R - - - - - - - 20.5 4.0 

M0028A_111R 7.5 26.9 - - - - - 0.9 0.6 

M0028A_121R 15.2 31.6 4.4 5.5 - - - 5.9 6.1 

M0028A_153R 6.5 21.8 - - - - - 5.3 0.3 

M0028A_160R 9.1 24.8 - - - - - 0.7 2.0 

M0028A_167R 8.1 25.9 13.8 - - - - 1.1 2.8 

M0028A_171R 5.0 18.1 - - - - - 1.2 2.4 

 

1Carbon Preference Index (CPI(22-32)) = C23+C25+C27+C29+C31/(C22+2*(C24+C26+C28+C30)+C32); after Bray 

and Evans, 1961 

2Terrigenous/aquatic ratio (TAR) = (C27+C29+C31)/(C15+C17+C19); after Bourbonniere and Meyers, 

1996 

3Pristane 

4Phytane 
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Table 4.3: Summary of the lipid analysis data for isoprenoidal GDGTs and branched GDGTs 

for the analysed IODP Expedition 317 (U1352) and IODP Expedition 313 (M0027A and 

M0028A) samples. All calculations are defined in the “Materials and Methods” section. 
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U1352C 76R1 1305.02 6.30 0.07 12.8 12.8 0.45 0.27 7.6 29.5 

U1352C 77R 1309.64 6.45 0.07 16.4 16.4 0.40 0.28 7.7 28.2 

U1352C 78R 1314.52 6.61 0.08 15.3 15.3 0.25 0.27 8.1 29.4 

U1352C 79R 1319.47 6.78 - - - - - - - 

U1352C 80R 1326.05 7.00 - - - - - - - 

U1352C 81R 1328.03 7.07 - - - - - - - 

U1352C 85R 1351.57 7.85 0.15 17.3 17.3 0.59 0.35 7.2 27.6 

U1352C 86R 1353.8 7.93 0.06 19.6 19.6 0.41 0.32 7.7 27.8 

U1352C 87R 1367.05 8.37 0.07 19.4 19.4 0.39 0.29 7.7 30.8 

U1352C 87R4 1370.02 8.39 0.19 9.3 9.3 - - 7.8 7.1 

U1352C 88R 1378.31 8.74 0.32 16.1 16.1 0.67 0.36 7.0 27.2 

U1352C 89R 1385.71 8.99 0.11 16.8 16.8 0.57 0.30 7.3 29.5 

U1352C 90R 1392.51 9.22 0.03 17.1 17.1 0.27 0.21 8.1 32.6 

U1352C 91R 1406.54 9.69 0.07 17.3 17.3 0.57 0.27 7.3 30.9 

U1352C 94R5 1435.7 10.49 0.10 13.3 13.3 - - 7.4 8.0 

U1352C 102R 1496.43 11.92 0.11 19.8 19.8 1.11 0.52 5.8 21.4 

U1352C 105R5 1532.28 13.72 0.10 18.9 18.9 - - 6.9 11.1 

U1352C 107R6 1553.57 14.09 0.16 20.4 20.4 - - 6.6 6.8 

U1352C 110R2 1576.94 14.50 0.11 19.8 19.8 - - 6.8 8.7 

U1352C 115R5 1630.05 15.42 0.07 24.7 24.7 - - 7.1 10.4 

U1352C 125R3 1711.3 16.83 0.08 22.1 22.1 - - 7.3 7.2 

U1352C 134R2 1795.78 18.30 0.07 27.0 27.0 - - 6.4 2.4 

U1352C 139R 1842.11 18.87 0.03 26.0 26.0 - 0.59 - - 

U1352C 140R 1851.46 19.06 - - - - - - - 
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U1352C 143R 1875.04 30.87 - - - - - - - 

U1352C 144R3 1883.97 31.92 0.12 22.1 22.1 - - - - 

U1352C 144R 1884.51 31.02 0.46 25.6 25.6 - 0.22 - - 

U1352C 145R 1891.76 31.14 0.05 21.5 21.5 - 0.47 - - 

U1352C 146R 1900.92 31.29 0.24 - - - 0.31 - - 

U1352C 147R 1913.24 31.50 0.20 - - - 0.73 - - 

U1352C 148R 1917.9 31.57 - - - - - - - 

U1352C 148R3 1922.2 35.28 0.19 29.8 29.8 - - - - 

M0027A 67X2 195 15.69 0.42 17.2 17.2 0.17 0.54 8.6 19.3 

M0027A 70X2 209 15.87 0.39 14.6 14.6 0.22 0.62 8.5 22.8 

M0027A 76X2 221 16.02 0.65 14.9 - 0.43 0.43 8.3 11.4 

M0027A 83X2 236 16.21 0.33 13.8 13.8 0.54 0.67 8.2 22.4 

M0027A 84X2 240 16.26 0.62 8.5 - 0.39 0.82 8.4 31.3 

M0027A 97X1 279 16.76 0.54 15.8 - 0.22 0.83 8.5 33.3 

M0027A 98X1 282 16.94 0.27 15.1 15.1 0.47 0.77 8.3 28.0 

M0027A 104R1 300 17.33 - 15.8   - - - - 

M0027A 111R1 321 17.90 0.45 16.9 16.9 0.76 0.65 8.0 19.3 

M0027A 119R 340 18.96 0.43 - - 0.84 0.53 7.9 12.5 

M0027A 127R1 361 18.75 0.55 - - 0.86 0.54 7.9 12.9 

M0027A 134R1 379 19.21 0.24 - - 0.87 0.67 7.9 19.3 

M0027A 141R1 400 19.74 0.32 23.0 23.0 0.76 0.71 8.0 22.3 

M0027A 148R1 422 20.30 0.44 18.4 18.4 0.56 0.74 8.2 25.7 

M0027A 154R1 439 20.74 0.34 21.6 21.6 0.63 0.33 8.1 4.5 

M0027A 167R1 479 22.28 0.26 19.4 19.4 0.82 0.48 7.9 10.2 

M0027A 175R1 498 23.11 0.54 20.9 - 0.88 0.67 7.9 19.2 

M0027A 177R1 505 23.59 0.66 17.8 - 0.59 0.68 8.2 22.4 
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M0028A 2R1 220 11.02 0.42 20.2 20.2 0.77 0.86 8.0 29.7 

M0028A 9R1 243 12.53 0.55 12.0 - 0.73 0.74 8.0 24.1 

M0028A 15R1 260 13.90 0.32 17.6 17.6 0.80 0.65 8.0 18.9 

M0028A 22R1 280 14.34 0.35 19.0 19.0 0.78 0.33 8.0 3.1 

M0028A 31R1 300 15.63 0.61 19.3 - 0.43 0.49 8.3 14.4 

M0028A 38R1 322 15.90 0.32 18.2 18.2 0.32 0.72 8.4 26.9 

M0028A 45R1 337 16.08 0.39 18.9 18.9 0.34 0.71 8.4 26.2 

M0028A 54R1 360 16.27 0.41 15.5 15.5 0.63 0.40 8.1 8.0 

M0028A 61R1 382 16.52 0.41 19.7 19.7 0.71 0.41 8.1 7.8 

M0028A 67R1 401 16.73 0.43 17.4 17.4 0.65 0.67 8.1 21.3 

M0028A 79R1 420 16.94 0.56 13.1 - 0.34 0.43 8.4 12.2 

M0028A 92R1 459 17.38 0.76 19.0 - 0.32 0.56 8.4 18.9 

M0028A 98R1 481 17.63 0.56 19.1 - 0.48 0.49 8.3 13.9 

M0028A 104R1 499 17.83 0.43 20.5 20.5 0.74 0.47 8.0 10.5 

M0028A 111R1 520 18.05 0.21 18.0 18.0 0.55 0.44 8.2 10.8 

M0028A 115R1 530 18.30 0.17 15.6 15.6 0.32 0.52 8.4 16.9 

M0028A 117R1 532 18.37 0.34 16.4 16.4 0.68 0.63 8.1 19.0 

M0028A 121R1 542 18.61 0.22 17.1 17.1 0.92 0.69 7.8 19.8 

M0028A 136R1 580 19.03 0.56 17.9 - 0.92 0.54 7.8 12.3 

M0028A 145R1 599 19.24 0.46 17.5 17.5 0.64 0.67 8.1 21.4 

M0028A 146R1 603 19.28 0.52 16.6 16.6 0.60 0.79 8.2 27.8 

M0028A 153R1 620 19.47 0.79 - - 0.44 0.78 8.3 28.8 

M0028A 160R1 641 21.50 0.29 21.6 21.6 0.43 0.89 8.3 34.4 

M0028A 167R1 662 22.20 0.48 24.1 24.1 0.32 0.92 8.4 36.9 

M0028A 171R1 673 22.57 0.45 18.0 18.0 0.31 0.94 8.5 38.0 
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1branched isoprenoid tetraether index 

2sea surface temperature based on the tetraether index (TEX86) of GDGTs consisting of 86 carbons 

3cyclisation of branched tetraethers ratio 

4methylation of branched tetraethers ratio 

5mean annual air temperature 
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Abstract 

The interplay between uplift of the Himalayas and the Tibetan Plateau and the development of 

the Asian monsoon during the Cenozoic era has been widely debated as an example of 

climate-tectonic coupling. It is hard to draw links between climate and tectonics is impossible 

without a better understanding of the major phases in mountain uplift, erosion and 

sedimentation, and when and how the monsoon developed. There has been significant 

progress in understanding the link between insolation-driven changes in the Asian monsoon 

and 104 to 105 year scale perturbations in the Earth’s orbit, but the role of tectonics in driving 

long-term (>106 years) climate change is more complex, and is still currently limited by a lack 

of Cenozoic geological records from the core monsoon region. Multi-proxy provenance and 

biomarker analyses of samples from the Indus Submarine Fan recovered during IODP 

Expedition 355 enable changes in the source of the marine sediments and inferred on-land 

precipitation to be inferred for the period from ~8.5–5.5 Ma. These data suggest 

intensification of monsoon precipitation during the last 3 million years, which had a 

significant influence on vegetation patterns including changes in C4 grassland vegetation 

cover. The results also reveal a correlation between variations in Asian monsoon 

amplification and the beginning of the drier and warmer Pliocene.  
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5.1. Introduction 

Climate variations during the Cenozoic are a source of wide debate in the scientific 

community (Haq et al., 1987; Raymo and Ruddiman, 1992; Zachos et al., 2001). Variations in 

global sea level (eustasy) as well as continental tectonic movements and mountain uplift are 

among the major factors influencing climate shifts for the last 65 million years (Myr) (e.g., 

Vail and Mitchum Jr, 1979; Haq et al., 1987; Raymo and Ruddiman, 1992). In particular  

positioning of the Antarctic continent near the southern pole (Kennett, 1977), and the 

beginning of massive ice accumulation on the eastern part of the continent from the early 

Eocene to the middle Miocene  (Miller et al., 1991; Zachos et al., 1992). Development of the 

Antarctic Circumpolar Current (ACC) around Antarctica caused local cooling and further ice 

accumulation, and was also an influence on global climate (Kennett, 1977). Low southern 

ocean temperatures on the other hand influenced the global sea surface temperature (SST) by 

circulating cold water towards the Pacific, Atlantic, and Indian oceans. 

Uplift of the Himalayas and the Tibetan Plateau and its influence on the Asian summer 

monsoons is one of the most significant examples of climate-tectonic coupling, influencing 

about 70% of the current global population (Webster et al., 1998). Although, the evolution of 

the influence and its mechanisms are strongly debated, the correlation between present day 

regional precipitation and the physical land barrier is obvious. The modern Tibetan Plateau is 

elevated to ~ 5,000 m and is about 2,000 km wide (Kutzbach et al., 1989), creating a physical 

barrier and influencing air circulation, and inducing monsoonal precipitation (Molnar et al., 

1993).   

In general, the uplift of the Tibetan Plateau and the Andes Mountains, which both started 

during the middle Miocene, arguably triggered global cooling in the polar regions and the 

beginning of ice accumulation, which, in turn, could have influenced monsoonal intensity 

(Ruddiman and Kutzbach, 1991; Ruddiman, 2010). Global long term and slow cooling  
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through the Cenozoic has been recorded using δ18O isotope levels in CaCO3 of marine shells 

(e.g. Shackleton and Kennett, 1975; Raymo and Ruddiman, 1992; Miller et al., 1998). 

Palaeotemperature records show three major cooling events during the early Oligocene 

(Barrett, 1989), the middle Miocene, and the early Pliocene (Shackleton and Kennett, 1975; 

Miller et al., 1998). The first two probably were triggered by the appearance and growth of 

Antarctic ice, while the third correlates to the appearance of ice cover in the Northern 

Hemisphere. In addition, Raymo et al. (1988) and Berner (1990) suggested correlation 

between decreasing pCO2 levels and global Cenozoic cooling. Further climate modelling 

(Knorr et al., 2011) showed an even stronger influence of vegetation distribution on Miocene 

climate (Knorr et al., 2011). By reconstructing the type of local vegetation in the western 

Himalaya region, we can better understand climate variations in the area, and reconstruct 

changes in precipitation patterns. The sediments in the Laxmi Basin, eastern Arabian Sea, 

were sourced from the Indus River over the last 8–10 Myr, providing a unique opportunity to 

study changes in organic inputs during this period.  

One of the main sources of sediment into the eastern Arabian Sea are the Indus River and the 

Indian passive margin (Clift et al., 2001). The Indus River flows from Tibet to the Arabian 

Sea mostly through arid lands, with the summer monsoon being the main source of rainfall 

(Fig. 5.1). Eroded sediment is mainly derived from the Upper Himalaya and Karakoram 

regions (Garzanti et al., 2005). An increase in the altitude of the Himalaya region likely began 

around 55-45 Ma with collision of the Indian and Asian plates (Rowley, 1996) The uplift of 

southern Tibet arguably started from ~25 Ma, but gained significance during the beginning of 

the late Miocene (Miller et al., 1998). The δ18O of meteoric water can be used as an altitude 

proxy, and suggests that the Tibetan Plateau reached modern levels by ~11 Ma (Garzione et 

al., 2000).   

There is an ongoing discussion in the literature about the uplift of the Tibetan Plateau that 

created the precipitation barrier (e.g. Kutzbach et al., 1989; Molnar et al., 1993; Zhisheng et 
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al., 2001; Spicer et al., 2003). While some palaeobotanical studies suggest the Tibetan Plateau 

reached elevation levels of over 4000 m around 15 Ma, by which time they would have 

started to influence the intensity of the monsoon (Spicer et al., 2003), other studies suggest 

that only the 10 Ma expansion of the Tibetan Plateau (Harrison and Copeland, 1992; 

Zhisheng et al., 2001) triggered an atmospheric response on a regional geological scale 

(Ramstein et al., 1997). Gupta et al. (2004) suggested that significant uplift and expansion 

happened even later, ~8 Ma. 

Sediment erosion can significantly influence local and global climate through changes in 

water chemistry caused by fluvial deposition (Richter et al., 1992). Continental erosion is 

influenced by multiple factors such as increase in elevation, climate variation and 

precipitation changes (Peizhen et al., 2001; Burbank et al., 2003; Molnar, 2004). Burbank et 

al. (2003) showed a decrease in glacial erosion of the sediments in the Himalayas during the 

middle Miocene temperature optima. The study suggested intensification in monsoon activity 

after 9 Ma. This observation was supported by the increased strontium flux into the Arabian 

Sea that was recorded in the Murray and Owen ridges from 9 to 6 Ma (Rea, 1993) (Fig. 5.1). 

Later studies have shown that the increasingly high gradient between the Himalayas and the 

Indian Plateau forced lateral and vertical transport of the rocks, more than changes in the 

climate (Burbank et al., 2003). 

A study performed by Rea (1993) recorded two increases in terrigenous sediment input to the 

Arabian Sea between 9 – 6 Ma and during 4 – 2 Ma. Further studies of the sedimentation 

pattern in the Indus River area (Fig. 5.1) suggested an increase in sediment flux to the Arabian 

Sea during the middle Miocene, and a decrease from the late Miocene until modern times that 

is related to tectonic uplift in the Himalayas and the Karakoram region (Clift et al., 2002). 

However, these authors could not see a correlation between the increase in sediment flux and 

monsoon intensification at 8.5 Ma.  
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Figure 5.1: Location of the International Ocean Discovery Project U1456 drilling Site 

(modified after Pandey et al., 2016) in the Laxmi Basin, Arabian Sea, including major western 

Himalayan river systems (white lines), summer monsoon wind directions (red arrows) and 

Arabian Sea current directions (orange arrows). 

 

Various atmospheric general circulation models have been used to examine the correlation 

between the uplift of mountain ranges and regional or global climate variations (e.g. 

Ruddiman and Kutzbach, 1989; Prell and Kutzbach, 1992; Kutzbach et al., 1993). From the 

Oligocene to the middle Miocene the models show cooling by 10ºC in central Asia during the 

winter, with 4ºC warming and a rapid decrease in precipitation during the summer (Ramstein 

et al., 1997). In addition, a correlation between regional uplift and climate change around 10 

Ma has been suggested (Ramstein et al., 1997). Moreover, climate modelling that compared 

the regional climate at 30 Ma and 10 Ma suggested a strong correlation between shrinkage of 
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the Paratethys Ocean and an increase in seasonal precipitation that triggered a regional 

cooling effect (Ramstein et al., 1997). Latter simulations (Zhongshi et al., 2007a; Zhongshi et 

al., 2007b) showed a strong correlation between development of monsoon precipitation 

patterns in eastern Asia, shrinkage of the Parathethys Ocean, uplift of the Tibetan Plateau, and 

expansion of the South China Sea.  

Changes in haematite and goethite abundance in marine sediments have been recognised as 

reliable precipitation proxies in drilled sediments (Bassinot et al., 1994). The analysis of these 

minerals in marine sediments from the South China Sea shows a strong correlation between 

an increase in monsoon intensity at ~0.5 Ma and an increase in fresh water input into the 

Indian Ocean (Bassinot et al., 1994). This observation is consistent with the presence of 

sapropels in the eastern Mediterranean region (Rossignol-Strick et al., 1998). Moreover, 

benthic foraminifera show heavier δ13C signal at ~0.5 Ma was interpreted to be related to the 

increase in Monsoon intensity as well (Wang et al., 2005). High variations in SST in the 

South China Sea were also observed during interpreted periods of increased Asian monsoon 

intensity (Juneng and Tangang, 2005).  

Some attempts have been made to correlate the development of the western Pacific warm pool 

and monsoon intensity (Li and Wang, 2005). A rapid SST decrease by 6ºC in the tropical 

Pacific area after the middle Miocene climate optimum ~14 Ma was measured by δ18O and 

the Mg/Ca ratio of foraminiferal calcite (Mashiotta et al., 1999; Lea et al., 2000; Shevenell et 

al., 2004). While the accumulation of Antarctic ice was proposed to be a reason for global 

water temperature cooling (e.g. Shackleton and Pisias, 1985; Zachos et al., 2001; Miller et al., 

2005), based on δ18O marine data, the middle Miocene temperature decrease was probably 

triggered by astronomic forcing (Holbourn et al., 2004). Other studies have suggested a 

warming SST trend during the end of the middle Miocene and the beginning of the late 

Miocene (Haq et al., 1987; Li and Wang, 2005). However, this warming trend was only 

partially supported by western Pacific foraminiferal data (Kennett et al., 1985; Savin et al., 
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1985). It was suggested that closing of the Indonesian seaway at the beginning of the late 

Miocene may have been a major influence on the decrease of SST, because the closure 

possibly triggered a decrease in Asian monsoon intensity in the South China Sea region (Li 

and Wang, 2005). Chemical weathering records from the South China Sea suggest a 

decreasing monsoon intensification pattern from the middle Miocene to the early Pliocene 

(Huntington et al., 2006). Despite the general decrease of the monsoon, Clemens et al. (1991) 

suggested intensification of precipitation cyclicity for this period. The study showed very 

strong deviation between low winter and high summer precipitation patterns. The intensity of 

the monsoon started increasing about 4 Ma ago (Huntington et al., 2006).  

The abundance of wind-driven upwelling-related planktonic foraminifera (Prell et al., 1993) 

in the western Arabian Sea is consistent with monsoon strengthening from ~9–8 Ma ago and a 

decrease of the monsoon intensity in the eastern Asia region at ~8–6 Ma ago (Steinke et al., 

2010), coupled with significant C4 grassland expansion worldwide (Cerling et al., 1993). The 

movement of the Indian plate northwards, in conjunction with an increased monsoon intensity 

in eastern Asia, brought a more contrasting climate to central Asia and eastern Africa 

(Traverse, 1982), with an increased population of C4 plants in western India and Pakistan 

around 7-8 Ma (Prell and Kutzbach, 1992). Moreover, soil carbonate oxygen isotope 

compositions indicate a change from C3 vegetation to C4 in the Tibetan Plateau (Zhisheng et 

al., 2001) after ~8.5 Ma, followed by the same switch in Pakistan from ~8 Ma (Kroon et al., 

1991), typically indicative of drier summer conditions.  

Here we reconstruct the evolving provenance of deep sea sediments in the Laxmi Basin using 

heavy mineral and bulk isotopic data (Fig. 5.2), coupled with bulk and molecular 

geochemistry, including biomarker analyses (Fig. 5.3) of sediments drilled during the 

International Ocean Discovery Project (IODP) Expedition 355 at Site U1456 (Fig. 5.1). The 

provenance of the sediments and the main source inputs were reconstructed based on single 

grain heavy mineral counting techniques together with strontium (Sr) and neodymium (Nd) 
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isotopic compositions. The molecular compositions including the carbon preference index 

(CPI), average chain length (ACL), terrestrial/aquatic ratio (TAR), branched isoprenoid 

tetraether (BIT) index and compound specific δ13C and δD isotopic compositions enable us to 

infer changes in organic matter provenance and preservation. We show palaeothermometry of 

the last 10 Myr based on glycerol dialkyl glycerol tetraethers (GDGTs) and long chain 

unsaturated alkenones. These data allow us to reconstruct environmental conditions from 

marine sediments containing terrigenous organic matter that can be combined with 

palaeoclimate changes and related to intensification of the Asian monsoon. The new age-

model is based on calcareous nannofossils and planktonic foraminifer biostratigraphy, 

supported by magnetostratigraphy. Based on the age model, the analysed sediments represent 

the last 10.15 Myr, with three major hiatuses of ~0.45 Myr during the early Pleistocene, ~2 

Myr at the Pliocene/Miocene boundary, and ~0.5 Myr between 8–9 Ma. Erosional and 

biogeochemical data independently suggest significant intensification of precipitation at ~8–6 

Ma and ~3–0.03 Ma. The intensity of the Asian monsoon, as well as global climate variations 

since 10 Ma, could be influenced by significant uplift of the Himalayas as recorded in the 

Laxmi Basin sediments (France-Lanord et al., 1993; Pagani et al., 1999; Berger, 2007; 

Ivanova, 2009). 

 

5.2. Sampling and Methods 

All data are listed in Supplementary 1 (Supplementary 1, Tables 1, 2, 3, 4, 5 and 6). 

5.2.1. Organic carbon and nitrogen measurements geochemistry 

5.2.1.1. Sample preparation  

Core sediment samples were collected for shipboard analysis from the interstitial water (IW) 

squeeze cakes, core catcher samples, and from the representative lithology moisture and 

density (MAD) analysis residues. Samples were freeze-dried for at least 24 h and then about 5 
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g of the samples were carefully homogenised to a fine powder using an agate mortar and 

pestle in preparation for elemental analyses (Pandey et al., 2016). 

 

5.2.1.2. Instrumentation  

Total carbon (TC) and total nitrogen (TN) of the samples (Fig. 5.4) were determined with a 

ThermoElectron Corporation FlashEA 1112 CHNS elemental analyser equipped with a 

ThermoElectron packed column CHNS/NCS gas chromatograph and a thermal conductivity 

detector (TCD). Approximately 15 mg of sediments were weighed into a tin cup and then 

combusted at 950°C in a stream of oxygen. The inorganic carbon (IC) content of the samples 

was determined using a UIC 5011 CO2 coulometer, where 10 mg of freeze-dried, ground 

sediments were reacted with 1N HCl. The liberated CO2 was back-titrated to a colorimetric 

end-point (Pandey et al., 2016). All measurements were calibrated to a Soil CNS Reference 

Material PDWR [PN 3472541] (carbon = 3.496 wt%, nitrogen = 0.365 wt%, and sulphur = 

0.063 wt%) that was reanalysed every 8 samples. Analyses were only continued if standard 

data varied by <5% for C and < 8.5% for N.  

The weight percentage of calcium carbonate was calculated from the IC content using: 

Eq. 17 𝐶𝑎𝐶𝑂3(𝑤𝑡%) = 𝐼𝐶(𝑤𝑡%) × 8.33 

Standard CaCO3 (standard reference material) was used to confirm accuracy. The total 

organic carbon (TOC) content was calculated as the difference between total and inorganic 

carbon: 

Eq. 18 𝑇𝑂𝐶 = 𝑇𝐶 − 𝐼𝐶  
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5.2.2. Sample lab measurements of bulk organic data 

Sediment residues from IW squeeze cakes and core catcher samples were split for on-shore 

bulk geochemistry, organic geochemistry, heavy minerals, and bulk isotope analyses. The 

analytical methodologies are presented below. 

 

5.2.2.1. Sample preparation and analysis for bulk organic data 

Between 10-20 g of freeze-dried samples were finely ground and homogenised with a solvent 

cleaned mortar and pestle (2N-HCl and Milli-Q water). Homogeneous samples were divided 

into two batches for further analyses- (i) 2N HCl treatment for TOC and δ13C measurements, 

and (ii) untreated samples split for the determination of TN content and δ15N values. 20 mL of 

2N HCl solution was added to 5–10 g of finely ground sediment. The mixture was 

mechanically mixed and left overnight. The samples were then washed with ultrapure distilled 

water three times to remove possible inorganic carbon and acid residues. About 25 mg of 

treated sample was used for TOC and δ13C analyses and 40 mg was used for TN and δ15N 

measurements.  

An ISOPRIME-isotope ratio mass spectrometer coupled with a vario EL cube element 

analyser was used for the δ15N and δ13C bulk sediment data for half of the samples 

(Supplementary 1, Table 3). The rest of the samples were analysed by an isotope ratio mass 

spectrometer (20-20, Europa Scientific) coupled with an element analyser (ANCA-SL, 

Europa Scientific). Ammonium sulfate (IAEA-N-1, IA-R045, IA-R046), cellulose (IAEA-

CH-3), beet sugar (IA-R005), and cane sugar (IA-R006) were used as analytical standards. 

The analytical precision for δ15N and δ13C were ±0.05‰ and ±0.03‰, respectively, while for 

TN and TOC analytical precision was ±0.17% and ±0.35%, respectively. 
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5.2.2.2. Interpretation of bulk organic data 

The TOC/TN ratios are used as indicators for the type of organic matter (OM) input, and can 

be divided into three main categories: predominantly marine (TOC/TN < 8), predominantly 

terrigenous (TOC/TN > 12), and mixed input (8<TOC/TN<12) (Müller and Mathesius, 1999). 

However, a simple model of the factors influencing TOC/TN ratios is not always applicable. 

High TOC/TN ratios atypical for algal source organic matter have been measured in organic-

rich Mediterranean sapropel layers, upper Neogene sediment from the Benguela upwelling 

region, Eocene horizons from the Arctic Ocean, and Cenomanian–Turonian black shales 

(Meyers, 1997; Twichell et al., 2002; Stein and Macdonald, 2004; Stein et al., 2004). Meyers 

(1997) suggests that in organic-rich marine sediments these high TOC/TN ratios can be 

explained by either (1) algae that are able to synthesise lipid-rich organic carbon during times 

of abundant nutrient supply, and/or (2) that during sinking, partial degradation of algal 

organic carbon may selectively diminish nitrogen-rich proteinaceous components, and thus 

the TOC/TN ratio. 

Stable isotopes of TOC and TN are widely used as proxies for depositional and post 

depositional biogeochemical processes, but can be influenced by dilution effects of detrital 

material and/or the preservation patterns of sediments (Hedges and Keil, 1995). However, 

selective degradation of organic compounds and isotope fractionation might significantly alter 

the isotopic signal (Hedges and Prahl, 1993). Marine OM, carbohydrates and amino acids are 

usually enriched in 15N and 13C isotopes relative to terrigenous OM (De Lange et al., 1994), 

so generally heavier isotopic compositions are expected with higher marine OM input. 

However, bacterial metabolism can significantly decrease 15N isotope concentration in marine 

sediments (Meyers, 1997). 
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5.2.3. Organic geochemistry analyses 

5.2.3.1. Lipid extraction  

The samples were freeze-dried in a Virtis 2k unit and homogenised with a mortar and pestle. 

Dry, powdered sediment samples (17.1–31.8 g) were extracted with an Accelerated Solvent 

Extraction system (ASE 350®, DIONEX) at University of Southern California, using 

dichloromethane (DCM):methanol (MeOH) (9:1 v/v) at 100°C and 1500 psi for two 15-

minute cycles. Total lipid extracts (TLE) were shipped to the University of Birmingham for 

separation. About 20% of the sample volume was taken prior to separation for GDGT 

analyses and shipped to Macquarie University. 

At the University of Birmingham, TLEs were separated over a silica gel column where the 

total neutral fraction was eluted with 4 mL of 1:1 DCM:isopropanol, and the total acid 

fractions were eluted with 4% acetic acid in ethyl-ether solution. The total neutral fraction 

was transferred onto a new silica gel column and further separated with 4 mL of n-hexane, 2 

mL of 2:1 n-hexane/DCM, 4 mL DCM, and 5 mL MeOH to obtain the aliphatic hydrocarbon, 

aromatic hydrocarbon, aldehyde and ketone (F3), and alcohol fractions, respectively. The total 

acid fraction was methylated with MeOH of known isotopic composition using 95:5 

MeOH:hydrochloric acid at 70°C for 12 hours. Methylated products were recovered using 

liquid-liquid extraction with 1 mL milli-Q water and hexane. The hexane extract was passed 

through an anhydrous sodium sulphate column and then further purified over a silica gel 

column (5 cm x 40 mm Pasteur pipette, 5% water-deactivated silica gel, 100–200 mesh) 

eluted with n-hexane and DCM, resulting in non-polar and fatty acid methyl ester fractions, 

respectively. 
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5.2.3.2. n-Alkanes, Isoprenoids, n-Alkanoic acids, Hopanes, and Steranes 

5.2.3.2.1. Gas chromatography-mass spectrometry (GC-MS) for n-alkane, 

isoprenoid, hopane and sterane identification 

Aliphatic hydrocarbon fractions were dissolved in 50 μL of DCM and analysed using an 

Agilent gas chromatograph (6890N) coupled to an Agilent Mass Selective Detector (5975B). 

The GC conditions were as followed: injection of 1μL into a programmable temperature 

vaporisation (PTV) inlet at 35°C, with a temperature increase of 700°C/min to 310°C. 

Separation was performed on a J&W DB5MS UI (60 m × 0.25 mm, film thickness 0.25 μm) 

column with 1.5 mL/min constant flow rate and helium as the carrier gas. The initial GC oven 

temperature of 35°C was held for 4 minutes followed by a sample run to 310°C, held for an 

additional 40 minutes. The MS was operated in full-scan mode (50–550 amu) and selected ion 

monitoring (SIM) mode for the target compounds as well as the 0.1 mL of internal standards 

mix of terphenyl d-14, anthracene d-10, and tetracosane d-50 added prior the SIM mode run , 

using m/z 66.1, 123.1, 177.2, 183.2, 188.1 191.1, 205.2, 217.2, 218.2, 231.2, 253.2, and 

259.2. The compounds were identified using MSD ChemStation F.01.00.1903, using relative 

retention times and the NIST MS library, and comparison with laboratory standards.   

 

5.2.3.2.2. Leaf wax quantification 

The fatty acid methyl ester fractions were identified and quantified using gas chromatography 

coupled with both a mass-selective detector and flame ionisation detection (GC-MSD/FID 

Agilent) at the University of Southern California. 1/100 uL of the sample was analysed by gas 

chromatography with injection via a split/splitless inlet in splitless mode, to a capillary 

column (Rxi-5MS 30 m × 0.25 mm, film thickness 0.25 μm) with a constant He flow rate of 1 

mL/min. The initial GC oven temperature of 50°C was held for 3.5 minutes followed by a 

temperature ramp of 20°C min-1 to 300°C, held for an additional 10 minutes. Quantification 

was achieved using an in-house standard comprising a mixture of four n-alkanes and three n-
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alkanoic acids of varied and known concentrations, with the calibrations determined 

separately for the two compound classes. The n-alkanoic acid concentrations are reported 

relative to the mass of dry sediment extracted (µg/g).  

After quantification of the individual peak areas, the CPIf was calculated for the C22-C30 n-

alkanoic acids to quantify the abundance of even over odd n-alkanoic acids:  

Eq. 19 𝐶𝑃𝐼 𝑓 =
1

2
 
∑[𝐶22−30 𝑒𝑣𝑒𝑛]

∑[𝐶21−29 𝑜𝑑𝑑]
+  

∑[𝐶22−30 𝑒𝑣𝑒𝑛]

∑[𝐶23−31 𝑜𝑑𝑑]
 

 

The C31 n-alkanoic acid was assumed to be 0 when below the detection limit.  

To determine changes in the average chain length (ACLf) of land plants, we calculated the 

ACLf of the concentration-weighted abundances of long-chain homologues using the 

following equation for n-alkanoic acids: 

Eq. 20 𝐴𝐶𝐿𝑓  =  
24×[𝐶24]+26×[𝐶26]+28×[𝐶28]+30×[𝐶30]

Σ𝐶24−30
 

 

5.2.3.2.3. n-Alkanoic acids δ13C compound specific identification and 

quantification 

The stable carbon isotope ratio (δ13C) of fatty acids was analysed using Agilent HP6890 gas 

chromatograph with Agilent CPSIL-8CB capillary column (30 m × 0.32 mm i.d., film 

thickness 0.25 μm) coupled to a Finnigan Delta Plus IRMS. The GC oven temperature was 

programed from 50–120 °C at 30°C /min, from 120–310 °C at 6 °C /min and remained at 310 

°C for 30 min. The C13 n-alkane (-27.24 ‰) was used as an internal standard for calculation 

of the δ13C of the fatty acids. The δ13C values are expressed in ppm relative to Pee Dee 

Belemnite (PDB). In this study, the δ13C of fatty acids ranging from 16 to 30 carbons were 

measured in replicate. Standard deviations for the δ13C of fatty acids were found to be within 

0.5‰ error range. 
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5.2.3.2.4. n-Alkane and isoprenoid abundance, CPI, Paq, ACL, and Pr/Ph 

C16-C40 n-alkane abundance was calculated relative to the anthracene d-10 internal standard 

and are reported relative to the mass of dry sediment extracted (ng/g). The relative odd-over-

even carbon number preference for the n-alkanes is given by CPI22–32: 

Eq. 21 𝐶𝑃𝐼(22−32) =
[𝐶23]+[𝐶25]+[𝐶27]+[𝐶29]+[𝐶31]

[𝐶22]+2∗∑[𝐶24−30 𝑒𝑣𝑒𝑛]+[𝐶32]
 

The presence of long chain odd carbon numbered n-alkanes (C27, C29, and C31) has been 

attributed to land-plant epicuticular waxes input to sediments (Eglinton and Hamilton, 1967; 

Barnes and Barnes, 1978), whereas the presence of the C15, and C17 n-alkanes can be 

attributed to an algal/planktonic origin (Cranwell, 1984; Meyers and Ishiwatari, 1993). 

Studies of plants from submerged and floating ecosystems show high C21, C23, C25 n-alkanes 

(Barnes and Barnes, 1978; Cranwell, 1984; Viso et al., 1993). The terrigenous/aquatic ratio 

(TAR) based on n-alkane carbon number distribution has been applied to lacustrine 

(Bourbonniere and Meyers, 1996) and marine environments (Silliman et al., 2000). TARs < 1 

indicate strong algal input, whereas higher values indicate a terrigenous OM predominance 

(Bourbonniere and Meyers, 1996): 

Eq. 22 𝑇𝐴𝑅 =
𝐶27+𝐶29+𝐶31

𝐶15+𝐶17+𝐶19
 

The TAR might over-represent the absolute amount of terrigenous sources, assuming much 

higher n-alkane production by land plants (Cranwell et al., 1987; Meyers and Ishiwatari, 

1993). The relative abundance of submerged/floating aquatic macrophyte input relative to the 

terrigenous input was calculated using the 1/Paq ratio, where Paq is defined as:  

Eq. 23 𝑃𝑎𝑞 =
(𝐶23+𝐶25)

(𝐶23+𝐶25+𝐶29+𝐶31)
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The average chain length (ACL) of n-alkanes was calculated after (Gagosian and Peltzer, 

1986):  

Eq. 24 𝐴𝐶𝐿27−33 =  
27[𝐶27]+29[𝐶29]+31[𝐶31]+33[𝐶33]

[𝐶27]+[𝐶29]+[𝐶31]+[𝐶33]
 

The abundance of n-alkanes can also be influenced by thermal maturation (Bray and Evans, 

1961) as well as by post-depositional biodegradation processes (Wenger and Isaksen, 2002). 

The relative abundance of pristane (2,6,10,14-tetramethylpentadecane; Pr) and phytane 

(2,6,10,14-tetramethylhexadecane; Ph) is related to the oxicity of the depositional 

environment (Didyk, 1978). The phytyl side chain of chlorophyll in phototrophic organisms 

and bacteriochlorophyll from purple sulphur bacteria have been suggested to be the main 

source for Pr and Ph (Powell and McKirdy, 1973). Anaerobic bacterial degradation (Rontani 

et al., 2010), thermal degradation (Lao et al., 1989; Rowland, 1990) and clays can catalyse the 

degradation of the chlorophyll phytyl chain (Rontani et al., 2010), leading to Pr in sediments. 

Ph is known to be derived from methanogens and thermoacidophilic archaea (Tornabene et 

al., 1979), as well as by anaerobic biodegradation (Grossi et al., 1998), clay catalysed thermal 

hydrogenation of isoprenoid alkenes (Gelin et al., 1995).  

 

5.2.3.2.5. Sterane abundance – ternary diagram 

Steranes are source-specific compounds deriving mainly from zooplankton (C27 steranes) 

(Huang and Meinschein, 1979), diatoms (C28 steranes) (Moldowan et al., 1985), and high 

plants (C29 steranes) (Huang and Meinschein, 1979), although there are many other sources 

that complicate this pattern (Gagosian, 1976; Volkman, 1986, 2005; Kodner et al., 2008). 

Steranes were identified by SIM using m/z 217 (Supplementary 1, Table 6) as the indicative 

ion and plotted in a ternary diagram (Huang and Meinschein, 1979). The diagram was divided 

into six areas (I – VI) that define the main source of OM based on the sterane types and 

abundances (after (Huang and Meinschein, 1979).  
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The C30 sterane index is an index of 24-n-propylcholestanes relative to the other C27-C30 

identified steranes (Supplementary 1, Table 6) and is very specific for marine organic matter 

input as well (Seifert and Moldowan, 1978; Peters et al., 2005, for review). High C30 sterane 

index values are indicative of marine OM input.   

Maturity-related parameters can be obtained from the isomerisation ratio of 20S/(20S+20R) 

C29 5α,14α,17α(H) steranes (Supplementary 1, Table 6), which equilibrates at 0.52-0.55 

(Seifert and Moldowan, 1986).  

 

5.2.3.2.6. Hopane abundance 

Most hopanes in rocks are derived from bacteria (Ourisson et al., 1984), although some have 

more specific sources. Hopanes can also be used as indicators of thermal maturity (e.g. Seifert 

and Moldowan, 1978, 1980; Moldowan et al., 1986; Peters et al., 2005). For example, C27 

17α-22,29,30-trisnorhopane (Tm) is less stable than C27 18α-22,29,30-trisnorneohopane (Ts) 

and Ts/(Ts+Tm) ratio is thermal maturity dependent (Seifert and Moldowan, 1978; Stephens 

and Carroll, 1999; Nuzzo et al., 2012) (Supplementary 1, Table 6). However, the 

sedimentation processes, early diagenesis, and varying sources of OM can significantly alter 

this ratio (Ourisson et al., 1984). The 22S/(22S+22R) hopane epimer ratio varies between 0 to 

0.62 in response to the thermal maturation of sediments, and reaches equilibrium between 

0.57-0.62 during the early oil window (Seifert and Moldowan, 1980; Moldowan et al., 1986). 

The C31 αβ pseudo homologs consistently show lower epimer ratios because they comprise a 

significant contribution of the indigenous 22R epimer (a typical immaturity signature). 

Oleanane (Supplementary 1, Table 6) is produced by angiosperms and originates in betulin or 

other pentacyclic triterpenoids (e.g. Whithead, 1973; Ekweozor and Udo, 1988). The 

oleanane/ hopane ratio (the oleanane index) can be used to show the relative abundance of 

angiosperms (Murray et al., 1994). More generally, a high oleanane index can also be 
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interpreted as reflecting an increase in terrigenous OM input (Murray et al., 1997). Some 

diagenetic influence can be expected during the contact of the oleanane with sea water during 

the deposition (Murray et al., 1997).  

 

5.2.3.3. Glycerol dialkyl glycerol tetraethers (GDGTs) 

5.2.3.3.1. Instrumentation for analysis of GDGTs  

GDGTs in 18 samples were separated and identified using a method modified from Becker et 

al. (2013). In short, 20% of a TLE was re-dissolved in n-hexane:propan-2-ol (99:1 v/v) and 

filtered through Merck 0.45 micrometer PTFE syringe filters (4 mm diameter). The samples 

were then dried and re-dissolved in 20 or 50 μl n-hexane:propan-2-ol (99.5:0.5 v/v) before 

high performance liquid chromatography-MS (HPLC-MS) analysis. 10 μl of the sample was 

injected onto coupled Acquity BEH amide columns (each 2.1 x 150 mm, 1.7 m; Waters, 

Eschborn, Germany) kept at 50 °C on an Agilent 1260 Infinity LC coupled to an Agilent 6120 

Quadrupole MS. Compounds were eluted using eluent A (n-hexane) and eluent B (n-

hexane:propan-2-ol, 90:10 v:v) and a constant flow of 0.5 mL/min. The flow regime was 

initially 3% B, to 5% B at 2 min, to 10% B at 8 min, to 20% B at 10 min, to 50% B at 15 min, 

and to 100% B at 10 min. The columns were washed with 100% B for 6 min and equilibrated 

with 3% B for 9 min before the next injection. The MS conditions were as follows: 

atmospheric-pressure chemical ionisation positive mode, nebulizer pressure 60 psi, gas 

temperature 400°C, drying gas (N2) flow 6 mL/min, and drying gas temperature 200°C, with a 

capillary voltage of 3 kV and a corona current of 5.0 μA. The detector was set for SIM mode 

with [M+H]+ parameters of m/z 1018, 1020, 1022, 1032, 1034, 1036, 1046, 1048, 1050, 1292, 

1294, 1296, 1298, 1300, and 1302; the fragmentor voltage was 70 kV). Collected data was 

analysed by Mass Hunter Workstation B.06.00.  
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5.2.3.3.2. Isoprenoidal GDGTs – TEXH
86

  and sea surface temperature 

(SST) calculations  

The 𝑇𝐸𝑋86
𝐻  for subtropical and greenhouse periods, when temperatures were higher than 

today, was calculated from the distribution of iGDGTs using the definition of Kim et al. 

(2010) for the 10°C to 40°C temperature range: 

Eq. 25 𝑇𝐸𝑋86
𝐻 =

[𝐺𝐷𝐺𝑇−2]+[𝐺𝐷𝐺𝑇−3]+[𝐶𝑟𝑒𝑛′]

[𝐺𝐷𝐺𝑇−1]+[𝐺𝐷𝐺𝑇−2]+[𝐺𝐷𝐺𝑇−3]+[𝐶𝑟𝑒𝑛′]
 

where numbers refer to the number of rings in the GDGT, and Cren’ refers to the crenarchaeol 

regio isomer. 𝑇𝐸𝑋86
𝐻  was converted to SST using the correlation for the10°C - 40°C 

temperature range with a proposed residual standard error of ±2.5°C (Kim et al., 2008; Kim et 

al., 2010): 

Eq. 26 𝑆𝑆𝑇 = 68.4 × 𝑇𝐸𝑋86
𝐻 + 38.6   (𝑟2 = 0.87, 𝑛 = 255, 𝑝 < 0.0001) 

 

GDGT cyclisation was calculated to evaluate the ring index (Pearson et al., 2004):   

Eq. 27 𝑅𝑖𝑛𝑔 𝑖𝑛𝑑𝑒𝑥 =
[𝐺𝐷𝐺𝑇−1]+2×[𝐺𝐷𝐺𝑇−2]+3×[𝐺𝐷𝐺𝑇−3]+4×[𝐺𝐷𝐺𝑇−4]+5×[𝐶𝑟𝑒𝑛+𝐶𝑟𝑒𝑛′]

[𝐺𝐷𝐺𝑇−0]+[𝐺𝐷𝐺𝑇−1]+[𝐺𝐷𝐺𝑇−2]+[𝐺𝐷𝐺𝑇−3]+[𝐺𝐷𝐺𝑇−4]+[𝐶𝑟𝑒𝑛+𝐶𝑟𝑒𝑛′]
 

 

5.2.3.3.3. Branched GDGTs – BIT, MBT, CBT, pH, and MAAT 

 

To calculate the relative fluvial input of terrigenous organic matter in the marine environment 

the branched isoprenoid tetraether BIT index was calculated from the brGDGTs  (Hopmans et 

al., 2004): 

Eq. 28 𝐵𝐼𝑇 𝑖𝑛𝑑𝑒𝑥 =
[𝐺𝐷𝐺𝑇−𝐼𝑎]+[𝐺𝐷𝐺𝑇−𝐼𝐼𝑎]+[𝐺𝐷𝐺𝑇−𝐼𝐼𝐼𝑎]

[𝐺𝐷𝐺𝑇−𝐼𝑎]+[𝐺𝐷𝐺𝑇−𝐼𝐼𝑎]+[𝐺𝐷𝐺𝑇−𝐼𝐼𝐼𝑎]+[𝐶𝑟𝑒𝑛]
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The methylation index of branched isoprenoid tetraethers (MBT) and the cyclisation index of 

branched isoprenoid tetraethers (CBT) were calculated from the brGDGTs as proxies for 

marine environment palaeo-reconstructions (Weijers et al., 2007):  

Eq. 29 𝑀𝐵𝑇 =
[𝐺𝐷𝐺𝑇−𝐼]

∑[𝐺𝐷𝐺𝑇−𝐼]+∑[𝐺𝐷𝐺𝑇−𝐼𝐼]+∑[𝐺𝐷𝐺𝑇−𝐼𝐼𝐼]
 

Eq. 30 𝐶𝐵𝑇 = −log (
[𝐺𝐷𝐺𝑇−𝐼𝑏]+[𝐺𝐷𝐺𝑇−𝐼𝐼𝑏]

[𝐺𝐷𝐺𝑇−𝐼𝑎]+[𝐺𝐷𝐺𝑇−𝐼𝐼𝑎]
) 

Mean annual air temperature (MAAT) was calculated from MBT based on various continental 

soils, and soil pH was calculated from CBT (Weijers et al., 2007): 

Eq. 31 𝑀𝐵𝑇 = 0.122 + 0.187 × 𝐶𝐵𝑇 + 0.020 × 𝑀𝐴𝐴𝑇  (𝑟2 = 0.77, 𝑛 = 134) 

Eq. 32 𝐶𝐵𝑇 = 3.33 − 0.38 × 𝑝𝐻  (𝑟2 = 0.70, 𝑛 = 134) 

 

5.2.3.4. Alkenones 

5.2.3.4.1. Instrumentation for analysis of alkenones 

 An Agilent 7890B GC with an FID was used for quantitative analysis of the alkenones 

within the N3 fraction. Compound separation was achieved using a 60 m BP1 column (SGE) 

(i.d. = 0.32 mm, film thickness = 0.25 μm), with hydrogen as the carrier gas, set at a constant 

flow of 3 mL/min. The GC oven programme was set at: 70°C (1 min), 150°C (rate: 

30°C/min), 340°C (rate: 3°C/min; held for 10 min). Alkenone identification was achieved 

using an Agilent 7890B GC coupled to an Agilent 5977A MSD, using the same GC column 

and method as above, except using helium as the carrier gas set at a constant flow of 2.4 

mL/min. The MS was run in scan mode with a scan width of 50 to 800 amu. External 

standards containing mostly n-alkanes were regularly analysed on both the GC and GC-MS to 

check instrument precision. 
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5.2.3.4.2. UK’
37 and SST  

SSTs were reconstructed using the alkenone unsaturation index (Uk’
37) for 14 samples. The 

relative abundances of C37:2 and C37:3 alkenones were used to obtain Uk’
37 values: 

Eq. 33 U37
K′

=  
C37:2

C37:2+C37:3
 

where C37:2 and C37:2 is the response of the C37:2 and C37:3 alkenones. 

The Uk’37 values were subsequently converted into SSTs using an Indian Ocean calibration 

by (Sonzogni et al., 1997; Eq. (19)) and a global calibration described by (Conte et al., 2006; 

Eq. (20)): 

Eq. 34 𝑆𝑆𝑇(℃) =
𝑈37

𝐾′
−(0.013±0.063)

0.023±0.004
 

𝑛 = 54; 𝑟2 = 0.936;    𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑟𝑎𝑛𝑔𝑒 (℃) = 5 − 30 

 

Eq. 35 𝑆𝑆𝑇(℃) = 29.876 (𝑈37
𝐾′

) − 1.334 

𝑛 = 592; 𝑟2 = 0.97;    𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑟𝑎𝑛𝑔𝑒 (℃) = −1 − 29 

Duplicate GC analyses of alkenone samples indicate the analytical error (±1ºC) to be less than 

0.4°C. 

 

5.2.4. Heavy mineral analysis 

5.2.4.1. Sample preparation for heavy mineral analysis 

Thirteen samples were analysed by separating heavy minerals from silt to sand grain sizes 

using methods described by Andò et al. (2012) . Between 4-16 g of sediments were sieved 

with a standard 500 μm steel sieve coupled with handmade special tissue net sieves of 15 and 

5 μm. The >500 μm and <5 μm fractions were dried and weighed for a quantitative estimation 

of each grain-size fraction. Heavy minerals were separated by centrifuging the 5-15 and 15-
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500 μm grain-size fractions in sodium polytungstate (ρ=2.90 g/cm3) and were recovered by 

partial freezing with liquid nitrogen. Heavy minerals were weighed in every grain-size 

fraction.  

 

5.2.4.2. Instrumentation and counting for heavy mineral analysis 

The heavy minerals were mounted with Canada balsam, and 200 to 250 transparent heavy-

mineral grains were point-counted at suitable regular spacing (100 μm) using a polarising 

microscope with 10×, 20× and 63× magnifying lenses to obtain volume percentages (Carver, 

1971). The surface textures of detrital grains were studied by polarising microscope to 

estimate the extent of chemical dissolution. Stages of progressive weathering were recognised 

for diverse detrital minerals, so as to quantify any possible compositional bias from the 

original suite of heavy minerals (Andò et al., 2012). Dubious heavy mineral grains and 

minerals smaller than 15 μm were checked and properly identified by an inVia Renishaw 

Raman spectrometer equipped with a green laser (532 nm) and a 50× long working distance 

(LWD) objective (Andò et al., 2014). The Raman spectrometer was used in the lower spectral 

range (144-1900 cm-1; OH- region) for identification of hydrated minerals, amphiboles, 

epidotes, and phyllosilicates (Andò et al., 2014). Unknown Raman spectra were recognised by 

comparison with a laboratory database using known standard minerals and samples collected 

in the Indus River modern sands (Garzanti et al., 2005; Clift et al., 2010). 

The heavy mineral concentration was calculated as the weight percentage of total heavy 

minerals index (HMC) and of transparent heavy minerals (tHMC) index. 

 

5.3. Results and discussion 

The compositional variability of cored sediments together with the relative contributions of 

different sources to the turbiditic deposits of the Laxmi Basin were assessed by heavy-
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minerals, as well as by bulk sample Sr and Nd isotopic composition (Supplementary 2 for 

additional lithology) (Garzanti et al., 2005; Clift et al., 2008b) (Fig. 5.2). Heavy mineral 

concentrations in sediments depend primarily on the chemistry and tectonostratigraphic level 

of eroded rocks within continental-block, arc, or orogenic source terranes (Garzanti and Andò, 

2007). However, the concentration of heavy mineral grains in sandy sediments may fluctuate 

considerably because of several factors, including provenance, hydrodynamic processes 

during transport, and post-depositional dissolution (Garzanti and Andò, 2007; Garzanti et al., 

2011). 

Nd isotope compositions can be compared with source rock compositions to constrain the 

origin of the bulk sediment, although if more than two sources are involved this analysis by 

itself may not be unique (France-Lanord et al., 1993; DePaolo, 2012). There are relatively 

high εNd values (-5 to -10) for the late Miocene samples (Fig. 5.2), which suggest that the 

Karakoram (Fig. 5.1) was a dominant source of sediment supply until ~6 Ma ago (Clift et al., 

2002). The εNd values are lower (-8 to -12) during the late Pliocene, with a further decrease to 

-14 in the early Pleistocene, and then an increase to -11 from the middle Pleistocene to the 

present day. These variations in εNd values through time require variability in sediment source 

(Clift et al., 2002). A possible increase in sediment flux from the more radiogenic Greater 

Himalayas and especially the Lesser Himalayas, relative to less radiogenic sources such as the 

Karakoram, may be inferred towards the end of the late Miocene and during the Pleistocene. 

The range of Pliocene-Pleistocene εNd values is similar to that seen in the last 15 ka in the 

Indus River Delta (Clift et al., 2010). Older samples with more positive εNd values arguably 

point towards greater sediment flux from the Transhimalaya mountain range in China and/or 

Karakoram during the Late Miocene (Clift et al., 2002).   

The Sr isotope composition of marine sediments is influenced by chemical weathering and 

sediment transportation, as well as by provenance (Edmond, 1992; Derry and France-Lanord, 
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1996; Clift et al., 2008b) (Fig. 5.2). 87Sr/86Sr values vary coherently with εNd variations 

through time, with a constant decrease from 0.718 to 0.715 in the late Miocene. The rapid 

changes in sedimentary 87Sr/86Sr after ~6.29 Ma (Fig. 5.2 and Supplementary 1, Table 5) 

correlate with similar changes in sediments of the Bengal Fan, suggesting an increase of the 

intensity of chemical weathering across the area, as well as similar changes in the focus of 

bedrock erosion (Derry and France-Lanord, 1996). 87Sr/86Sr values declined after ~1.6 Ma and 

increased again from ~1.2 Ma to reach modern levels around 30 ka. The data suggest 

increased erosion at ~8.27–6.29 Ma in the High Himalaya and Transhimalayan regions, 

suggesting stronger precipitation in the summer monsoon (Ramstein et al., 1997; Clift et al., 

2008b).  

By integrating the heavy mineral assemblages with the bulk sediment assemblage, and the 

single groups of minerals (e.g., amphibole, epidote, garnet, spinel) we can reconstruct the 

routing of minerals between the deep Indian Ocean and the source area to the Himalaya or 

along the Western Indian Passive Margin (Garzanti et al., 2005; Garzanti and Andò, 2007). In 

the analysed samples the volume percentage of heavy minerals (the HMC index) ranges from 

low (0.5 ≤ HMC < 1) to rich (5 ≤ HMC < 12) (Fig. 5.2). Heavy mineral assemblages in the 

silt to sand-sized fractions are well preserved and only weakly affected by diagenesis and 

intrastratal dissolution. The proportion of heavy minerals (Supplementary 1, Table 4) could be 

controlled by the grain size distribution (Garzanti and Andò, 2007), because the coarser 

sediments contain more abundant and more variable heavy mineral suites.  

The heavy mineral assemblage of the youngest sample, dated to ~30 kyr ago, was 

characterised by dominant green augite derived from the erosion of the Indian Passive margin 

(Deccan Trap basalt), with common amphibole and epidote, and with rare garnet, titanite, and 

tourmaline; this conclusion is also supported by Nd isotope compositions (Supplementary 1, 

Table 5; Fig. 5.2).  
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In older samples the heavy mineral assemblage is similar to the composition of the modern 

Indus River, indicating an orogenic provenance within the Himalayas. The suite of heavy 

minerals from the Indus River is rich in hornblende and epidote, with common garnet, titanite, 

and clinopyroxenes (Garzanti et al., 2005). The composition remains the same throughout the 

entire section at IODP Site U1456 (Supplementary 1, Table 5). The 15–500 µm size fraction 

represents 80% of the bulk sample at ~1.15 Ma, which overlaps with the composition of the 

modern Indus River mouth. In samples from ~1.26 Ma and 2.69 Ma there is an abrupt 

enrichment in platy minerals with very abundant phyllosilicates and hornblende concentrated 

due to suspension sorting. All samples from the upper Miocene (hole U1456D) show a 

tendency to be enriched in epidote and depleted in amphibole; this systematic trend could be 

related to a bias introduced by diagenesis. The total assemblage and the presence of unstable 

minerals with rare corrosion features allow us to argue that the provenance remained 

essentially the same at least as far back as ~8.09 Ma. The increase in monsoon precipitation 

levels after 6.29 Ma, recorded in the Nd/Sr data, cannot be seen in the heavy mineral results 

(Fig. 5.2).   
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Figure 5.2: Heavy mineral data and isotope analyses of the IODP U1456 drilling site 

sediments. (A) drilled sediment age and lithology, with blue as nannofossil ooze, brown as 

clay grain-size sediment, pink as silt grain-size sediment, and yellow as sand-size sediment 

(Supplementary 2) (Pandey et al., 2016); (B) bulk sediment strontium isotope data; (C) bulk 

sediment epsilon neodymium isotope data, with the green shading indicating modern regional 

Nd levels; (D) weight percentage of total heavy minerals (wt% HMC) present in the samples 

(blue) and modern Indus river heavy mineral representation (red) (after Garzanti et al., 2005). 

The blue shaded area indicates the depth range when there were significant changes in Sr and 

Nd isotopes.   

 

Bulk sediment TOC and TOC/TN values are usually used, with some caution (Meyers, 2003), 

to define the main OM input into marine sediments (Meyers, 2003; Blair and Aller, 2012). 

The TOC data from U1456 Site (Fig. 5.4A) are mostly low (≤1.1 wt %), except for a 
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maximum value of 1.7 wt % at 1.07 Ma. TOC/TN values are ≤10 from the middle Miocene, 

indicating high marine OM input to the sediment (Fig. 5.4A). Three samples from the 

Pliocene and Pleistocene (2.78, 1.07, and 0.03 Ma) are characterised by a ratio greater than 

12, reflecting relative increases in terrigenous input. The δ15N values fluctuate between 2.4‰ 

and 8.2‰, with an average value of 5.3‰ (Fig. 5.4B), and can be divided into two periods: 

10.15–5.86 Ma ago with 4.0 to 6.4‰, and 3.09–0.03 Ma ago with 5.5–8.2‰. The more 

positive δ15N values indicate enhanced denitrification from the Pliocene onwards (Tesdal et 

al., 2013). Low δ15N values of 4‰ around 8 Ma suggest mixing of marine OM with strong 

terrigenous source input, which is typically indicated where δ15N clusters around 0‰ (Knapp 

et al., 2010). The δ13C bulk values vary between -18.2‰ and -24.5‰, with the ~8 Ma interval 

having the lightest values consistent with a significant increase in terrigenous material input 

(Farquhar et al., 1989).  

Concentrations of the individual C16-C35 n-alkanes vary between 394 and 762,909 ng/g (dry 

weight) (Supplementary 1, Table 2). The n-alkanes have a unimodal distribution pattern 

dominated by high molecular weight n-alkanes and maximising at C31 (Fig. 5.5), suggesting 

high terrigenous OM input (Bray and Evans, 1961) (Supplementary 1, Table 2). This 

interpretation is supported by high CPI(22-32) (Bray and Evans, 1961) (>3) and TAR 

(Bourbonniere and Meyers, 1996) (>30) values for most samples (Fig. 5.3). There is an 

increase in CPI(22-32) and TAR during the 8 to 6 Ma period, suggest an increase in terrigenous 

OM input. This result is consistent with δ13C bulk values for the same period. The ACL(27-33) 

varies between 28.9 and 30.1 (Fig. 5.3). Higher ACL(27-33) values predominantly indicate a 

warmer climate similar to that of southern China (Simoneit et al., 1991). The data suggest 

input of terrigenous OM dominated by vegetation from warm regions during the last 10 Myr. 

Samples around 7.4 and 0.5 Ma show high input of terrigenous OM dominating by vegetation 

from cooler climates. The Pr/Ph ratio is mostly <0.8, suggesting an anoxic depositional 
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environment, except for a period around 8 Ma when ratios are higher (1.5-2.0), suggestive of 

a more oxidising depositional environment (Fig. 5.3) (Powell and McKirdy, 1973). 

Total C16-C34 n-alkanoic acid concentrations range from 412.1 to 1415.7 ng/g dry weight and 

have a bimodal distribution dominated by C16 and C18 for homologues <C22, and C24 and C26 

in the higher molecular range (Supplementary 1, Table 2). n-Alkanoic acid distributions have 

an even-over-odd preference, with CPI(22-30) ranging between 3.3 and 6.6 indicative of a 

terrigenous OM input (Kvenvolden, 1966). The n-alkanoic acid ACL values vary between 

25.8 and 27.6, with lower values (<26.4) between ~10.15 and 8.27 Ma, and an increase to 

27.4 at 7.79 Ma. The n-alkanoic acid ACLf values remain high until 5.86 Ma ago, then 

decrease to average values of 25.9 between 2.78 and 1 Ma ago.  

The hydrogen isotopic composition of the mid to long chain length n-alkanoic acids (C24-C28) 

displays a similar isotopic changes in different acids, suggesting a common source of higher 

land plants. The weighted average (δDWM) of the δD of the C24-C30 n-alkanoic acids varies  

 

Figure 5.3: n-Alkane and isoprenoid data presented as average chain length (ACL(27-33); blue), 

carbon preference index (CPI(22-32); red), terrigenous/aquatic ratio (TAR; black), relative 

abundance of submerged/floating aquatic macrophyte input relative to the terrigenous input 

(1/Paq; brown), and pristane/phytane (Pr/Ph) ratio (green). The blue shaded area indicates a 

period with interpreted increase in precipitation.  
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between -116.5 and -207.3‰ (Fig. 5.4C). From ~10.15 to 9.28 Ma δDWM averages -142‰, 

but there are significantly more negative values in the late Miocene from 8.27 to 6.29 Ma (-

206‰ to -195‰). In the Pliocene and Pleistocene, δDWM shifts back to more positive values 

(~ -122‰) with the most positive value (-117‰) occurring at 1.07 Ma.  

In general, δD values of n-alkanoic acids are generally similar for higher plants within 

different photosynthetic pathways. The soil becomes heavier in D through soil evaporation 

and respiration (Liu and Huang, 2005; Sachse et al., 2006), and bio-isotopic fractionation of 

the compounds during photosynthesis (e.g. Schimmelmann et al., 2006; Sessions, 2006a, b). 

Compound specific δD values vary relative to precipitation and evaporation levels of specific 

organisms or environments (Schefuß et al., 2005; Pagani et al., 2006; Sachse et al., 2006). The 

results suggest a significant increase in precipitation between 8 – 6 Ma. The precipitation 

levels decrease after this period and stay low to present. Because of the low sample resolution 

the influence of glacial/interglacial cycles on precipitation levels cannot be analysed.  

The compound specific carbon isotope (δ13C) values for C24-C28 n-alkanoic acids range from -

21.6 ‰ to -31.8 ‰ (Fig. 5.4D). Most values are around 24 ‰, consistent with a high 

abundance of C3 vegetation, but values are significantly more negative (-28.1‰ to -31.8‰) 

from 8.5-7.5 Ma ago, suggesting an increased input of C4 vegetation (Collister et al., 1994).  

Isoprenoid and branched GDGTs (iGDGTs and brGDGTs , respectively) were identified in 

eighteen samples. The data are presented as calculated indices and ratios (see Methods 

section; Supplementary 1). The brGDGT based BIT index (Hopmans et al., 2004; Weijers et 

al., 2006) indicates the level of terrigenous versus marine OM input, with values below 0.4 

indicating a low terrigenous contribution. The BIT index is ≥0.5 for two late Miocene time 

intervals, 8.27–7.79 Ma and 6.04–5.86 Ma, suggesting high terrigenous sediment input (Fig. 

5.4G). Bulk δ13C values for these two intervals vary from -23.0 to -24.5 ‰ and -20.3 to -

21.2‰, respectively (Fig. 5.4D). The isotopically light values between 8.27–7.79 Ma are 
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perhaps indicative of C3 plant input (Dickens et al., 2004). An additional isolated BIT index 

spike of 0.51in the Pliocene (2.69 Ma; Fig 4G) has a bulk δ13C of -20.6 ‰ (Fig. 5.4D). The 

rest of the samples have BIT indices ≤0.2, and rather high variation in bulk δ13C (-18.2 to -

22.6 ‰). The bulk δ13C values since 6.04 Ma are indicative of marine plankton rather than 

terrigenous material (Dickens et al., 2004).  

 



 

275 

 

 

Figure 5.4: Isotopic composition, organic data, and lipid analysis results. (A) total organic 

carbon (TOC; blue) and TOC/TN ratio (red); (B) bulk sediment δ13C (orange) and δ15N 

(green) isotope data; (C) hydrogen isotope data (δD) for C24, C26, and C28 n-alkanoic acids; 

(D) carbon isotope data (δ13C) for C24, C26, and C28 n-alkanoic acids; (E) quantitative amounts 

of the C27, C29, and C31 n-alkanes (ng/g dry sediment); (F) Sea surface temperature (SST) 

based on the TEXH
86 (red) and UK’

37 (blue) proxies; (G) BIT index (red) and the MBT/CBT 

ratio (green). The blue shaded area indicates a period with interpreted increase in 

precipitation.   
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Figure 5.5: Representative m/z 57 chromatograms for four samples, showing unimodal n-

alkane distribution patterns. 

 

 

SSTs were reconstructed based on (1) the relative abundance of iGDGTs using the TEXH
86 

index (Hopmans et al., 2000), and (2) the alkenone data using the Uk’
37 parameter (Prahl and 

Wakeham, 1987) (Fig. 5.4F). The TEXH
86 data may be strongly influenced by high 

terrigenous input, because of additional land derived sources of iGDGTs (Weijers et al., 

2006). Therefore, only samples with a BIT index <0.4 were considered for the SST 

reconstruction. The TEXH
86 results indicate a slight decreasing temperature trend of 33.0°C to 

30.5°C from 10.15 Ma until 7.73 Ma. After 3 Ma the TEXH
86 SST is mostly stable around 

28.6°C, with one significant temperature drop to 22.6°C at 1.60 Ma. The alkenone based SST 

(Uk’
37) show a temperature decrease from 28°C at 10.15 Ma to 25°C at 7.37 Ma , and a 

relatively stable SST from 6.04 to 1.07 Ma ago averaging 28.6°C, similar to the TEXH
86 

reconstruction (Fig. 5.4F). However, the SST based on Uk’
37 decreases significantly to 23.9°C 

at 0.46 Ma ago in contrast to the TEXH
86 reconstruction for this sample which is 28.9°C (Fig. 

5.4F). No significant temperature drop was recorded by the alkenone proxy at 1.6 Ma ago, in 

contrast to the TEXH
86 data. The Uk’

37 record generally gives lower SST estimates than TEX86, 

which can be partly explained by the upper limit of the Uk’
37 calibration of 29°C (Sonzogni et 
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al., 1997). The two SST proxies also vary based on seasonal and depth interval variations 

(Kim et al., 2010; Leider et al., 2010). 

C27 –C29 ααα 20R steranes were identified in 14 samples and their molecular weight 

distribution is presented in Fig. 5.6 (Supplementary 1, Table 6), which shows variation in OM 

input. The sterane distribution changes in the late Miocene from 8.27–6.29 Ma and is 

characterised by spasmodically enhanced terrigenous sediment contributions into the marine 

environment. This observation is supported by the high amounts of long chain n-alkanes and 

the high oleanane index indicative of angiosperm OM input (Whithead, 1973; Ekweozor and 

Udo, 1988; Murray et al., 1994; Murray et al., 1997) during the same period (Fig. 5.4E; 

Supplementary 1, Table 6), and is consistent with strong energy pulses from the Indus River 

region. The sediments deposited at other times have a sterane signature characteristic of a 

mixed shallow marine environment, which can be explained by slow movement of sediment 

from the main deltaic source of the Indus River towards the Laxmi Basin. This observation is 

supported by the C30 sterane index, which is specific for marine organic matter (Seifert and 

Moldowan, 1978; Peters et al., 2005), and which increases from 6.29 to 3.04 Ma 

(Supplementary 1, Table 6).  

Thermal maturity evaluation of the sedimentary sequence was achieved using commonly used 

biomarker ratios. A generally low Ts/(Ts+Tm) ratio for the Site U1456 samples (<0.25) is 

indicative of low thermal maturities (Seifert and Moldowan, 1978; Stephens and Carroll, 

1999; Nuzzo et al., 2012). A higher thermal maturity is suggested for the two deepest samples 

(10.15 Ma and 13.53–17.71 Ma), with Ts/(Ts+Tm) ratio values >0.4 (Supplementary 1, Table 

6). Most 22S/(22S+22R) C31 αβ hopane epimer ratios ((Seifert and Moldowan, 1980; 

Moldowan et al., 1986) are also consistent with a low thermal maturity for the samples 

(Supplementary 1, Table 6). Three samples at 7.79, 8.27, and 13.53-17.71 Ma have higher 

22S/(22S+22R) ratios, possibly showing high thermal maturity. A low thermal maturity is 

also supported by low (<0.5) 20S/(20S+20R) C29 5α,14α,17α(H) sterane ratios (Moldowan et 
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al., 1986) (Supplementary 1, Table 6), with the exception for the 7.79 Ma sample (0.61). 

Some of these hopane and sterane ratios may be influenced by source variations, but overall 

most show a low thermal maturity for the analysed sediments, with a slight increase in 

maturation in the deeper samples.  

 

Figure 5.6: Ternary diagram showing the C27, C28, and C29 ααα 20R sterane distributions. The 

areas are defined after Huang and Meinschein (1979): I – plankton/algal OM source; II – open 

marine OM source; III – shallow marine OM source; IV – deltaic or terrigenous OM source; 

V – OM source in Tertiary coal; and VI – diatom OM source. 
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5.4. Synthesis 

One of the major factors in precipitation development is the sea-land thermal gradient 

(Webster et al., 1998). The SST reconstructions suggest a decreasing but still warm SST 

during the late Miocene (>30°C based on iGDGTs and averaging ~27°C for the alkenone 

proxy). These results are consistent with data from the northern South China Sea and global 

SST reconstructions based on δ18O and Mg/Ca proxies. Temperature changes and increases in 

upwelling in the Indian Ocean during the late Miocene have been attributed to accumulation 

of Antarctic ice cover (Norris et al., 2013). Other studies have proposed that the modest sized 

permanent ice sheets in the Northern Hemisphere and the distribution of solar radiation are 

the main causes for the intensification of the monsoon in the late Miocene (Clemens et al., 

1991). However, ice-temperature change models do not support such a correlation at that time 

(Cramer et al., 2011). 

Debate continues about the nature of monsoon change in the late Miocene, and whether it 

strengthened or weakened. Some studies predict monsoon weakening between 10.15 and 3.09 

Ma (Clift et al., 2008b), and after 8.27 Ma for the southern Asia area, while others argue for 

increasing summer rains over the same interval. Regardless of the direction of change, the 

closure of the Tethys Ocean together with the uplift of the Himalayas and Tibetan Plateau 

have been linked to major alternations in monsoon strength. Climate models suggest that 

coastal upwelling in the western Arabian Sea is consistent with an increase in southwest 

winds between ~10.15 and 8.27 Ma, as supported by recent scientific drilling in the Maldives 

(Prell et al., 1993; Betzler et al., 2016). However, such studies are primary indicators of wind 

strength and not precipitation. Indeed, our observations suggest no significant increase in 

precipitation between 10.15 and 8.26 Ma. This period was followed by an increase in summer 

monsoon levels together with a possible increase of the Indus River run-off for the eastern 

Arabian Sea region in the late Miocene (8.27 – 6.29 Ma), as recorded in the n-alkane (e.g., 

TAR and 1/Paq) and sterane data. This observation is supported by δ13C record. The increase 
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in precipitation levels recorded by δD during the 8.27 to 6.29 Ma period supports a stronger 

Indus River runoff as well. 

Variations in SST since 3 Ma are consistent with existing reconstructions of tropical ocean 

temperatures, which argue for a significant control by glacial-interglacial cyclicity over 

precipitation patterns, with changing glaciation in the northern hemisphere (Beu et al., 1997; 

Zhisheng et al., 2001). These cycles mainly developed because of the major changes in 

thermohaline circulation that followed closure of the Isthmus of Panama and onset of 

Northern Hemisphere Glaciation with a decrease in atmospheric CO2 content. Variations in 

magnetic sustainability suggest a strong influence of orbital forcing on Asian monsoon 

intensification, together with an increase in central Asian aridity levels (Clemens et al., 1991; 

Prell and Kutzbach, 1992; Zhisheng et al., 2001). All these line of evidence support the strong 

influence of glacial cyclicity on the Asian monsoon over the last 3 Myr.   

The TOC/TN data and Pr/Ph also suggest strong but short-lived inputs of terrigenous OM 

around ~8.3 Ma. High precipitation levels in the period from ~2.6 to ~1.6 Ma are also clearly 

recorded by increasing terrigenous OM inputs, based on n-alkanes, steranes, and the BIT 

index (Fig. 5.4G; Supplementary 1, Table 2). Falls in eustatic sea level may have increased 

terrigenous material input into the basin. Nonetheless, variations in climate between the 

glacial-interglacial cycles are also well-recognised as factors intensifying continental erosion 

and would also help increase terrigenous flux after ~3 Ma ago. 

The development of the Asian monsoonal circulation may have occurred as early as the 

Eocene (Licht et al., 2014), but other studies argue for an intense phase beginning at the start 

of the Neogene (Clift et al., 2014). Some of these reconstructions have been informed by 

changes in eastern Asian vegetation patterns, as well as by chemical weathering proxies. 

Chemical weathering data from ODP Site 1146 in the South China Sea indicate a pattern of 

decreasing humidity from the middle Miocene to the early Pliocene and a decrease in 
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monsoon intensity (Steinke et al., 2010). The decline in chemical weathering intensity 

parallels a decrease of sedimentation rates on the Indus Fan, as well as a decline in chemical 

weathering and sedimentation rates at ODP Site 718 on the Bengal Fan (Cochran and Stow, 

1987; Clift et al., 2008a; Clift et al., 2008b). In light of the regional character of these changes 

across the Himalayas and the Tibetan Plateau, it seems likely they may reflect a common 

climatic driver. The vegetation signal since 10.15 Ma at IODP Site U1456 is derived mainly 

from the continental source for the last 10 Ma. The studies of Pakistan climate suggest a 

development of strong aridity and changes in precipitation patterns from 9 Ma (Quade et al., 

1989). Sediment from the western Arabian Sea (ODP Site 722 drilling site) also showed an 

increase in terrigenous sediment input from 8–6 Ma, although an increase in primary marine 

production was not detected because of poor carbonate preservation (Prell and Kutzbach, 

1992; Zhisheng et al., 2001). 

Moreover, the data indicate an increase in relative C4 vegetation abundance for the western 

Himalaya region from ~10.15 until ~8.27 Ma, suggesting a regional decrease in precipitation. 

A strong increase in relative C3 vegetation abundance from 8.27–7.5 Ma may be indicative of 

an increase in precipitation, consistent with an increase in Asian monsoon intensity. The 

aridity of the region increasing again after 7.5 Ma Ma, with higher relative C4 vegetation 

abundance in the sediments based on δ13C data (Fig. 5.4D). However, our δD results together 

with the high terrigenous OM input suggest an increase in precipitation from ~8.3 to ~6.3 Ma, 

followed by high precipitation with an increase in C4 vegetation input until ~5.9 Ma. A 

decrease in C4 intensity was recorded only after ~3.1 Ma.  

Data collected from the Eastern Arabian Sea area was integrated into the general regional 

climate history since the late Miocene, showing the strong control of regional climate change 

on temperatures and precipitation in the area. The Indus River is the main source of sediments 

into the Laxmi Basin, so that sediment can be used to reconstruct precipitation, vegetation and 

erosion patterns in the western Himalayan region and adjacent floodplains. The recorded 
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geochemical data together with detailed heavy mineral analysis of the Laxmi Basin sediment 

allows better reconstruction of organic variability in relationship to precipitation shifts. The 

data show a correlation between uplift in the western Himalaya region and an increase in 

precipitation around 8 Ma. This could be an indicator of an increase in the Asian monsoon 

intensity. The various analytical approaches for determining sedimentary provenance and 

paleoclimate organic signals in marine sediments provide tremendous potential for building a 

full regional paleogeographic picture. 

5.5. Conclusions  

The research show the Indus River is the main source of sediments into the Laxmi Basin. A 

possible increase in sediment flux from the Greater Himalayas and especially the Lesser 

Himalayas relative to the Karakoram region may be inferred towards the end of the late 

Miocene and during the Pleistocene. The data suggest increased erosion at ~8.27–6.29 Ma in 

the High Himalaya and Transhimalayan regions and possibly pointing towards stronger 

precipitation as part of the development of the summer monsoon. 

The organic geochemical data indicate low thermal maturity of the organic matter. The n-

alkane data for the 8 to 6 Ma period indicate an increase in terrigenous OM input with 

possibly a warmer climate. The data also show the input of terrigenous OM mostly dominated 

by vegetation from warm regions during the last 10 Myr. Samples around 7.4 and 0.5 Ma 

show high input of terrigenous OM dominating by vegetation from cooler climates. In 

addition, the BIT index is ≥0.5 for two late Miocene time intervals, 8.27–7.79 Ma and 6.04–

5.86 Ma, suggesting high terrigenous sediment input. 

The isoprenoid data indicate a mainly anoxic depositional environment, except for a period 

around 8 Ma with more oxic depositional environment. The compound specific δD results 

suggest a significant increase in precipitation from 8–7 Ma. Precipitation decreased after this 
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period, and has stayed low to the present. Because of the low sample resolution the influence 

of glacial/interglacial cycles on precipitation levels cannot be analysed.  

The SST (TEXH
86) results indicate a slight decreasing temperature trend of 33.0°C to 30.5°C 

from 10.15 Ma until 7.73 Ma. After 3 Ma the TEXH
86 SST is mostly stable around 28.6°C. 

The alkenone based SST (Uk’
37) show a temperature decrease from 28°C at 10.15 Ma to 25°C 

at 7.37 Ma, and a relatively stable SST from 6.04 to 1.07 Ma ago, averaging 28.6°C, similar 

to the SST (TEXH
86) reconstruction. However, the SST based on Uk’

37 decreases significantly 

to 23.9°C at 0.46 Ma ago. 

The sterane distribution changes in the late Miocene from 8.27–6.29 Ma, and is characterised 

by spasmodically enhanced terrigenous sediment contributions into the marine environment. 

The sediments deposited at other times have a sterane signature characteristic of a mixed 

shallow marine environment, which can be explained by the slow movement of sediment 

from the main deltaic source of the Indus River towards the Laxmi Basin.  

The data show a correlation between uplift in the western Himalaya region and an increase in 

precipitation around 8 Ma. This could be an indicator of an increase in the Asian monsoon 

intensity. 
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5.8. Supplementary 1: Data Tables 

Supplementary Table 5.1:  General sample information 
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355-U1456A-6H-5-IW(145-150)-SCBEND 49.95 0.46 Pleistocene I clay/claystone 
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116.42 1.07 Pleistocene I carbonate ooze/stone 

355-U1456A-15H5-IW(145-150)-SCBEND 134.12 1.15 Pleistocene I clay/claystone 

355-U1456A-25F-3-IW-SCBEND 180.56 1.26 Pleistocene I clay/claystone 

355-U1456A-40F-2-IW-SCBEND 247.55 1.41 Pleistocene I sand/sandstone 
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Supplementary Table 5.2: Organic geochemistry data 

   Weight of identified n-alkanes, pristane and phytane (ng/gdw) 
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5
 

3
5

5
0
6
 

1
9

6
0
6
 

6
0

4
4
0
 

2
5

0
0
2
 

1
1

0
8
1

7
 

3
0

9
2
6
 

1
7

9
2
2

1
 

2
2

9
7
0
 

1
5

7
3
4

4
 

1
0

1
9
2
 

6
0

8
0
2
 

3
9

4
 

7
3

3
8
 

- - - 

2
8

1
6
 

3
1

3
8
 

355-U1456D-7R-1-IW(84-94)-

SCBEND 6
.0

4
 

3
0

.0
5
 

- - 

2
4

1
2
 

7
1

5
9
 

1
1

2
0
0
 

1
8

5
3
4
 

1
6

7
7
5
 

3
7

2
1
6
 

2
0

3
7
8
 

6
9

3
8
9
 

2
4

1
8
8
 

1
2

6
4
2

4
 

3
2

2
1
0
 

1
8

7
2
2

8
 

2
9

4
6
4
 

1
6

6
4
5

5
 

1
4

3
6
4
 

6
4

7
7
2
 

2
6

1
7
 

5
5

4
7
 

- - - - 

2
0

7
6
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355-U1456D-8R-5-IW(140-150)-

SCBEND 6
.2

9
 

3
0

.5
5
 

- - - 

1
4

2
2
 

2
7

2
5
 

6
9

4
6
 

7
7

3
4
 

2
0

5
3
0
 

1
9

3
6
9
 

6
3

0
4
7
 

4
9

7
5
6
 

2
0

9
9
9

4
 

7
6

0
1
5
 

4
0

2
5
8

0
 

6
1

2
5
6
 

4
9

8
6
6

7
 

3
1

1
1
4
 

2
0

6
1
8

3
 

6
0

3
9
 

2
3

0
6
2
 

- - - - - 

355-U1456D-15R-CC-WRND BEND 

7
.3

7
 

3
0

.3
8
 

7
1

9
2
 

8
4

9
9
 

1
5

7
2
7
 

9
9

7
3
 

1
5

9
2
2
 

2
1

7
7
6
 

1
7

4
7
1
 

3
6

2
3
7
 

2
5

5
1
1
 

5
8

9
0
5
 

3
8

0
2
3
 

1
0

5
9
1

4
 

3
3

2
3
7
 

1
7

2
4
9

1
 

2
7

9
8
4
 

1
9

5
6
9

5
 

1
2

0
3
0
 

3
9

5
4
 

- 

5
5

2
2
 

- - - 

4
7

5
6
 

1
7

8
9
0
 

355-U1456D-21R-2-IW(115-130)-

SCBEND 7
.7

9
 

3
0

.2
1
 

- 

2
6

8
6
 

1
7

8
9
 

4
4

2
2
 

6
2

0
0
 

9
5

8
2
 

8
8

6
9
 

1
5

1
9
8
 

1
0

1
4
6
 

2
4

8
0
9
 

1
1

5
3
1
 

3
3

2
2
0
 

1
1

9
2
7
 

5
7

7
9
3
 

1
1

4
0
4
 

6
8

2
6
8
 

6
7

2
4
 

2
8

7
8
5
 

- 

4
2

9
9
 

- - - - 

1
3

7
1
 

355-U1456D-25R-2-IW(135-150)-

SCBEND 8
.0

3
 

3
1

.3
5
 

1
9

9
8
0
 

1
1

2
0
3

1
 

1
1

7
0
9

9
 

1
3

7
7
1

6
 

1
5

1
1
1

0
 

1
9

4
5
5

2
 

1
6

3
8
0

3
 

2
8

6
2
7

7
 

1
8

3
1
7

3
 

3
9

5
3
0

0
 

1
8

4
7
9

9
 

4
4

4
2
2

6
 

1
6

6
7
2

2
 

6
6

3
0
2

9
 

1
4

2
3
4

5
 

7
6

2
9
0

9
 

1
0

6
2
1

7
 

3
6

3
0
5

9
 

2
0

0
7
4
 

5
6

5
5
7
 

- - - 

8
5

3
3
2
 

5
2

5
6
6
 

355-U1456D-29R-2-IW(128-143)-

SCBEND 8
.2

7
 

3
0

.1
4
 

  

1
5

8
3
6
 

1
4

8
3
5
 

2
1

3
2
2
 

2
3

8
3
4
 

2
8

8
0
2
 

2
4

7
4
2
 

3
8

2
3
5
 

2
5

7
9
7
 

5
1

9
2
7
 

2
6

0
9
6
 

6
1

4
7
6
 

2
4

2
0
2
 

9
8

9
4
4
 

2
2

1
1
8
 

1
0

7
3
1

7
 

1
6

7
2
8
 

5
7

4
1
2
 

3
0

8
6
 

7
7

4
2
 

- - - 

1
4

0
7
0
 

7
3

2
3
 

355-U1456D-30R-CC-BEND 

9
.2

8
 

3
0

.2
4
 

2
6

2
8
 

2
2

0
8
 

4
5

0
6
 

2
2

3
0
 

3
5

6
3
 

4
6

2
7
 

3
6

6
1
 

8
8

4
5
 

6
4

3
6
 

1
4

4
1
6
 

1
0

4
8
6
 

3
0

0
8
3
 

1
1

5
5
0
 

5
1

9
8
9
 

8
7

4
9
 

6
1

9
9
0
 

4
4

2
3
 

2
5

1
5
8
 

9
1

8
 

3
4

6
2
 

- - - 

7
7

4
 

9
6

7
 

355-U1456D-35R-4-IW(107-122)-

SCBEND 1
0

.1
5
 

3
1

.8
1
 

7
4

7
9
 

8
3

1
3
 

1
4

4
1
5
 

1
9

7
2
8
 

1
3

3
7
8
 

2
0

4
4
1
 

1
3

5
0
4
 

3
9

5
5
4
 

2
1

6
0
5
 

4
9

6
2
7
 

2
8

6
9
5
 

7
3

7
4
0
 

3
1

7
1
2
 

1
3

0
0
8

7
 

3
2

6
1
5
 

1
6

5
4
5

8
 

1
4

6
5
9
 

5
3

2
1
6
 

- - - - - 

8
8

4
4
 

1
8

6
3
5
 

355-U1456E-19R-CC-WRND BEND 

1
3

.5
3
-

1
7

.7
1
 

2
4

.3
8
 

- - - - - 

2
7

7
6
 

3
5

6
5
 

9
2

7
0
 

2
4

1
7
6
 

4
3

7
5
3
 

6
6

8
7
3
 

1
0

0
1
8

2
 

1
5

2
4
9

3
 

2
1

4
4
8

1
 

2
8

6
8
1

6
 

2
9

5
3
3

1
 

2
8

0
0
8

1
 

2
0

3
8
2

3
 

1
4

7
8
3

6
 

7
8

7
9
2
 

4
4

4
0
8
 

1
0

3
7
7
 

2
8

9
3
 

- - 
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Supplementary Table 5.3: Organic geochemistry data (continued) 

 
n-alkane and isoprenoids 

ratios 

Mean values of compound specific values for 

various n-alkanoic acids 

  

P
r/

P
h

 

P
r/

n
-C

1
7
 

P
h

/n
-C

1
8
 

C
P

I 
(2

2
-3

2
) 

T
A

R
 

O
E

P
 

P
a

q
 

A
C

L
 

1
/P

a
q

 

δ
D

 (
‰

) 
C

2
2
 

δ
D

 (
‰

) 
C

2
4
 

δ
D

 (
‰

) 
C

2
6
 

δ
D

 (
‰

) 
C

2
8
 

δ
1
3
C

 (
‰

) 
C

2
2
 

δ
1
3
C

 (
‰

) 
C

2
4
 

δ
1
3
C

 (
‰

) 
C

2
6
 

δ
1
3
C

 (
‰

) 
C

2
8
 

355-U1456A-1H-2-IW(145-

150)-SCBEND 

0
.3

4
 

0
.2

5
 

0
.2

5
 

3
.5

 

3
6

.5
 

4
.6

 

0
.1

6
 

2
9

.9
5
 

6
.3

 

- - - - 

-2
3

.8
 

-2
3

.9
 

-2
4

.1
 

-2
3

.4
 

355-U1456A-6H-5-IW(145-

150)-SCBEND - - 

0
.3

7
 

2
.4

 

1
0

2
.9

 

2
.7

 

0
.2

0
 

2
8

.9
2
 

4
.9

 

- - - - - - - - 

355-U1456A-13H-5-

IW(145-150)-SCBEND 

0
.7

4
 

1
.3

7
 

1
.9

8
 

4
.4

 

4
9

.5
 

6
.5

 

0
.1

8
 

2
9

.9
2
 

5
.7

 

- 

-1
0
4
 

-1
2
7
 

- 

-2
3

.7
 

-2
2

.4
 

-2
4

.0
 

-2
2

.5
 

355-U1456A-40F-2-IW-

SCBEND 

0
.6

8
 

1
.0

6
 

0
.7

8
 

5
.2

 

9
7

.4
 

7
.9

 

0
.1

6
 

3
0

.0
0
 

6
.3

 

-1
2
3
 

-1
2
3
 

-1
2
9
 

- 

-2
3

.0
 

-2
2

.2
 

-2
2

.9
 

-2
3

.1
 

355-U1456A-58F-1-IW(89-

99)-SCBEND 

0
.5

9
 

2
.3

0
 

1
.1

2
 

5
.0

 

1
4

4
.9

 

7
.9

 

0
.1

9
 

2
9

.6
2
 

5
.4

 

-1
2
3
 

-1
2
5
 

-1
2
5
 

-1
2
4
 

-2
1

.6
 

-2
1

.9
 

-2
2

.7
 

-2
1

.8
 

355-U1456A-65F-2-IW(140-

150)-SCBEND 

0
.3

1
 

0
.4

9
 

0
.4

6
 

4
.3

 

5
7

.7
 

6
.2

 

0
.2

0
 

2
9

.9
5
 

4
.9

 

- - - - - - - - 

355-U1456A-67F-2-IW(140-

150)-SCBEND 

0
.6

5
 

1
.8

0
 

1
.3

2
 

5
.1

 

6
7

.0
 

7
.4

 

0
.2

2
 

2
9

.7
6
 

4
.5

 

- 

-1
0
9
 

-1
3
0
 

-1
3
0
 

- 

-2
2

.2
 

-2
3

.1
 

-2
2

.0
 

355-U1456A-72X-4-

IW(140-150)-SCBEND 

0
.6

0
 

0
.8

1
 

0
.6

1
 

3
.4

 

5
1

.3
 

5
.5

 

0
.2

2
 

2
9

.6
2
 

4
.5

 

- - - - 

-2
4

.4
 

-2
2

.8
 

-2
3

.9
 

- 

355-U1456D-6R-CC-

WRND BEND 

0
.9

0
 

2
.0

2
 

0
.6

9
 

4
.8

 

4
0

.7
 

7
.5

 

0
.2

2
 

2
9

.6
6
 

4
.5

 

- 

-1
8
5
 

-1
8
8
 

-2
0
0
 

-2
3

.4
 

-2
3

.4
 

-2
3

.7
 

-2
4

.2
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355-U1456D-7R-1-IW(84-

94)-SCBEND - - 

0
.8

6
 

4
.8

 

6
7

.1
 

6
.3

 

0
.2

3
 

2
9

.6
2
 

4
.3

 

- - 

-1
9
1
 

-2
0
1
 

-3
3

.2
 

-2
3

.3
 

-2
4

.0
 

-2
4

.2
 

355-U1456D-8R-5-IW(140-

150)-SCBEND - - - 5
.3

 

7
8

1
.5

 

7
.6

 

0
.0

8
 

3
0

.0
6
 

1
1

.8
 

- - - - 

-2
4

.9
 

-2
2

.9
 

-2
2

.5
 

-2
3

.4
 

355-U1456D-15R-CC-

WRND BEND 

0
.2

7
 

0
.5

6
 

1
.1

4
 

4
.1

 

4
7

.5
 

6
.9

 

0
.2

1
 

2
9

.4
1
 

4
.9

 

- - - - 

-2
6

.1
 

-2
3

.5
 

-2
3

.5
 

-2
5

.9
 

355-U1456D-21R-2-

IW(115-130)-SCBEND -   

0
.7

7
 

3
.8

 

3
6

.0
 

5
.8

 

0
.2

4
 

2
9

.9
8
 

4
.2

 

- 

-2
0
3
 

-2
0
9
 

-2
0
9
 

-2
9

.4
 

-2
8

.1
 

-2
8

.6
 

-2
9

.8
 

355-U1456D-25R-2-

IW(135-150)-SCBEND 

1
.6

2
 

0
.7

6
 

0
.4

5
 

3
.1

 

1
3

.6
 

5
.1

 

0
.3

2
 

2
9

.9
4
 

3
.1

 

- 

-2
0
5
 

-2
0
8
 

-2
1
0
 

-2
6

.3
 

-2
8

.8
 

-2
9

.6
 

-3
0

.5
 

355-U1456D-29R-2-

IW(128-143)-SCBEND 

1
.9

2
 

0
.8

9
 

0
.4

9
 

3
.0

 

1
2

.6
 

4
.8

 

0
.3

0
 

2
9

.9
9
 

3
.3

 

-2
0
5
 

-2
0
5
 

-2
0
5
 

-2
0
2
 

-2
9

.7
 

-2
9

.6
 

-2
9

.8
 

-3
1

.8
 

355-U1456D-30R-CC-

BEND 

0
.8

0
 

0
.3

5
 

0
.2

1
 

4
.1

 

6
4

.6
 

6
.7

 

0
.1

7
 

2
9

.9
7
 

5
.9

 

- 

-1
4
2
 

-1
2
9
 

-1
3
3
 

-2
9

.1
 

-2
3

.1
 

-2
4

.0
 

-2
3

.7
 

355-U1456D-35R-4-

IW(107-122)-SCBEND 

0
.4

7
 

1
.0

6
 

1
.2

9
 

3
.6

 

1
8

.7
 

4
.9

 

0
.2

3
 

2
9

.9
4
 

4
.3

 

-1
5
5
 

-1
4
8
 

-1
4
9
 

-1
5
0
 

-2
3

.8
 

-2
2

.8
 

-2
3

.2
 

-2
4

.7
 

355-U1456E-19R-CC-

WRND BEND - - - 

0
.9

9
 

- 

0
.9

5
 

0
.0

9
 

3
0

.4
8
 

1
0

.6
 

- - - - - - - - 
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Supplementary Table 5.3: Organic geochemistry data (continued) 

 

T
E

X
H

8
6
 

B
IT

 

C
B

T
 

p
H

 

M
B

T
 

M
A

T
 

M
B

T
/C

B
T

 

S
S

T
 

(T
E

X
H

8
6
) 

U
K

' 3
7
 

S
S

T
 (

U
K

' 3
7
)1

 

S
S

T
 (

U
K

' 3
7
)2

 

355-U1456A-1H-2-IW(145-150)-SCBEND -0.15 0.12 0.3 8.0 0.5 15.4 1.69 28.5 0.97 28.12 27.61 

355-U1456A-6H-5-IW(145-150)-SCBEND -0.14 - 0.3 8.0 - - - 28.9 0.83 23.92 23.35 

355-U1456A-13H-5-IW(145-150)-SCBEND -0.16 0.14 0.3 8.0 0.4 10.3 1.25 27.5 0.98 28.53 28.03 

355-U1456A-40F-2-IW-SCBEND -0.14 0.10 0.2 8.1 0.3 7.1 1.30 28.9 0.99 28.61 28.11 

355-U1456A-58F-1-IW(89-99)-SCBEND -0.23 0.15 -0.1 8.9 0.2 4.2 -3.11 22.6 0.99 28.75 28.26 

355-U1456A-65F-2-IW(140-150)-SCBEND -0.17 0.51 0.3 8.0 0.6 18.7 1.82 - 0.96 27.79 27.28 

355-U1456A-67F-2-IW(140-150)-SCBEND -0.16 0.12 0.2 8.2 0.4 12.5 2.03 27.9 1.00 28.89 28.40 

355-U1456A-72X-4-IW(140-150)-SCBEND -0.13 0.10 0.3 8.0 0.4 12.3 1.54 29.7 0.98 28.50 28.00 

355-U1456D-6R-CC-WRND BEND -0.15 0.47 0.3 7.9 0.6 21.4 1.92 - 0.96 27.98 27.48 

355-U1456D-7R-1-IW(84-94)-SCBEND -0.14 0.51 0.4 7.7 0.7 23.4 1.69 - 0.98 28.55 28.06 

355-U1456D-8R-5-IW(140-150)-SCBEND - - - - - - - - - - - 

355-U1456D-15R-CC-WRND BEND -0.12 0.09 0.4 7.8 0.2 2.3 0.63 30.5 0.99 28.62 28.12 

355-U1456D-21R-2-IW(115-130)-SCBEND -0.12 0.65 0.3 7.8 0.6 20.9 1.73 - 0.95 27.51 26.99 

355-U1456D-25R-2-IW(135-150)-SCBEND -0.11 0.78 0.5 7.5 0.7 25.2 1.48 - 0.96 27.83 27.32 

355-U1456D-29R-2-IW(128-143)-SCBEND -0.11 0.80 0.3 8.0 0.6 22.7 2.06 - 0.87 25.14 24.59 

355-U1456D-30R-CC-BEND -0.11 0.18 0.5 7.5 0.5 13.1 1.02 31.4 0.99 28.64 28.14 

355-U1456D-35R-4-IW(107-122)-SCBEND -0.08 0.16 0.5 7.4 0.6 18.4 1.12 33.0 0.88 25.48 24.93 

355-U1456E-19R-CC-WRND BEND - - - - - - - - 0.89 25.90 25.36 

 

SST (UK'
37)1 -sea surface temperature reconstruction after Sonzogni et al., 1997 

SST (UK'
37)2 -sea surface temperature reconstruction after Conte et al., 2006 
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Supplementary Table 5.4: Bulk sediment geochemistry data 

  Age (Ma) 

TOC 

(wt%) 

TN 

(wt%) 

TOC/T

N 

δ15N 

(‰) 

δ13C 

(‰) 
355-U1456A-1H-2-IW(145-150)-

SCBEND 
0.03 1.08 0.09 11.4 0.12 -19.3 

355-U1456A-6H-5-IW(145-150)-

SCBEND 
0.46 0.11 0.02 6.5 - -22.6 

355-U1456A-13H-5-IW(145-150)-

SCBEND 
1.07 1.71 0.12 14.7 0.14 -19.1 

355-U1456A-40F-2-IW-SCBEND 1.41 0.74 0.10 7.4 0.10 -18.8 

355-U1456A-58F-1-IW(89-99)-

SCBEND 
1.60 1.00 0.13 7.4 0.15 -20.4 

355-U1456A-65F-2-IW(140-150)-

SCBEND 
2.69 0.37 0.06 6.3 0.51 -20.6 

355-U1456A-67F-2-IW(140-150)-

SCBEND 
2.78 1.10 0.10 10.9 0.12 -18.2 

355-U1456A-72X-4-IW(140-150)-

SCBEND 
3.09 0.27 0.07 3.9 0.10 -20.3 

355-U1456D-6R-CC-WRND BEND 5.86 0.31 0.05 6.8 0.47 -21.2 

355-U1456D-7R-1-IW(84-94)-

SCBEND 
6.04 0.27 0.04 6.2 0.51 -20.3 

355-U1456D-8R-5-IW(140-150)-

SCBEND 
- 0.20 0.06 3.5 - -20.9 

355-U1456D-15R-CC-WRND 

BEND 
7.37 0.57 0.06 9.9 0.09 -19.8 

355-U1456D-21R-2-IW(115-130)-

SCBEND 
7.79 0.37 0.05 7.1 0.65 -23.0 

355-U1456D-25R-2-IW(135-150)-

SCBEND 
8.03 0.27 0.05 5.0 0.78 -24.5 

355-U1456D-29R-2-IW(128-143)-

SCBEND 
8.27 0.31 0.06 5.0 0.80 -23.3 

355-U1456D-30R-CC-BEND 9.28 0.33 0.08 3.9 0.18 -21.3 

355-U1456D-35R-4-IW(107-122)-

SCBEND 
10.15 0.65 0.12 5.7 0.16 -21.3 

355-U1456E-19R-CC-WRND 

BEND 

13.53-

17.71 
0.08 0.02 4.7 3.1 -22.9 

 

TOC - total organic carbon; TN - total 

nitrogen      
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Supplementary Table 5.5:  Bulk heavy minerals data 

Heavy minerals 

indices 

 

 

 

Heavy minerals 

total counts 

 

 

 

 

 

 

 

 

Percentage of total counts in the heavy 

mineral fraction 
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Supplementary Table 5.6: Bulk isotope analyses 

Sample Number Age (Ma) 

Depth 

(mbsf) 87Sr/86Sr 143Nd/144Nd 

355-U1456A-1H-2-IW(145-150)-SCBEND 0.03 3.0 0.71878 0.51205 

355-U1456A-6H-5-IW(145-150)-SCBEND 0.46 50.0 0.72649 0.51195 

355-U1456A-15H-5-IW(129-134)-SCBEND 1.15 134.1 0.72918 0.51193 

355-U1456A-25F-3-IW(145-150)-SCBEND 1.26 180.6 0.72154 0.51203 

355-U1456A-58F-1-IW(89-99)-SCBEND 1.60 329.3 0.71689 0.51219 

355-U1456A-63F-1-IW(140-150)-SCBEND 2.57 353.4 0.72988 0.51198 

355-U1456A-72X-4-IW(140-150)-SCBEND 3.09 403.8 0.71764 0.51216 

355-U1456C-45X-2-IW(111-121)-SCBEND 3.65 458.5 0.72550 0.51203 

355-U1456D-3R-CC-WRND BEND 5.40 470.2 0.72461 0.51205 

355-U1456D-6R-CC-WRND BEND 5.86 497.8 0.72290 0.51205 

355-U1456D-10R-3-IW(135-145)-SCBEND 6.58 540.6 0.71529 0.51224 

355-U1456D-14R-CC-WRND BEND 7.16 575.3 0.71619 0.51211 

355-U1456D-17R-CC-WRND BEND 7.55 607.4 0.71689 0.51216 

355-U1456D-21R-2-IW(115-130)-SCBEND 7.79 645.8 0.71587 0.51214 

355-U1456D-26R-CC-WRND BEND 8.09 694.5 0.71629 0.51213 

355-U1456D-29R-2-IW(128-143)-SCBEND 8.27 723.3 0.71664 0.51211 

355-U1456D-30R-CC-BEND 9.28 739.6 0.71717 0.51227 

355-U1456D-35R-4-IW(107-122)-SCBEND 10.15 784.5 0.71855 0.51219 

355-U1456E-19R-CC-WRND BEND 13.53-17.71 1104.4 0.72551 0.51219 
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Supplementary Table 5.7: Sterane and hopane data 

Sample number 
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355-U1456A-1H-2-IW(145-150)-SCBEND 0.03 44.65 8.78 46.57 II 0.09 0.09 0.17 0.45 0.36 

355-U1456A-6H-5-IW(145-150)-SCBEND 0.46 - - - - - - 0.19 0.38 - 

355-U1456A-13H-5-IW(145-150)-SCBEND 1.07 - - - VI 0.24 - 0.17 0.27 - 

355-U1456A-40F-2-IW-SCBEND 1.41 54.21 21.12 24.67 II 0.02 - 0.14 0.19 0.12 

355-U1456A-58F-1-IW(89-99)-SCBEND 1.60 20.47 18.75 60.78 IV - 0.20 0.11 0.10 - 

355-U1456A-65F-2-IW(140-150)-SCBEND 2.69 27.38 21.05 51.56 III 0.07 0.11 0.14 0.16 0.21 

355-U1456A-67F-2-IW(140-150)-SCBEND 2.78 - - - - 0.09 - 0.17 0.29 - 

355-U1456A-72X-4-IW(140-150)-SCBEND 3.09 32.12 28.28 39.60 III - 0.28 0.25 0.25 0.08 

355-U1456D-6R-CC-WRND BEND 5.86 29.28 31.19 39.53 III 0.09 0.16 0.14 0.14 - 

355-U1456D-7R-1-IW(84-94)-SCBEND 6.04 26.18 23.17 50.65 III 0.15 0.17 0.15 0.16 0.16 

355-U1456D-8R-5-IW(140-150)-SCBEND 6.29 17.82 19.77 62.40 IV - 0.07 0.21 0.31 0.28 

355-U1456D-15R-CC-WRND BEND 7.37 49.30 - 50.70 II 0.03 - 0.18 0.18 - 

355-U1456D-21R-2-IW(115-130)-SCBEND 7.79 18.56 49.10 32.34 IV 0.10 0.13 0.15 0.56 0.61 

355-U1456D-25R-2-IW(135-150)-SCBEND 8.03 - - - - - - - - - 

355-U1456D-29R-2-IW(128-143)-SCBEND 8.27 33.86 33.74 32.40 II 0.17 0.12 0.17 0.55 0.48 

355-U1456D-30R-CC-BEND 9.28 30.48 20.57 48.95 III 0.03 0.20 0.20 0.26 0.34 

355-U1456D-35R-4-IW(107-122)-SCBEND 10.15 26.01 26.18 47.81 III 0.07 - 0.42 0.28 0.24 

355-U1456E-19R-CC-WRND BEND 13.53-17.71 - 33.33 66.67 IV 0.04 - 0.54 0.57 0.17 
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5.9. Supplementary 2: Site U1456 Lithology and biostratigraphy 

 

The cored section at Site U1456 (Pandey et al., 2016) is divided into four lithological units 

based on a compilation of Holes U1456A through U1456E (Fig. 5.7). The age model for the 

Site U1456 is based on subtropical to tropical assemblages of calcareous and siliceous 

nannofossils and foraminifera, together with magnetostratigraphy. The recovered sediment 

was dated back to the late to middle Miocene, and is punctuated by two hiatuses between ~8 

and 9 Ma, and a ~2 million year gap encompassing the Miocene/Pliocene boundary.  

Lithological Unit I consists of a ~121 m thick sequence of Pleistocene light brown to light 

greenish nannofossil ooze and foraminifer-rich nannofossil ooze interbedded with clay, silt, 

and sand. The sandy layers are considered to be distal basin plain turbidites with sharp, 

erosive bases. Low abundances of heavy minerals such as hornblende, kyanite, tourmaline, 

augitic clinopyroxene, apatite, and glauconite are present throughout Unit I. 

Lithological Unit II is ~240 m thick and is dated to the late Pliocene to early Pleistocene. The 

unit consists mainly of massive dark greyish to blackish sand and silt, suggested by sharp 

erosive bases to be turbidites interbedded with thinly-bedded nannofossil-rich clay. Heavy 

minerals, similar to those in Unit I, are in high abundance in Unit II. The presence of 

diagnostic high-pressure sodic amphiboles (glaucophane) and pink-green hypersthene is 

distinctive of Unit II, and are indicative of erosion from the Indus Suture Zone.  

Lithological Unit III is ~370 m thick and is dated to the late Miocene to late Pliocene. It 

mainly consists of semi-indurated to indurated light brown to dark green clay/claystone, light 

brown to dark grey sand/sandstone, light greenish nannofossil chalk, and light to dark 

greenish grey nannofossil-rich claystone. Clay/claystone and sand/sandstone cycles of 

sedimentation are separated by intervals dominated by nannofossil chalk and nannofossil-rich 

claystone. The mineral assemblage of the silt fraction observed under the microscope is 

similar to that of Unit II, and is typical of the Greater Himalaya erosional fingerprint 

(Garzanti et al., 2005).  

Lithological Unit IV is ~380 m thick and consists of a mixture of interbedded lithologies 

dominated by dark grey massive claystone, light greenish massive calcarenite and calcilutite, 

and conglomerate/breccia, with minor amounts of limestone, especially toward the base of the 

unit. Unit IV appears to have been rapidly deposited during the late Miocene, based on the 

presence of nannofossils within two short hemipelagic intervals within the transported unit. 
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The bottom of Unit IV is dated to extend into the middle Miocene (between 13.53 and 17.71 

Ma) based on the nannofossil assemblages. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: Depth-age plot for the U1356 Site (Pandey et al., 2016). 
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6. Summary 

Below is a summary of the biogeochemical analysis from the three IODP Expeditions 

discussed in this thesis. The analysed sediments are from: 

1. IODP Expedition 317, Canterbury Basin, New Zealand, southern Pacific Ocean, 

represented by Sites U1351, U1352, and U1353. 

2. IODP Expedition 313, from the New Jersey continental margin of the northern Atlantic 

Ocean, represented by Sites M0027A and M0028A. 

3. IODP Expedition 355, Arabian Sea Monsoon, the northern Indian Ocean, represented by 

Site U1456.  

 

6.1. Total organic carbon (TOC), total nitrogen (TN) and the source of organic 

matter (OM) 

The TOC consists of material derived from the shore (terrigenous OM) and from the ocean 

(marine OM). Global estimated calculations suggest that about 180x1012 g TOC/year arrives 

to the marine environment by rivers (Meybeck, 1982). Organic carbon levels generally 

decrease with distance from the shore (Prahl et al., 1994). Bioturbation is a strong influence 

on organic carbon in the continental shelf areas. Bioturbation increases closer to the shore 

because of the higher TOC levels (Prahl et al., 1994; Dickens et al., 2004). Moreover, the way 

that organic carbon is transported into the depositional environment and distributed 

throughout the sediment can significantly alter the signal (Berner, 1990; Hedges and Keil, 

1995). Therefore, bulk sediment TOC and TOC/TN values should be used with some caution 

(Meyers, 2003; Blair and Aller, 2012). 

In the Canterbury Basin, the TOC data from the Miocene samples from the U1351 Site 

contain predominantly terrigenous or degraded marine organic matter, and dominantly 

contain Type IV organic matter (no oil or gas-generative potential), typical of poorly 
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preserved terrigenous organic matter. The limestones from the U1352 Site contain the highest 

amounts of carbonate and the lowest TN at the U1352 Site. Low hydrogen indices show that 

the organic matter is largely terrigenous or degraded marine in origin (Fulthorpe et al., 2011). 

This finding contrasts with the deeper Pukeiwitahi Formation coals (Sykes, 2004), which have 

higher hydrogen indices. Samples from the U1353 Site have low OM contents, representing 

active biological oxidation that correlates with intervals of increased alkalinity and decreased 

sulphate (Fulthorpe et al., 2011). Pyrolysis results suggest a largely terrigenous plant origin 

for the organic matter, but TOC/TN values suggest some marine influence. 

On the New Jersey continental margin the M0027 Site is closer to the shoreline than the 

Canterbury Basin sites, and has samples with very high TOC levels. The samples from the 

beginning of the middle Miocene have high organic carbon contents that possibly indicate 

low global sea levels (Prahl and Coble, 1994). The M0028 Site samples have much lower 

TOC levels which fluctuate during the 18.88–14.78 Ma period, possibly indicating a temporal 

change in the proximity of the shoreline to the site, and a decrease in the global sea level. 

The northern Indian Ocean samples from the U1456 Site have low TOC values. Three 

samples from the Pliocene and Pleistocene (2.78, 1.07, and 0.03 Ma) are characterised by a 

TOC/TN ratio greater than 12, reflecting relative increases in terrigenous input. The bulk δ15N 

data can be divided into two periods: 10.15–5.86 Ma ago with 4.0 to 6.4‰, and 3.09–0.03 Ma 

ago with 5.5–8.2‰, respectively. The more positive δ15N values indicate enhanced 

denitrification from the Pliocene onwards (Tesdal et al., 2013). Low δ15N values around 8 Ma 

suggest mixing of marine OM with a strong terrigenous source input (Knapp et al., 2010). The 

δ13C bulk values vary between -18.2‰ and -24.5‰, with the ~8 Ma interval having the 

lightest values, consistent with a significant increase in terrigenous organic matter input 

(Farquhar et al., 1989).    
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6.2. n-Alkane distributions, BIT index and the source of OM 

The n-alkane distribution of a sediment is indicative of the organic matter source (Eglinton 

and Hamilton, 1967; Barnes and Barnes, 1978; Cranwell, 1984). The relative fluvial input of 

terrigenous OM can be calculated using the BIT index. High BIT indices can be attributed to 

lacustrine or terrigenous sediments, whereas low BIT indices are seen in coastal areas with 

low terrigenous sediment fluxes and in deeper marine sediments with low terrigenous input 

(Hopmans et al., 2004). Although the BIT index cannot be used as a quantitative measure of 

the terrigenous input into marine sediments, it was suggested that values >0.8 correspond to 

strong fluvial flux into the marine environment, while values <0.2 were attributed 

predominantly to marine OM input. High terrigenous OM input can also influence the relative 

abundance of iGDGTs and trigger an error in the SST estimation when the BIT index values 

are >0.5 (Schouten et al., 2004). 

The late Miocene samples from the U1351 Site have unimodal n-alkane distributions with 

high amounts of C29 and C31 n-alkanes, indicative of land-plant epicuticular waxes (Eglinton 

and Hamilton, 1967; Barnes and Barnes, 1978; Cranwell, 1984). The CPI(22-32) values are >1 

in most samples and support a dominant terrigenous OM input (Peters et al., 2005). The TAR 

for the late Miocene samples are >10, suggesting terrigenous OM input (Bourbonniere and 

Meyers, 1996). Based on the high level of bioturbation of the sediments, partial 

biodegradation of the OM is inferred (Bourbonniere and Meyers, 1996; Meyers, 1997). The 

1/Paq ratios of the samples show a mix of aquatic and terrigenous environments as the main 

vegetation source (Ficken et al., 2000). 

The BIT index for the Site U1351 samples varies significantly between 0.31 and 0.74 (Fig. 

3.5), with an inferred increase in terrigenous OM input from 6.52 to 5.84 Ma. High 

terrigenous OM input in this interval was also recorded by the CPI(22-32) index and TAR ratio. 

At 5.74 Ma the BIT index drops to 0.31, indicating a significant decrease in terrigenous input, 

followed by a gradual increase in the BIT index to 0.45 at 5.30 Ma.  
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However, two Pliocene samples (3.56 and 3.24 Ma) have BIT indices of 0.42 and 0.44, 

respectively, indicating strong terrigenous sediment flux towards the continental slope region. 

The Pleistocene samples (younger than 2.98 Ma) show high variation in the BIT index 

between 0.13 and 0.51, with four samples (at 0.235, 0.082, 0.028, and 0.013 Ma) having 

recorded values >0.4. 

The early Oligocene samples from the U1352 Site have a strong predominance of even-to-odd 

n-alkanes with a CPI(22-32) <1. The Eocene-Oligocene samples from the U1352 Site are mainly 

characterised by BIT indices <0.4, with just one sample at 31.02 Ma with a value of 0.46. 

This type of distribution is indicative of marine OM input dominated by diatoms and 

phytoplankton (Albaigés et al., 1984; Saliot et al., 1998). Low TAR and 1/Paq ratios suggest a 

strong algal and phytoplankton input with low terrigenous vegetation input (Fig. 2.4). Some 

earlier studies suggested that bacterial input from river sediments could produce similar n-

alkane distributions (Nishimura and Baker, 1986; Grimalt and Albaigés, 1987). Even-to-odd 

predominance in high n-alkanes (>C24) can also be associated with early diagenetic alteration 

of n-alkonols originated in terrigenous plants (Simoneit, 1977).  

A very similar distribution of n-alkanes was recorded in Early Miocene U1352 Site samples, 

with very low CPI(22-32) from ~19 and 17 Ma, indicative of strong marine OM input, followed 

by an increase in long chain n-alkane abundance with a high CPI(22-32). The increase in long 

chain n-alkane abundance parallel to the high CPI(22-32) is indicative of terrigenous OM input 

(Eglinton and Hamilton, 1967) during the second part of the early Miocene. Low TAR and 

1/Paq values to ~16 Ma suggest high marine OM input with low terrigenous OM input, similar 

to the early Oligocene period. Most of the early Miocene samples from the U1352 Site also 

have very low BIT indices in the range, indicating very low terrigenous and high marine OM 

input during this period.  
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The middle Miocene n-alkanes in the U1352 Site samples have a bimodal distribution, similar 

to the U1353 Site samples. High levels of C16 and C18 n-alkanes can be derived from input of 

zooplankton (Saliot, 1981) and algae (Youngblood and Blumer, 1973). The C15 and C17 n-

alkanes originate from algal/planktonic origins as well (Cranwell, 1984; Meyers and 

Ishiwatari, 1993b). The middle Miocene samples have a low BIT index, indicating mainly 

marine OM input. The middle Miocene samples have a higher CPI(22-32) than the older 

samples, indicating an increase in terrigenous OM input. The decrease of CPI(22-32) around 12 

Ma suggests a decrease in terrigenous OM input. The TAR and 1/Paq indices show marine 

OM input during the same time, with a significant increase in terrigenous OM input around 15 

Ma.  

The late Miocene U1352 Site samples are interpreted to contain more marine OM input, with 

high C14, C16, and C18 n-alkanes for several samples. This observation is supported by low 

BIT indices between 0.03 and 0.16. Only two samples at 8.74 and 8.39 Ma have higher  (0.32 

and 0.19), indicating small increase in terrigenous OM input. A significant increase in 

terrigenous OM between 6.5 Ma and 5.4 Ma is observed through an increase in CPI(22-32). The 

TAR and 1/Paq for the late Miocene samples is also higher than in the middle Miocene, 

suggesting an increase in terrigenous OM input up to ~6 Ma. TAR data suggests at least three 

strong terrigenous OM input events at 10.8 Ma, 8Ma, and 6 Ma, respectively. 

The early Pliocene U1352 Site samples have C16, C18, and C20 n-alkane dominance, 

interpreted to be due to strong zooplankton (Saliot, 1981) and algal (Youngblood and Blumer, 

1973) inputs. A similar distribution of even n-alkanes in the range C12-C20 has been reported 

in some coastal sediments (Nishimura and Baker, 1986; Mille et al., 2007) and was attributed 

to possible bacterial input. The CPI(22-32) values during the Early Pliocene are around 1, 

suggest a mixed source input (Bray and Evans, 1961). The Pliocene samples (4.45–2.98 Ma) 

mostly have BIT indices from 0.12–0.35, indicate some minor increase in terrigenous OM 

input compared to the Miocene. 
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The Site U1353 middle Miocene samples have a bimodal n-alkane distribution with high 

levels of C16, C18, and C20 n-alkanes, which as for the early Pliocene U1352 Site samples 

suggests zooplankton and algae inputs. The C27, C29, and C31 n-alkanes, which are indicative 

of land-plant epicuticular wax input to the sediments (Eglinton and Hamilton, 1967; Barnes 

and Barnes, 1978), are not abundant in these samples. The BIT indices for the Site U1353 

samples are all >0.5, indicating high terrigenous OM input into the system. Higher BIT 

indices for this site are to be expected due to its closer location to the shoreline compared to 

the other Canterbury Basin sites.  

The late Oligocene samples from the M0027A Site have a high CPI(22-32) and a high TAR 

ratio that indicate high terrigenous OM input. Both ratios decrease significantly at the 

beginning of Aquitanian Stage, indicating an increase in marine OM input. Another rapid 

decrease in CPI(22-32) is recorded for the 17.90 Ma sample, indicative of a very strong marine 

OM input. Although the TAR ratio for the same sample shows an increase in terrigenous OM 

input, this ratio might be over representing the absolute amount of the terrigenous sources, as 

a result of the much higher n-alkane production by land plants (Cranwell et al., 1987; Meyers 

and Ishiwatari, 1993a). Very low TAR values were recorded for the 22.28 Ma and 18.75 Ma 

samples, indicating low terrigenous OM input during the Aquitanian Stage. The second part 

of the Burdigalian and the beginning of the middle Miocene samples have a high CPI(22-32) 

and TAR ratio indicating high terrigenous OM input.  

The Aquitanian Stage in the M0028A Site has high CPI(22-32) and TAR values with some 

variation between the samples, overall indicating high terrigenous OM input. The Burdigalian 

Stage is characterised by CPI(22-32) >1.9, indicating high terrigenous OM input. The TAR ratio 

show some terrigenous OM input decrease until 18.61 Ma, following by an increase in the 

terrigenous OM input until 18.05 Ma. The short term increase in marine OM input around 

17.83 Ma is followed by an increase in TAR ratio through the last part of Burdigalian Stage 
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and the middle Miocene samples. The increase in marine OM input at 18.61 and 17.83 Ma 

was recorded in both data sets.  

The M0027A and M0028A New Jersey Sites have BIT indices between 0.2 and 0.8 with only 

one sample <0.2. These sites are located on the continental shelf and thus have a high 

influence from terrigenous sediment flux. 

The n-alkanes from the U1456 Site have a unimodal distribution pattern dominated by a high 

molecular weight n-alkanes, achieving a maximum at C31, suggesting a high terrigenous OM 

input (Bray and Evans, 1961). This is supported by a high CPI(22-32) (Bray and Evans, 1961) 

(>3) and TAR (Bourbonniere and Meyers, 1996) (>30) values for most samples. There is an 

increase in CPI(22-32) and TAR during the 8 to 6 Ma period, suggesting an increase in 

terrigenous OM input. The BIT index for the U1456 Site samples is mostly ≤0.2, indicative of 

mainly marine OM input. Two late Miocene time intervals (8.27–7.79 Ma and 6.04–5.86 Ma) 

and a Pliocene sample (2.69 Ma) have BIT indices ≥0.5, suggesting high terrigenous sediment 

input. The ACL(27-33) varies between 28.9 and 30.1. The data suggest that the input of 

terrigenous OM is dominated by vegetation from warm regions during the last 10 Ma. 

Samples around 7.4 and 0.5 Ma show high input of terrigenous OM, dominated by vegetation 

from cooler climate. High precipitation levels in the period from ~2.6 to ~1.6 Ma are also 

clearly recorded by increasing terrigenous OM inputs, based on n-alkanes, steranes, and the 

BIT index. A eustatic fall in sea level may have increased terrigenous matter input into the 

basin. Nonetheless, variations in climate between the glacial-interglacial cycles are well-

recognized as factors intensifying continental erosion and would also help increase 

terrigenous flux after ~3 Ma ago. 
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6.3. Pristane/Phytane (Pr/Ph) and oxicity of the depositional environment 

To assess the relative abundance of pristane (2,6,10,14-tetramethylpentadecane; Pr) and 

phytane (2,6,10,14-tetramethylhexadecane; Ph) in marine sediments, the Pr/Ph, Pr/nC17 and 

Ph/nC18 ratios are used. These ratios are indicative of the oxicity of the depositional 

environment, and also provide information on thermal maturity and biodegradation of the 

samples (Volkman and Maxwell, 1986). The main source of Pr and Ph is the phytyl side chain 

of chlorophyll in phototrophic organisms and bacteriophyll from purple sulphur bacteria 

(Powell and McKirdy, 1973). Some marine organisms, including the calanoid copepods, are 

also considered as one of the biological sources (Blumer et al., 1964). In addition, Pr could be 

derived from anaerobic bacterial degradation (Rontani et al., 2010), thermal degradation (Lao 

et al., 1989) and clay catalysed degradation of the chlorophyll phytyl chain (Lao et al., 1989; 

Rontani et al., 2010). Ph can be produced through anaerobic biodegradation (Grossi et al., 

1998) and clay catalysed thermal hydrogenation of the isoprenoid alkenes (Gelin et al., 1995), 

as well as by the thermal maturation of methanogenic bacteria (Rowland, 1990). In general, a 

Pr/Ph ratio <0.8 indicates an anoxic depositional environment, and a ratio higher than 3 

indicates terrigenous organic matter input deposited under oxic conditions (Peters et al., 

2005). The Pr/n-C17 and Ph/n-C18 ratios are used to characterise the biodegradation levels and 

thermal maturity of sediments (Peters and Moldowan, 1993). These ratios increase with an 

increasing biodegradation and thermal maturity of the sediments (Tissot et al., 1971).  

Samples from the U1351 Site have Pr/Ph ratios that suggest an increase in oxicity of 

depositional environment (Fig. 2.4). The results are consistent with CPI(22-32), TAR and 1/Paq 

values that show increase of the terrigenous OM input with time.  

Early Oligocene samples from the U1352 Site do not show any consistent pattern of the Pr/Ph 

ratio, with the depositional environment being interpreted as sub-oxic to oxic. The early 

Miocene samples show an increasing oxicity pattern which continues into the middle 

Miocene. This pattern is consistent with CPI(22-32), 1/Paq, and TOC/TN results, and suggests a 
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gradual increase of terrigenous OM input during the recorded period. The changes in 

accumulation of OM during the early Oligocene and early Miocene can be attributed to the 

global sea level fluctuations of up to 30 meters (Van Sickel et al., 2004). The reconstructed 

tectonic activity of New Zealand for the same periods doesn’t suggest any major activity in 

the area (Winkworth et al., 2002). 

The middle Miocene samples from the U1352 Site have Pr/Ph ratios that indicate a suboxic 

depositional environment, except for the 15–12 Ma period where a strong oxic pattern is 

present. Samples with high Pr/Ph values also have a high TOC/TN (above 20), indicative of a 

high terrigenous OM input. From 11 Ma, the Pr/Ph ratios decrease, indicating a change 

towards sub-oxic conditions. This observation is supported by an increase of TAR, CPI(22-32), 

1/Paq, and TOC/TN values. The fluctuations in oxicity of the depositional environment are 

consistent with global sea levels fluctuations during the middle Miocene (Van Sickel et al., 

2004). Increasing terrigenous input from 14–12 Ma, together with high sedimentation rates at 

the same time, can be attributed to a significant land mass build-up in the South Island of New 

Zealand, related to an increase in convergence rates from ~20 Ma (Lu et al., 2005). The slow 

uplift of the western part of the South Island and the concomitant increase in the topographic 

gradient in the Canterbury Basin created an sub-oxic environment in the continental margin 

area and increased fast sedimentary input to the continental slope area. The middle Miocene 

increase in oxicity of the depositional environment recorded in the U1352 Site samples is 

correlating with the Haq et al. (1987) and Abreau et al. (1998) global sea level decrease 

during the same period, but are different to those proposed by Van Sickel et al. (2004). This 

variations in the oxicity could be influenced more by the local tectonic activity and uplift of 

the New Zealand South Island, rather than global climate change events.  

The Pr/Ph ratios of the Site U1353 samples suggest an anoxic depositional environment, 

consistent with the low CPI(22-32) index and suggestive of high marine OM deposition. The 

results are also consistent with the TOC/TN and 1/Paq interpretations. However, it is not 
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consistent with the TAR ratio, suggesting a relatively high terrigenous OM input. The 

fluctuations in oxicity of the depositional environment in New Zealand are consistent with 

global sea levels fluctuations during the middle Miocene (Van Sickel et al., 2004).  

Most M0027A Site samples have Pr/Ph ratios close to or below 0.8, indicative of an anoxic 

depositional environment for the OM. One late Oligocene sample (23.11 Ma) has a Pr/Ph 

ratio of 1.46, suggesting a suboxic depositional environment, whilst another sample (18.05 

Ma) has a Pr/Ph ratio of 5.2, indicating an oxic depositional environment. These data are 

consistent with TOC variations for this site that indicate a low sea level during this period. In 

contrast, the M0028A Site samples show a different depositional environment picture. While 

all three Aquitanian Stage samples are interpreted to have been deposited in an anoxic 

environment based on Pr/Ph, similar to the Site M0027A record, the 19.47 Ma sample from 

the M0028A Site has a Pr/Ph ratio of 15.6 and was thus deposited in a very oxic depositional 

environment. The samples from the second part of the Burdigalian Stage from the M0028A 

Site are interpreted to have been deposited a suboxic environment, with the exception of an 

oxic spike at 18.05 Ma, at a very similar time as when the Site M0027A samples show an oxic 

depositional environment. The middle Miocene period at the M0028A Site is characterised by 

indicators of an anoxic depositional environment, with only one sample at 14.34 Ma with 

Pr/Ph ratio value of 2.6. 

These New Jersey samples show a correlation between global sea level fluctuations and the 

oxicity of the depositional environment. The 18 Ma oxicity spike recorded at both sites 

indicates an overlap with the global sea level decrease (Van Sickel et al., 2004). The 18 Ma 

increase in oxicity of the depositional environment is also recorded in U1352 Site Canterbury 

Basin samples, further supporting the idea of a global event. The 21 Ma spike in oxicity of the 

depositional environment of the New Jersey shelf is not correlated to a inferred sea level 

decrease, and could be due to a local increase in terrigenous input as a part of storm deposits 

or high river inputs. 
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The Pr/Ph ratio for the U1345 site samples is mostly <0.8, suggesting an anoxic depositional 

environment. One exception is for a period around 8 Ma, when Pr/Ph is higher (1.5-2.0), 

consistent with a more oxidising depositional environment (Fig. 3) (Powell and McKirdy, 

1973). The Pr/Ph and TOC/TN data suggest strong but short-lived inputs of terrigenous OM 

around ~8.3 Ma.  

 

6.4. Source of OM through hopane input 

Oleanane, produced by angiosperms, originates in botulin or other pentacyclic triterpenoids 

(e.g. Whithead, 1973; Ekweozor and Udo, 1988). The oleanane/hopane ratio (the oleanane 

index) can be used to assess the relative abundance of angiosperm vegetation (Murray et al., 

1994). The oleanane index for the 15–13 Ma interval and at 7 Ma shows an increase in 

angiosperm input for the samples from the U1352 and U1353 Sites in the Canterbury Basin. 

This increase is consistent with an increase in CPI(22-32) index and the TAR ratio, as discussed 

above, and hence can be attributed to an increase in land mass and plant coverage during these 

periods.  

The presence of gammacerane in sediments is related to water-column stratification (Damsté 

et al., 1995). The amount of gammacerane increases in hypersaline environments. The origin 

of this biomarker is not known, but one of its precursors, tetrahymanol, is a membrane lipid 

found in some protozoa (Caspi et al., 1968; Ourisson et al., 1987). High values of the 

gammacerane/hopane ratio are indicative of marine carbonates and the virtual absence of 

gammacerane is typical of deltaic shales (Peters et al., 2005). Low sea levels for the New 

Zealand region around 13 Ma can be proposed based on the low values of the 

gammacerane/hopane ratio (Fig. 2.5E). 

High C24 tetracyclic/C23 tricyclic terpane ratios (>0.6) are indicative of clastic marine 

sediments, whereas lower ratios are usually observed in carbonates and marls (Peters et al., 
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2005). A high C23/C21 tricyclic terpane ratio together with a low relative abundance of C24 

tetracyclic terpane is indicative of marine OM input to the sediment. Based on these ratios, 

the U1351 Site samples in the Canterbury Basin have high marine OM input through the late 

Miocene, with only two samples at 6.60 Ma and 5.60 Ma having a C24 tetracyclic/C23 tricyclic 

terpane ratio <0.6, which indicates greater terrigenous OM input. These samples also have 

high C23/C21 tricyclic terpane ratios, supporting the terrigenous OM input suggestion. The 

middle Miocene U1353 Site samples do not contain C24 tetracyclic terpanes, but the C23/C21 

tricyclic terpane ratio for this period suggest high terrigenous OM input.  

A relatively stable uplift of the Southern Alps (Lu et al., 2005), causing an increase in 

vegetation cover together with a decrease in global temperatures from ~15 Ma (Zachos et al., 

2001), can be proposed as a reason for low terrigenous input in the Canterbury Basin up to 11 

Ma. The cooling event was followed by a constant increase in terrigenous OM input through 

the late Miocene, which could correlate to another increase in the land mass (Lu et al., 2005). 

The highest input of terrigenous OM was recorded around 6 Ma, based on TOC/TN data and 

other biomarker ratios. This spike can be attributed to an increase in the convergence rate 

between the Pacific and Australian plates to >7 mm yr around 6 Ma (Lu et al., 2005; Wood 

and Stagpoole, 2007), resulting in an increase in the elevation of the Southern Alps. This may 

have led to more angiosperm vegetation cover on the South Island. 

 

6.5. Source of OM through the sterane input 

Steranes are source-specific compounds containing 26 to 30 carbons in their structure. The 

C27 steranes are mainly derived from zooplankton, whereas C29 steranes are mainly derived 

from higher plants (Huang and Meinschein, 1979). The sources for C28 steranes are not fully 

identified, but some studies suggest that diatoms are rich in C28 steranes (Grantham and 

Wakefield, 1988). A C27-C28-C29 sterane ternary diagram has been used to determine the 

source of organic matter (Moldowan et al., 1985) and has also been used in oil-source 
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correlations . In addition, differences in sterane percentages for deltaic and continental shelf 

sediments have been reported (Meyers, 1997).  

The samples from the outer continental shelf U1351 Site in the Canterbury Basin contain 

mixed OM input from deltaic-terrigenous and shallow marine sources, based on (Grantham 

and Wakefield, 1988) the sterane ternary diagram (Fig. 2.6). The U1352 Site samples steranes 

were mainly derived from shallow water or open marine organisms. The majority of the 

U1353 inner shelf Site samples have sterane compositions consistent with organic matter 

dominated by deltaic-terrigenous input. These data show steranes as good indicators of the 

site location relative to the shore line in the Canterbury Basin. The closer to a land mass, the 

higher the deltaic-terrigenous signal that the steranes record. In general, an open water sterane 

signal is present only in the outer continental shelf and continental slope sites, and not in the 

inner continental shelf samples. In contrast, the deltaic-terrigenous sterane signal is not 

present in the continental slope samples.  

For the U1352 Site the early Oligocene and early Miocene samples have sterane distributions 

that suggest deposition of marine OM in an open marine environment. The middle Miocene 

samples show a shallow marine environment based on the steranes, and closer proximity to 

the shore line can be suggested for the ~16–14 Ma interval. The n-alkane data for the same 

interval shows an increased input of terrigenous OM, also arguably suggesting a shorter 

distance to the shore line, as does the high sedimentation rates at the time. The sterane data 

for the 12–10 Ma interval show higher input of marine OM, which is supported by the CPI(22-

32) and 1/Paq results. The late Miocene was previously characterised as having an increasing 

terrestrial OM input to the continental slope, compared to the middle Miocene, and the sterane 

signal supports this reconstruction, although the steranes do not have well identified sources 

(Moldowan et al., 1985).  
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The C30 sterane index is an index of 24-n-propylcholestanes relative to the other C27-C30 

identified steranes and is very specific for marine organic matter input (Seifert and 

Moldowan, 1978; Peters et al., 2005, for review). C30 sterane index values close to 1 are 

indicative of marine OM input. The early Oligocene samples from the U1352 Site have C30 

sterane indices (Fig. 2.7C) that indicates significant marine OM input, which reduces through 

the early Miocene and then increases at the beginning of the middle Miocene. Another strong 

input of marine OM is recorded by the C30 sterane index at 14.57 Ma, followed by a 

significant decrease until the Pliocene (Table 2.4). These data are consistent with the 

previously suggested source interpretations for the Canterbury Basin. 

The U1456 Site sterane distributions show variations in the OM input in the late Miocene 

period from 8.27–6.29 Ma, which is characterised by spasmodically enhanced terrigenous 

sediment contributions into the marine environment. This observation is supported by the 

high amounts of long chain n-alkanes and the high oleanane index that is indicative of 

angiosperm OM input during the same period (Whithead, 1973; Ekweozor and Udo, 1988; 

Murray et al., 1994; Murray et al., 1997), and is consistent with strong energy impulses from 

the Indus River region. The sediments deposited at other times have a C27-C29 sterane 

signature characteristic of a mixed shallow water marine environment that can be explained 

by the slow movement of sediment from the main deltaic source of the Indus River towards 

the Laxmi Basin. This observation is supported by a significant increase in the C30 sterane 

index from 6.29 to 3.04 Ma, showing increased marine organic matter (Seifert and 

Moldowan, 1978; Peters et al., 2005).  

 

6.6. Thermal maturity and biodegradation 

The Pr/n-C17 and Ph/n-C18 ratios (Tissot et al., 1971) and various hopane and sterane ratios 

are commonly used for thermal maturity evaluation (Seifert and Moldowan, 1978; Stephens 

and Carroll, 1999; Nuzzo et al., 2012). The Pr/n-C17 and Ph/n-C18 ratios can also be 
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influenced by biodegradation (Tissot et al., 1971). C27 17α-22,29,30-trisnorhopane (Tm) is 

less stable than C27 18α-22,29,30-trisnorneohopane (Ts), and their relative abundance is 

usually measured by the Ts/(Ts+Tm) ratio. However, the sedimentation processes, early 

diagenesis, and variation in the source of OM can significantly alter Ts/(Ts+Tm) (Ourisson et 

al., 1984). The C31 22S/(22S+22R) hopane epimer ratio increases with thermal maturity to an 

equilibrium between 0.57–0.62 which is reached at the start of oil generation (Seifert and 

Moldowan, 1980; Moldowan et al., 1986). The C30 17β,21α(H) isomer (moretane) is less 

thermally stable than the C30 17α,21β(H) hopane, and the C30 αβ/(αβ+βα) ratio increases with 

increasing thermal maturity (Mackenzie et al., 1980; Seifert and Moldowan, 1980). Maturity-

related parameters can also be obtained from the isomerisation ratio of 20S/(20S+20R) C29 

5α,14α,17α(H) steranes, which equilibrates at 0.52-0.55 (Seifert and Moldowan, 1986). The 

ratio of C27 diasteranes to steranes increases with an increasing thermal maturity (Rubinstein 

et al., 1975; Peters et al., 2005). However, diasterane/sterane ratios can be increased due to 

oxidation processes or by clay catalysed reactions (Kirk and Shaw, 1975; Seifert and 

Moldowan, 1986).  

All the biomarker ratios show a low thermal maturity for the analysed sediments, with some 

inferred increase in maturation with depth. No samples have reached the oil window. Most 

Pr/n-C17 and Ph/n-C18 ratios are relatively low for the U1351, U1352, and U1353 Sites (Table 

2.2). The Pr/n-C17 and Ph/n-C18 ratios in the U1352 Site samples decrease somewhat with 

depth, indicating a small degree of increased thermal maturity influence on the OM.  

The M0027A Site samples have Ph/n-C18 <2.0 and Pr/n-C17 <1 for all periods, except for one 

sample at 17.90 Ma with a Pr/n-C17 value of 5.9, possibly suggesting some short-term 

increase in biodegradation at that time that could have preferentially removed the n-alkane. 

The M0028A Site samples also have low Pr/n-C17 (< 1.5) and Ph/n-C18 (<2), suggesting that 

none of these samples are biodegraded. These ratios show a low thermal maturity for the New 

Jersey site samples.  
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Most U1352 Site samples have Ts/(Ts+Tm) ratios <0.4 suggesting a low thermal maturity. 

The 18 Ma and 15 Ma samples have high ratios (Fig. 2.5A), suggesting slightly enhanced 

thermal maturation. The C31 αβ 22S/(22S+22R) hopane ratio and the C30 αβ/(αβ+βα) ratio 

suggests a low thermal maturity of the U1352 Site samples (sub-oil window).  

Maturity-related parameters can also be obtained from the isomerisation ratio of 

20S/(20S+20R) C29 5α,14α,17α(H) steranes, which equilibrates at 0.52-0.55 (Seifert and 

Moldowan, 1986). There is no correlation between the sterane 20S/(20S+20R) ratio and 

sample depth for the New Zealand samples (Fig. 2.5B). This supports the proposed low 

thermal maturity of these samples, and suggest that variations in the ratio are mainly related to 

the lithology and redox potential of the depositional environment (Kirk and Shaw, 1975; 

Seifert and Moldowan, 1986).  

In addition, the ratio of C27 diasteranes to steranes increases with increasing thermal maturity 

(Rubinstein et al., 1975; Peters et al., 2005). The analysed samples from the U1352 Site in 

New Zealand do not show any correlation between ratio change and sample depth up to 32 

Ma (Fig. 2.7A). However, the diasterane levels in sediments can be increased through the 

oxidation processes or during clay catalysed reactions (Kirk and Shaw, 1975; Seifert and 

Moldowan, 1986).  

These biomarker ratios were also used to evaluate the thermal maturity of the U1456 Site 

samples. The low Ts/(Ts+Tm) ratios (<0.25) are indicative of low thermal maturity (Seifert 

and Moldowan, 1978; Stephens and Carroll, 1999; Nuzzo et al., 2012). Two samples at 10.15 

Ma and 13.53 – 17.71 Ma show Ts/(Ts+Tm) ratio values >0.4 which probably influenced by 

the alterations in OM input source. The 22S/(22S+22R) C31 αβ hopane epimer ratios are 

mostly <0.4, suggest a low thermal maturity before the oil generation window for the site. 

Three samples at 7.79, 8.27, and 13.53-17.71 Ma have higher ratios (0.56, 0.55, and 0.57, 

respectively) than expected for the sample depth indication variation in OM input. A low 
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thermal maturity of the U1456 Site samples is supported by low 20S/(20S+20R) C29 

5α,14α,17α(H) sterane ratios (<0.61), which indicates that all the samples have not reached 

the oil generation window. 

The Tmax (Espitalié, 1986) pyrolysis temperatures were calculated only for the New Zealand 

samples, and suggest a range of 400°C to 419°C for the U1351 Site samples, 406.5°C to 

441.1°C for the U1352 Site, and 370 to 422 °C for the U1353 Site (Table 2.1; Fig. 2.2E). 

These Tmax values are consistent with thermal maturities prior to (U1351 and U1353 sites) 

and just into (deeper part of Site U1352) the oil window. In addition, the calculated 

reflectance (Rc) from the methylphenanthrene index was collected only for the New Zealand 

samples, and MaxT was calculated from Rc for only some samples dated between 12 and 4 

Ma (Fig. 2.7E). The calculated MaxT (Radke et al., 1986; Wang et al., 2005) for the U1351 

Site show sediment temperature variations between 100ºC and 118 ºC. The Calculated MaxT 

for the U1352 Site varies between 97ºC and 129ºC, without correlation to sample depth. The 

results indicate low levels of thermal maturation for the New Zealand samples, and thermal 

maturity levels stay below or just into the oil generation window. 

The data collected from all three locations show low thermal maturity levels for all the 

analysed samples. The results are indicative of good preservation levels for the organic matter 

at all locations, and low levels of thermal alternation. The New Zealand samples have only 

reached the sub-oil generation window, or just into the oil generation window in the deeper 

parts of Site U1352. The New Jersey samples and the samples from the Indian Ocean contain 

organic matter that is below the oil generation window.   
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6.7. Reconstructed sea surface temperatures (SST)  

For the SST reconstructions, only samples with a BIT index ≤0.5 were considered in this 

research. Therefore, the U1353 Site samples with BIT values >0.5 were not considered during 

the reconstructions.  

The Eocene sample from the U1352 Site in the Canterbury Basin has a reconstructed SST 

based on the TEXH
86 parameter of 29.8 ºC, while the Oligocene SST is inferred to be in the 

range 21.5–25.6ºC (Fig. 3.4), with the latest Oligocene sample having the higher 

reconstructed SST (25.6ºC). These newly acquired New Zealand data are consistent with the 

reconstructed Oligocene SSTs from ODP site 511 (South Atlantic Ocean, Falkland Plateau) 

and DSDP Leg 26, Sites 250-252  (South Africa) (Miller et al., 2008; Liu et al., 2009; Pross et 

al., 2012). Moreover, temperature reconstructions for the Antarctic region in the early and 

middle Eocene suggest a warm tropical environment on that continent (Pross et al., 2012). 

The reconstructed late Eocene and early Oligocene SSTs in New Zealand show warm oceanic 

water temperatures above 20ºC, and are thus consistent with the proposed tropical 

environment for all the southern regions. Warm SSTs to the Eocene/Oligocene boundary were 

also recorded in global oxygen isotope records (Zachos et al., 2001; Zachos et al., 2008).  

The early Miocene in New Zealand Site U1352 has high SSTs of 26.0ºC and 27.0ºC around 

18 Ma, with a temperature decrease to 22.1ºC at 16.83 Ma, based on TEXH
86. This decrease 

continues through the middle Miocene and reaches a minimum of 18.9ºC at 13.72 Ma. 

Similarly, the reconstructed SST based on the UK`
37 index for the U1353 Site shows a 

decrease in temperature from 26.2ºC to 21.6ºC for the late Miocene to the end of the middle 

Miocene. A global climatic optimum and temperature increase at the early/middle Miocene 

boundary (Nelson and Cooke, 2001a), together with the increasing land mass of the New 

Zealand sub-continent based on an increase in sedimentation rates since the middle Miocene 

(Lu et al., 2005), suggest gradual intensification in the amount of land vegetation. 

Interpretation of global eustatic and climatic transformations suggest that cooler Neogene 



 

325 

 

seawater conditions were associated with (or accompanied by) a decrease in global sea levels 

(Zachos et al., 2001; Van Sickel et al., 2004). These data suggest an increase in SST for the 

20–18 Ma period followed by SST decrease from the mid-Miocene Climatic Optimum. The 

early Miocene SST increase was not recorded in the global δ18O reconstruction (Zachos et al., 

2001). A similar SST decrease was recorded in the middle Miocene samples from the 

southwest Pacific (DSDP Leg 115, site 588; Flower and Kennett, 1994).  

In the late Miocene period in the Canterbury Basin there was a decrease (Fig. 3.4) in SST 

from 19.8ºC at 11.92 Ma to 12.8ºC at 6.3 Ma, based on the U1352 Site samples. The U1351 

Site samples show a decreasing SST trend from 22.4ºC to 18.3ºC during the 6.52 and 5.30 Ma 

period. The reconstructed SSTs for the Pliocene period in the Canterbury Basin are very 

variable (Fig. 3.4). The recorded temperatures fall in the range <10ºC for most of the period, 

except for the 3.65–3.24 Ma period where there are three SST values >10ºC.  

From 10 Ma until the Holocene the reconstructed SST from New Zealand correlates well with 

the trend of global temperature decreases reconstructed from δ18O (Zachos et al., 2001). 

Warm SSTs for this period were also recorded in the ODP 590 (south western Pacific) and 

ODP 763 (north eastern Indian Ocean) sites. For the ODP 590 site the alkenone proxy was 

used (Karas et al., 2011a), whereas for the ODP 793 site the SST was reconstructed using the 

Mg/Ca ratio (Karas et al., 2011b).  

The New Jersey M0027A and M0028A site samples show a complex SST trend (Fig. 4.5), 

with the 19.28 Ma sample having a SST of 16.6ºC, followed by a SST increase to 20.5ºC at 

17.83 Ma, and then an inferred rapid temperature drop to 15.1ºC at 16.94 Ma. A further 

temperature increase is suggested for the period between 16.52 and 15.69 Ma when SST 

values vary between 17ºC and 19ºC. Overall, a decrease in SST is seen from the early 

Miocene to the middle Miocene up to 16 Ma for the New Jersey samples. Our data is 
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consistent with the global Neogene cooling trend proposed in the literature (Zachos et al., 

2001; Van Sickel et al., 2004; Lu et al., 2005).  

Variations in lipid preservation in sediments can influence the reconstructed SST (Huguet et 

al., 2007; Kim et al., 2008; Seki et al., 2012). The iGDGT preservation in sediments can be by 

seasonal growth of Thaumarchaeolata (Huguet et al., 2011). The major growth of 

Thaumarchaeolata occurs in deeper water, so might influence the accumulation of iGDGTs 

above the mixed layer (Huguet et al., 2007; Kim et al., 2012; Seki et al., 2012). Moreover, the 

regional effect on each proxy must be considered during reconstructions (Tierney and 

Tingley, 2014, 2015). 

The iGDGT-based SST reconstructions for the U1456 Site in the northern Indian Ocean 

indicate a slight decreasing temperature trend of 33.0°C to 30.5°C from 10.15 to 7.73 Ma. 

After 3 Ma the iGDGT-based SST is mostly stable around 28.6°C, with one significant 

temperature drop to 22.6°C at 1.60 Ma. The alkenone-based SST shows a temperature 

decrease from 28°C at 10.15 Ma to 25°C at 7.37 Ma , and a relatively stable SST from 6.04 to 

1.07 Ma ago, averaging 28.6°C, similar to the iGDGT reconstructions. However, the SST 

based on alkenones decreases significantly to 23.9°C at 0.46 Ma ago, in contrast to the 

iGDGT SST reconstruction for this sample which is much higher (28.9°C). No significant 

temperature drop was recorded by the alkenone proxy at 1.6 Ma. The alkenone-based 

reconstructions yields lower SST estimates than those based on iGDGTs, which can be partly 

explained by the upper limit of the alkenone based calibration of 29°C (Sonzogni et al., 1997). 

The two SST proxies vary based on seasonal and depth interval variations (Kim et al., 2010; 

Leider et al., 2010). 

One of the major factors in precipitation development is the sea-land thermal gradient 

(Webster et al., 1998). The SST reconstructions from the northern Indian Ocean suggest a 

slightly decreasing, but very warm SST, during the late Miocene (>30°C based on iGDGTs 
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and averaging ~27°C for the alkenone proxy). These results are consistent with data from the 

northern South China Sea (Wan et al., 2009) and global SST reconstructions based on δ18O 

and Mg/Ca proxies (Müller et al., 1998; Zachos et al., 2001; Zachos et al., 2008). 

Temperature changes and increases in upwelling in the Indian Ocean during the late Miocene 

have been attributed to accumulation of Antarctic ice cover and development of the Antarctic 

Circumpolar current (Norris et al., 2013). Other studies have proposed that the modest sized 

permanent ice sheets in the Northern Hemisphere and the distribution of solar radiation are 

the main causes for the intensification of the monsoon in the late Miocene (Clemens et al., 

1991). However, ice-temperature change models did not support such a correlation at that 

time (Cramer et al., 2011). 

Variations in SST in the northern Indian Ocean since 3 Ma are consistent with existing 

reconstructions of the tropical ocean temperatures, which argue for significant control by 

glacial-interglacial cyclicity over precipitation patterns, with changing glaciation in the 

northern hemisphere (Beu et al., 1997; Zhisheng et al., 2001). These cycles were mainly 

developed because of the major changes in thermohaline circulation that followed closure of 

the Isthmus of Panama and onset of Northern Hemisphere glaciation with a decrease in 

atmospheric CO2 content. Variations in magnetic sustainability suggest a strong influence of 

orbital forcing on Asian monsoon intensification, together with an increase in central Asian 

aridity levels (Clemens et al., 1991; Prell and Kutzbach, 1992; Zhisheng et al., 2001). All 

these observations support the strong influence of glacial cyclicity on the Asian monsoon 

during the last 3 million years.  

  

6.8. Reconstructed mean annual air temperatures (MAAT) 

The MAAT in the New Zealand region was reconstructed only for the last 18 million years 

(Fig. 4.5). The results suggest an air temperature variation between 2.4ºC and 11.1ºC during 
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the early and middle Miocene. The late Miocene samples have higher air temperatures from 

21.4ºC to 32.6ºC. Two samples at 10.49 and 8.39 Ma have very low MAAT values of 8.0ºC 

and 7.1ºC, respectively. The reconstructed MAAT decreases rapidly below 10ºC during the 

Pliocene, with the majority of the Pliocene samples having MAAT records >2ºC. The 

Quaternary samples have relatively low MAAT temperatures between 15ºC and 2ºC. The 

temperatures decrease below 10ºC by 1.2 Ma, and rise back after 0.87 Ma. Temperatures 

reach their maximum at 0.43 Ma and gradually decrease to 2ºC until 0.10 Ma. The MAAT for 

the last 100 ka varies significantly.  

The reconstructed MAAT for the New Jersey region show similar trends (Fig. 4.5). The 

MAAT for the M0027A Site shows temperature variations between 4.5ºC and 33.3ºC. The 

data show rapid MAAT decreases from 22.4ºC at 23.59 Ma to 4.5ºC at 20.74 Ma. The 

opposite trend is recorded at the M0028A Site for the 21.50 Ma sample that shows a very high 

temperature (34.4ºC). Warmer high latitude areas were proposed in North America (Wolfe, 

1994b; Graham, 1999) and Beringia (Wolfe, 1994a) for the mid-Miocene Climatic Optimum. 

Warm temperatures for polar regions were also proposed (Bruch et al., 2006). General cooling 

through the Miocene from the mid-Miocene Climatic Optimum was recorded in global δ18O 

records from ~15 Ma (Zachos et al., 2001). The reconstructed MAAT in this work partly 

contradicts the established global cooling trend. The MAAT continues to rise through the 

second part of middle Miocene and during the late Miocene, with only two major cooling 

events 10.49 and 8.39 Ma. The proposed temperature increase is not recorded by δ18O or δ13C 

data (Zachos et al., 2001; Zachos et al., 2008). 

The relatively large calibration error for Eq. 9 (±5ºC) introduces a significant uncertainty for 

the MAAT estimates (Weijers et al., 2007; Schouten et al., 2013). Although the introduced 

temperature error is significant, it produces a better temperature evaluation than pollen or leaf 

based analysis where the potential biases are hard to evaluate (Schouten et al., 2013). Because 
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of the high analytical error, the exact MAAT evaluation is problematic and only general 

temperature trends can be discussed from the data. 

 

6.9. Soil pH 

Increasing precipitation increases the acidity of soils, because Ca and Mg ions are washed 

away from the system, leaving the soil more acidic. Soil pH can be estimated from the relative 

abundances of terrigenous lipids in a sample (Weijers et al., 2006). This biomarker signal is 

not sensitive enough to calibrate exact precipitation levels, but it is possible to evaluate the 

duration of the precipitation change based on the calculated pH (Weijers et al., 2006; 

Schouten et al., 2013).  

The reconstructed soil pH for the Canterbury Basin in New Zealand shows a general trend of 

decreasing precipitation for the last 19 million years based on increasing soil pH (Fig. 4.5D). 

Some periods of higher rainfall in the Canterbury Basin can be inferred through a drop of soil 

pH from 6.9 at 13.72 Ma to 5.8 at 11.92 Ma, and from 7.8 at 3.60 Ma to 7.0 at 3.56 Ma. 

Another significant drop in soil pH from 7.9 to 6.7 is recorded from 0.235 to 0.003 Ma, with 

an increase in soil pH to 7.8 at 0.048 Ma dividing this period into two high precipitation 

periods with a short intervening dry interval. A significant jump in soil pH at 0.003 Ma to 8.4 

suggests a rapid decrease in precipitation levels.  

Reconstructed mean annual precipitation (MAP) in East Antarctica for the early Miocene, 

based on bulk geochemistry of marine siliciclastic sediments from drill cores on Antarctica's 

continental margin suggests an increase in MAP from 20 Ma to 15 Ma from 500 to 7590 mm, 

respectively (Passchier et al., 2013). The new soil pH data from the Canterbury Basin 

correlates with these reconstructions, confirming a gradual increase in precipitation levels 

from 16.83 Ma until the end of the early Miocene, and continuing further through the middle 

Miocene. The new soil pH data from the Canterbury Basin shows an inferred decrease in 
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precipitation from 11.92 Ma to 6.3 Ma. This is consistent with proposed decrease global 

rainfall decrease during the late Miocene (Flower and Kennett, 1994; Poage and Chamberlain, 

2002; Retallack, 2004; Martin, 2006). In addition, the BIT index below 0.15 for most of the 

Canterbury Basin samples during the late Miocene supports low terrestrial OM runoff into the 

Pacific Ocean. At the same time, the MAAT data show a high temperature spike during the 

late Miocene, up to 32.6ºC. Such a temperature increase correlates well with a decrease of 

precipitation in New Zealand and partial aridification. This dry period has also been recorded 

in previous studies, based on the global atmospheric carbon dioxide evolution (Pagani et al., 

1999), compound specific n-alkane records of δ13C and δD in northern Japan (Seki et al., 

2010), and pollen records preserved in speleothems from semiarid southern Australia 

(Sniderman et al., 2016).  

The IODP 313 samples from New Jersey show a different soil pH pattern through the 

Miocene, with generally higher soil pH compared to the New Zealand data (Fig. 4.5D). The 

soil pH values concentrate in a narrow range between 7.8 and 8.6, thus suggesting no 

significant variation in precipitation in the region. The slow decrease in soil pH values 

through the first part of the early Miocene (from 21.50 to 18.61 Ma) suggests a gradual 

increase in precipitation levels. The following increase in soil pH to 8.6 at 15.90 Ma, might 

suggest a decrease in rain intensity in the New Jersey region. The soil pH then drops to 8.0 at 

14.34 Ma and remains without significant changes until 11.02 Ma, indicating a precipitation 

increase back to the early Oligocene levels.  

The early and middle Miocene soil pH values from New Jersey are higher than the soil pH 

values from New Zealand for the same period (Fig. 4.5D). This difference might indicate 

differences in type of terrigenous material eroded at the two sites. The New Zealand soil pH 

data shows fluctuations between 1.5 pH values, indicating significant variations in rainfall 

during the early and middle Miocene. In contrast, the New Jersey data for the same time 

period show less variability of 0.6 pH values. Both sites show the most significant soil pH 



 

331 

 

decrease during the mid-Miocene Climatic Optimum, suggesting that this event was 

associated with an increase in precipitation in both the north Atlantic and west Pacific 

margins. The rapid increase in precipitation in New Zealand between 13.72 and 11.92 Ma 

must have been influenced by local variations in evaporation patterns (Kennett et al., 1974; 

Pocknall, 1989).  

Globally wetter conditions during the mid-Miocene Climatic Optimum (~18–14 Ma) have 

been widely discussed in the literature (e.g., Retallack, 2009; Wan et al., 2009; You et al., 

2009; Bruch et al., 2011). The Serravallian Stage in Europe is associated with a decrease in 

precipitation caused by global cooling events (Shevenell et al., 2004). However, later studies 

based on a leaf fossil and pollen proxy did not find any significant precipitation decrease in 

Europe related to this cooling (Böhme et al., 2011). The newly acquired New Jersey data 

supports the later studies and shows no changes in precipitation for this period. The newly 

acquired New Zealand data for the Serravallian Stage show an increase in precipitation, 

consistent with flora proxy data collected in southern New Zealand (Reichgelt et al., 2015).  

 

6.10. Synthesis 

The organic data collected during this study provides a comprehensive climatic picture in 

three different locations during the second part of the Cenozoic Era. The biomarker proxies 

do not always provide the same climate picture for the region, but in the vast majority of cases 

they are well correlated with each other. A low thermal maturity of the OM in all three 

locations, the Canterbury Basin, the New Jersey continental shelf, and the Arabian Sea, is 

shown by Ts/(Ts+Tm), Pr/n-C17, and Ph/n-C18. Therefore, a paleoclimatic interpretation based 

on TOC, n-alkanes, isoprenoids, steranes, hopanes, alkenones, and GDGTs is proposed.  

The Oligocene period in the Canterbury Basin is characterised by the dominance of the 

marine environment, with low terrigenous OM input, suggesting high global sea levels (Miller 
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et al., 2005) and low uplift of the New Zealand region above sea level (Winkworth et al., 

2002). The C27-C29 sterane distribution, the C30 sterane index and the BIT data support the 

open marine environmental reconstruction during the Oligocene. High Oligocene SSTs in the 

Canterbury Basin are consistent with other SSTs reconstructions for this period (Miller et al., 

2008; Liu et al., 2009). Warm SST temperatures at the Eocene/Oligocene boundary were also 

recorded in global oxygen isotope records (Zachos et al., 2001; Zachos et al., 2008) and 

especially for the Antarctic region (Pross et al., 2012).  

The New Jersey continental shelf data suggest an increasing terrigenous OM input trend for 

the Oligocene period, based on TOC, n-alkanes, isoprenoids, and GDGT data (the BIT index). 

The reconstructed MAAT shows relatively high air temperatures (>19ºC). No indication of a 

decrease in global sea level during the Oligocene is shown (Zachos et al., 2008; Millet et al., 

2005). Therefore, these data suggest a strong influence of river sediment input. 

The early Miocene data from the Canterbury Basin are consistent with a marine depositional 

environment. The interpretation is supported by n-alkanes, C27-C29 sterane distributions, the 

C30 sterane index, and the low BIT index. The SST in the Canterbury Basin decreases through 

the early Miocene, but the MAAT continues to warm up. The continuous decrease in the SST 

contradicts the global δ18O reconstructions for the 17–15 Ma period (Zachos et al., 2008; 

Miller et al., 2005) (Zachos et al., 2001 and references within) (Zachos et al., 2001 and 

references within) (Zachos et al., 2001 and references within). However, SST cooling can be 

attributed to the development of the Antarctic oceanic fronts during the Neogene (Lawver et 

al., 1992; Nelson and Cooke, 2001b). This would have caused a decrease in the SST around 

New Zealand from the early Miocene, as cooler subtropical paleo-currents and later on the 

cold intrusions of the sub-Antarctic currents started to influence the ocean temperature, 

especially around the east coast of New Zealand (Nelson and Cooke, 2001).  
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The warm MAAT for the New Zealand region contradicts the previously suggested cool early 

Miocene climate (Pockhall, 1989). However, palynological evidence supported by moisture 

availability and the spread of fire in the New Zealand area suggests a warm temperate climate 

for the early Miocene (Mildenhall et al., 2003; Pole, 2003). The differences between 

reconstructed MAAT and SST may be attributed to a delay in the influence of the cool water 

effect on air temperatures.  

The early Miocene data from the New Jersey area are consistent with strong terrigenous OM 

inputs, based on the n-alkane, sterane, and BIT data sets. The reconstructed SST shows a 

decreasing temperature trend during the early Miocene. There is clear indication of coastal 

onlap associated with a major downward shift of the sea level for the New Jersey area from 

the early Miocene. This falling sea level exposed nearshore marine and coastal-plain 

depositional environments, and are consistent with the low global sea levels during the early 

Miocene that were proposed by Haq et al. (1987) and Van Sickel et al. (2004), that estimated 

a decrease in sea level just after 21 Ma. Abreu and Anderson (1998) also showed a global sea 

level decrease, with minimum sea levels during the early Miocene around 21 Ma and slightly 

after at 20 Ma.     

The reconstructed temperature data from the Canterbury Basin and New Jersey Shelf show a 

decreasing SST trend for the early Miocene. This correlates with a global climatic optimum 

and temperature increase at the early/middle Miocene boundary, based on the δ18O and δ13C 

composition of calcareous microfossil shells (Shackleton and Kennett, 1975; Rohling and 

Cooke, 1999).  

The middle Miocene reconstruction for the New Zealand region suggests an increasing 

terrigenous OM input, based on TOC, n-alkane, BIT, sterane, and terpane data. Moreover, the 

isoprenoid data shows an increasingly oxic depositional environment for the region. The 

fluctuations in oxicity of the depositional environment are consistent with global sea level 
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fluctuations during the middle Miocene (Van Sickel et al., 2004). Increasing terrigenous input 

from 14–12 Ma, together with high sedimentation rates at the same time, can be attributed to  

significant land mass build up of the South Island of New Zealand (Lu et al., 2005). The slow 

uplift of the western part of the South Island, and the resultant increase in the sloping gradient 

of the Canterbury Basin, created an anoxic environment in the continental margin area with 

high sedimentary input to the continental slope area.  

The SST in the Canterbury Basin continued to decrease through the middle Miocene, which 

can be attributed to the influence of the cooler sub-Antarctic currents which started to 

influence the global ocean temperature (Nelson and Cooke, 2001). The MAAT in the South 

Island of New Zealand continued to be relatively warm. This correlates well with the 

established mid-Miocene Climatic Optimum reconstructions (Zachos et al., 2001; 2008). The 

MAAT in the New Zealand samples continued to rise through the second part of the middle 

Miocene. This temperature rise has also been recorded in the fossil studies of New Zealand 

vegetation (Mildenhall, 2003).  

The New Jersey biomarker and geochemical data show high terrigenous OM input during the 

middle Miocene. The decrease in global sea level was followed by an increase in global sea 

level around 12 Ma, recorded in the TOC, n-alkane, isoprenoid, and BIT data sets. High sea 

levels have been proposed during the middle Miocene climatic optimum, when a decrease in 

ice sheet cover and an increase in global temperatures were recorded (Zachos et al., 2001; 

Miller et al., 2005; Zachos et al., 2008). The reconstructed SSTs in the New Jersey samples 

shows a decreasing SST trend from the early Miocene to the middle Miocene. This trend can 

also be seen through the temperature increase at the early/middle Miocene boundary based on 

the δ18O and δ13C composition of calcareous microfossil shells (Shackleton and Kennett, 

1975; Rohling and Cooke, 1999).  
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Late Miocene sediments were only recovered for the New Zealand and Arabian Sea locations. 

The New Zealand data show an increase in terrigenous OM input through the late Miocene, 

indicating a further increase in the uplift of the Southern Alps, especially for the 7–5 Ma 

period (Lu et al., 2005; Wood and Stagpoole, 2007). A spike in the elevation of the Southern 

Alps around 6 Ma is recorded in the n-alkane, sterane, hopane, and BIT organic proxies. In 

addition, an increase in angiosperm vegetation is recorded, as is a partial increase in global 

sea level, based on sterane data for the 12–10 Ma period.  

A decrease in SST during the late Miocene in the New Zealand area is also supported by the 

records from DSDP Site 593, southern Tasman Sea (Cooke et al., 2008). The late Miocene 

SST decrease can be correlated to an increase in ice sheet cover in southeast Greenland 

(Larsen et al., 1994), South America (Mercer and Sutter, 1982), and possible formation of ice 

sheets in Western Antarctica (Kennett, 1990). The continuous temperature decrease correlates 

to a global temperature decrease recorded by δ18O (Zachos et al., 2001). A decrease in SST 

has been proposed for multiple locations across both hemispheres around the globe (Herbert 

et al., 2016). The DSDP Site 594, located in the Southern Pacific region (Herbert et al., 2016), 

shows a similar temperature decrease after 8 Ma. 

The warm MAAT during the late Miocene period in New Zealand contradicts the proposed 

global late Neogene cooling (Herbert et al., 2016). However, the global cooling trend is not 

constant. Some studies have shown partial warming in the Arctic and Antarctic regions at the 

end of the late Miocene and into the Pliocene (Kennett, 1990; Thiede et al., 1998). The 

temperature fluctuations probably correlate  to the pCO2 changes in the late Miocene related 

to the orbital scale shifts, forcing climatic and ecosystem changes (Herbert et al., 2016). Rapid 

cooling in New Zealand during the Pliocene coincides with a large increase in ice sheet cover 

in Antarctica (Ross Sea), dated between 3.3 and 2.5 Ma (McKay et al., 2012).  
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One of the major factors in precipitation development is the sea-land thermal gradient 

(Webster et al., 1998). The SST reconstructions for the Indian Ocean region show warm SSTs 

during the late Miocene (>30°C based on iGDGTs, and averaging ~27°C for the alkenone 

proxy). These results are consistent with data from the northern South China Sea and global 

SST reconstructions based on δ18O and Mg/Ca proxies. Temperature changes and increases in 

upwelling in the Indian Ocean during the late Miocene have been attributed to accumulation 

of Antarctic ice cover and development of the ACC (Norris et al., 2013). Other studies have 

proposed that the modest sized permanent ice sheets in the Northern Hemisphere and the 

distribution of solar radiation are the main causes for the intensification of the monsoon in the 

late Miocene (Clemens et al., 1991). However, ice-temperature change models do not support 

such a correlation at that time (Cramer et al., 2011). 

Debate continues about the nature of the Asian monsoon in the Arabian Sea and its influence 

on the global climate. Some studies predict monsoon weakening between 10.15 and 3.09 Ma 

(Clift et al., 2008b), and after 8.27 Ma for the southern Asia area, while others argue for 

increasing summer rains over the same interval. Regardless of the direction of change, the 

closure of the Tethys Ocean together with the uplift of the Himalayas and the Tibetan Plateau 

have been linked to major alternations in monsoon intensity. The new observations in this 

thesis are consistent with no significant increase in precipitation between 10.15 and 8.26 Ma. 

This period was followed by an increase in summer monsoon levels, with an increase of the 

Indus River run-off for the eastern Arabian Sea region in the late Miocene (8.27–6.29 Ma), as 

recorded in the n-alkane (e.g., TAR and 1/Paq) and sterane data. These observations are 

supported by the compound specific, n-alakne δ13C record. The increase in precipitation 

recorded by δD during the 8.27–6.29 Ma period also supports stronger Indus River runoff. 

The TOC/TN data and the Pr/Ph ratio also suggest strong but short-lived inputs of terrigenous 

OM around ~8.3 Ma. High precipitation levels in the period from ~2.6 Ma to ~1.6 Ma are also 

clearly recorded by increasing terrigenous OM inputs, based on n-alkanes, steranes, and the 
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BIT index. Falls in eustatic sea level may have increased terrigenous material input into the 

basin. 

The development of the Asian monsoonal circulation may have occurred as early as the 

Eocene (Licht et al., 2014), but other studies argue for an intense phase beginning at the start 

of the Neogene (Clift et al., 2014). Some of these reconstructions have been informed by 

changes in eastern Asian vegetation patterns, as well as by chemical weathering proxies. 

Chemical weathering data from ODP Site 1146 in the South China Sea indicate a pattern of 

decreasing humidity from the middle Miocene to the early Pliocene, and a decrease in 

monsoon intensity (Steinke et al., 2010). The decline in chemical weathering intensity 

parallels a decrease of sedimentation rates on the Indus Fan, as well as a decline in chemical 

weathering and sedimentation rates at ODP Site 718 on the Bengal Fan (Cochran and Stow, 

1987; Clift et al., 2008a; Clift et al., 2008b). In light of the regional character of these changes 

across the Himalayas and the Tibetan Plateau, it seems likely that they may reflect a common 

climate driver. The vegetation signal since 10.15 Ma at IODP Site U1456 is derived mainly 

from a continental source. Studies of Pakistan climate suggest a development of strong aridity 

and changes in precipitation patterns from 9 Ma (Quade et al., 1989). Sediment from the 

western Arabian Sea (ODP Site 722 drilling site) also show an increase in terrigenous 

sediment input from 8–6 Ma, although an increase in primary marine production was not 

detected because of poor carbonate preservation (Prell and Kutzbach, 1992; Zhisheng et al., 

2001). 

The new data indicate an increase in relative C4 vegetation abundance for the western 

Himalaya region from ~10.15 ma until ~8.27 Ma, consistent with a regional decrease in 

precipitation. A strong increase in relative C3 vegetation abundance from 8.27–7.5 Ma may be 

indicative of an increase in precipitation, consistent with an increase in Asian monsoon 

intensity. The aridity of the region increasing again after 7.5 Ma, with higher relative C4 

vegetation abundance. However, the δD results are more consistent with an increase in 
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precipitation from ~8.3 Ma to ~6.3 Ma. This is not supported by the local, Pakistani studies, 

which showed the development of strong aridity and changes in precipitation patterns from 9 

Ma (Quade et al., 1989).  

6.11. Future work 

The research in this thesis shows good preservation of organic matter in continental shelf, 

continental slope, and deep water marine sediments. Good preservation of the organic 

compounds in marine sediments provides a unique opportunity for combining multiple 

proxies for understanding local and global climate variations during the Cenozoic. Recovered 

biomarkers show the strong influence of local tectonic activity on the accumulation of organic 

material in marine sediments. Therefore, biomarkers can be intensively used in research 

related to the influence of tectonic activity on the evolution of the continental shelf.  

Additional studies of the cored sediments from the Atlantic, Pacific, and Indian oceans are 

require to confirm the observations made in this study. This study has only provide detailed 

discussion of the preserved biomarkers in three locations. Additional, geographically wider 

research is required to constrain the influence of eustasy on Cenozoic biomarkers. Higher 

resolution sampling is required to distinguish between different climatic mechanisms such as 

Milankovitch and orbital cycles. This study show that IODP cores provide a perfect research 

platform to tackle these research questions.  

To provide a better correlation between different site locations, high sampling resolution 

should be used. Sediments with high TOC levels would be preferable for this type of research. 

Although preservation of the organic compounds varies between different sites, the same type 

of compounds should be checked for every site for better comparison. Multi proxy analyses, 

including heavy mineral studies and isotope analyses, should be carried out on the same 

samples, so as to provide information regarding the provenance of the sediments and possible 

sources of the organic matter.  
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7.1. Appendix: chemical structure of analysed organic compounds and 

biomarkers 
 

 

Fig. 7.1. 1: n-Alkanes and isoprenoids 
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Fig. 7.1. 2: Hopanes, tricyclic terpanes, and tetracyclic terpanes 
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Fig. 7.1. 3: Steranes and diasteranes 
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Fig. 7.1. 4: GDGTs and methyl alkenones 
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Fig. 7.1. 5: Polycyclic aromatic hydrocarbons (PAH) 
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7.2. Appendix: blanks 
 

To insure lack of contamination of the results set of blank analyses was performed. Examples 

of the blank analyses are presented in this Appendix. 

All organic solvents used during the extraction were analysed for organic contamination 

levels. From new bottle 100 ml of DCM, MeOH, and Hexane were concentrated to 100 µl. 

From the concentrated sample 1 µl was injected into GC-MS for organic analysis. The 

extraction was performed only when contamination levels were below the equipment 

detection limit (Fig. 7.2.1).  

For the IODP 317 samples blank analysed involved solvent without sample that was run 

through all extraction stages.  One blank sample was analysed for every eleven samples. The 

analysis was considering to be reliable when blank run showed no additional organic input 

during the extraction process (Fig. 7.2.2A). Some samples showed siloxane input into samples 

during the extraction (Fig. 7.2.2B). The siloxane derived to the sample from the pipette bulb 

used during the extraction or through the penetration of the GC-MS injection needle through 

the vial lid. Siloxane picks did not overlap any n-alkane or other biomarker picks in the 

analysed range. Therefore, this contamination was neglected during the analyses.   

In addition, plastic wrap used for the sample storage was analysed (Fig. 7.2.2C). The results 

show presence of multiple sets of double and triple pics up to 50 min into analysis. These 

picks could overlap the n-alkane data in the same time period. In the samples were picks were 

identified their abundance was higher than the n-alkane signal. Therefore, the contamination 

was easily detected. These samples were not considered reliable for the discussion. 
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Fig. 7.2. 1: Solvent analysed where A – DCM, B – Hexane, and C – Methanol. 
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Fig. 7.2. 2: Results from the IODP 317 blank runs. A – solvent blank run; B – vial lid and 

pipette bulb analysis; C – sample plastic wrap analysis. 
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For the IODP 313 samples blank analyses involved solvent extraction without sample.  One 

blank sample was analysed for every eleven samples. The analysis was considered to be 

reliable when blank run showed no additional organic input during the extraction process 

(Fig. 7.2.3B).  

In addition, plastic wrap used for the sample storage was analysed (Fig. 7.2.3A). The results 

show presence of multiple sets of double and triple picks through all analytical run. These 

picks could overlap the n-alkane data in the samples. In the samples were picks were 

identified their abundance was higher than the n-alkane signal. Therefore, the contamination 

was easily detected. These samples were not considered reliable for the discussion. 

Some blanks show high contamination of different short chain alkanes (up to C9) in the 

sample (Fig. 7.2.3). After closer investigation, the same set of alkanes was identified in rotary 

evaporator system. Despite of high contamination levels the samples were consider to be 

reliable for n-alkane discussion in the range of C11 and higher.  
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Fig. 7.2. 3: Results from the IODP 313 blank runs. A – sample plastic wrap analysis; B – 

solvent blank run; C – rotary evaporator light chain alkane input. 
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For the IODP 355 samples blank analyses involved solvent extraction without sample.  One 

blank sample was analysed for every eleven samples. The analysis was considered to be 

reliable when blank run showed no additional organic input during the extraction process 

(Fig. 7.2.4C).  

Some sedimentary samples were extracted on-board during the expedition. The sand used 

during the extraction process was analysed as well. In addition, every 11 samples a blank run 

was collected (Fig. 7.2.4.B). Only samples with sand blank contamination in the short alkanes 

(up to C10) was consider to be reliable for analysis (Fig. 7.2.4A).  The samples extracted in the 

laboratory when through the same blank check as IODP 317 and IODP 313 samples. Only 

samples with clean blank runs (Fig. 7.2.4C) were used in the discussion. 

Plastic wrap used for the sample storage was analysed (Fig. 7.2.5). The results show presence 

of multiple sets of double and triple picks through all analytical run. These picks could 

overlap the n-alkane data in the samples. In the samples were picks were identified their 

abundance was higher than the n-alkane signal. Therefore, the contamination was easily 

detected. These samples were not considered reliable for the discussion. 
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Fig. 7.2. 4: Results from the IODP 355 blank runs. A – blank run for on-board sand; B – 

blank run for on-board analysis; C – laboratory blank run. 

IODP 355 – on-board sand analysis 

IODP 355 – on-board blank analysis 

IODP 355 – laboratory blank analysis 
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Fig. 7.2. 5: Results from the IODP 313 blank runs - sample plastic wrap analysis. 

  

IODP 355 – plastic wrap analysis 
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7.3. Appendix: conference presentations 

 

The work discussed in a thesis is an outcome of collaborative research aiming to understand 

small part of the Earth's ocean-climate system. Sections of this thesis were presented at 

several local and international conferences. Accepted abstracts are presented below. 
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1. AOGC 2014 - the 18th Australian Organic Geochemistry Conference 

Global Sea level changes or local tectonics? First Miocene biomarkers in cored 

sedimentary rocks from IODP Expedition 317, Canterbury Basin, New Zealand.  

S. Bratenkov1 & S.C. George1 

1: Department of Earth and Planetary Sciences, Macquarie University,  

North Ryde, Sydney, NSW 2109 

Corresponding author email: Sophia.bratenkov@mq.edu.au 

ABSTRACT 

Integrated Ocean Drilling Program (IODP) Expedition 317 to the Canterbury Basin, on the 

eastern margin of the South Island of New Zealand, provided the opportunity to study sediment 

geochemistry in contrasting depositional settings, from mid-shelf to upper slope sedimentary 

rocks. The expedition recovered sediments from the Eocene to the Holocene. A particular 

research focus was on the sequence stratigraphy of the sedimentary package, which recorded a 

time when global sea level change was dominated by glacioeustasy. The main goal of this 

research was to provide the first organic geochemistry results for the cored Miocene sediments 

from this expedition. The comprehensive biomarker picture from these cores enables a better 

understanding of the organic matter origin and evolution in the Canterbury Basin, as well as the 

depositional and post-depositional processes involved.  

Upper Eocene to Holocene sedimentary sequences were cored in a transect of three drilling 

sites on the continental shelf (Sites U1351, U1353 and U1354) and one on the continental slope 

(Site U1352). Overall, 72 samples were recovered from Miocene sediments in U1351, U1352 

and U1353 for geochemical analysis including biomarker research. Thirteen of these were 

squeeze cakes, and the rest were cut spot samples.  

Total organic carbon content for these samples is generally low (<1 wt. %), with only a few 

spot samples in U1352 having higher values. To determine the origin of the organic material, 

as well as the thermal maturity gradients in these three cores, hydrocarbons and biomarkers 

were extracted from 63 samples. All samples were solvent extracted using the Accelerated 

Solvent Extractor (ASE300), and the extractable organic matter (EOM) was fractionated into 

aliphatic hydrocarbons, aromatic hydrocarbons and polar compounds. Identification of organic 

compounds in the project was based mainly on gas chromatography-mass spectrometry (GC-

MS). Relatively low amounts of EOM were detected. There is good preservation of C11 to C35 

alkanes, with varying predominance of odd-over-even chain length long-chain n-alkanes 

(CPI22-32) over the cores, with values between 0.2 and 4.8 (Figure 1). The Pr/Ph ratios (0.7-5.9) 

for all three cores indicate variable oxygenation conditions, from anoxic to oxic (Figure 1). 

Thermal maturities of the U1351 and U1352 core sediments were calculated using Pr/n-C17 

(0.6-8.06) and Ph/n-C18 (0.3-2.8) ratios. These data indicate low thermal maturities (sub oil 

window) for all the Miocene cored samples. Some high Pr/n-C17 (e.g. 13.4) as well as high 

Ph/n-C18 (e.g. 3.8) ratios indicate possible biodegradation of the OM. Depositional environment 

was also determined by the abundance of C27-C29 regular steranes in the samples, as well as the 

C30 sterane index and the C31/C30 hopane ratio.  
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Varying inputs of organic matter were identified for the Miocene sediments in the cores. 

Acyclic biomarkers indicate probable marine biological input for the middle Miocene samples. 

Upper Miocene samples are predominantly defined by high terrigenous input. In addition, 

calculated wax indices for the Miocene sediments were between 0.1 – 2.8 for n-alkanes. These 

ratios suggest a primary marine depositional environment for the sediments, although the type 

of organic matter was likely often of terrestrial origin. The amount and distribution of the 

aromatic hydrocarbons suggest numerous origins of the organic matter, as well as diverse levels 

of biodegradation. 

Current research provides a unique opportunity to explore the evolution of the biomarker input 

to marine sediments in the Canterbury Basin, New Zealand. These data may reflect changes in 

the OM input caused by changes in global sea level during the Early and Middle Miocene 

epochs. In addition, alteration in the sediment supply to the basin could have been triggered by 

the uplift of the Southern Alps during the Late Miocene period. 

 

 

Figure 8: Oxicidy of depositional environment and organic matter input relative to depth in 

the continental slope core 
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2. TSOP2014 – The Society of Organic Petrology 34th Annual Meeting 

Global Sea level changes or local tectonics? First Miocene biomarkers 

in cored sedimentary rocks from IODP Expedition 317, Canterbury Basin, 

New Zealand.  

 

S. Bratenkov1 & S.C. George1 

 

1: Department of Earth and Planetary Sciences, Macquarie University 

North Ryde, Sydney, NSW 2109 

Corresponding author email: Sophia.bratenkov@mq.edu.au 

ABSTRACT 

Integrated Ocean Drilling Program (IODP) Expedition 317 to the Canterbury Basin, on the eastern 

margin of the South Island of New Zealand, provided the opportunity to study sediment geochemistry 

in contrasting depositional settings, from mid-shelf to upper slope sedimentary rocks. The expedition 

recovered sediments from the Eocene to the Holocene. A particular research focus was on the sequence 

stratigraphy of the sedimentary package, which recorded a time when global sea level change was 

dominated by glacioeustasy. The main goal of this research was to provide the first organic geochemistry 

results for the cored Miocene sediments from this expedition. The comprehensive biomarker picture 

from these cores enables a better understanding of the organic matter origin and evolution in the 

Canterbury Basin, as well as the depositional and post-depositional processes involved.  

Upper Eocene to Holocene sedimentary sequences were cored in a transect of three drilling sites on the 

continental shelf (Sites U1351, U1353 and U1354) and one on the continental slope (Site U1352). 

Overall, 72 samples were recovered from Miocene sediments in U1351, U1352 and U1353 for 

geochemical analysis including biomarker research. Thirteen of these were squeeze cakes, and the rest 

were cut spot samples.  

Total organic carbon content for these samples is generally low (<1 wt. %), with only a few spot samples 

in U1352 having higher values. To determine the origin of the organic material, as well as the thermal 

maturity gradients in these three cores, hydrocarbons and biomarkers were extracted from 63 samples. 

All samples were solvent extracted using the Accelerated Solvent Extractor (ASE300), and the 

extractable organic matter (EOM) was fractionated into aliphatic hydrocarbons, aromatic hydrocarbons 

and polar compounds. Identification of organic compounds in the project was based mainly on gas 

chromatography-mass spectrometry (GC-MS). Relatively low amounts of EOM were detected. There is 

good preservation of C11 to C35 alkanes, with a various predominance of odd-over-even chain length for 

long-chain n-alkanes (CPI22-32) in different core depths with values between 0.8 and 3.9. The Pr/Ph 

ratios (0.6-5.9) for all three cores indicate variable oxygenation from anoxic to oxic conditions. Thermal 

maturities of the U1351 and U1352 core sediments were calculated using Pr/n-C17 (0.6-8.06) and Ph/n-

C18 (0.3-2.8) ratios. These data indicate low thermal maturity with depth. High Pr/n-C17 (e.g. 13.4) as 

well as high Ph/n-C18 (e.g. 3.8) ratios indicate possible biodegradation of the OM. Depositional 

environment was also determined by the abundance of C27-C29 regular steranes in the samples, as well 

as the C30 sterane index and the C31/C30 hopane ratio.  
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Varying inputs of organic matter were identified for the Miocene sediments in the cores. Acyclic 

biomarkers indicate probable marine biological input for the middle Miocene samples. Upper Miocene 

samples predominantly were defined by high terrigenous input. In addition, calculated wax indices for 

the Miocene sediments were between 0.09-0.54 for n-alkanes. These ratios suggest a primary marine 

depositional environment for all the sediments, although the type of organic matter was likely often of 

terrestrial origin. The amount and distribution of the aromatic hydrocarbons suggest numerous origins 

of the organic matter, as well as diverse levels of biodegradation. 

Current research provide a unique opportunity to explore evolution of the biomarker input to marine 

sediments in Canterbury Basin, New Zealand. These data may reflect changes in the OM input caused 

by alteration in the sediment supply to the basin triggered by the uplift of the Southern Alps.   
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3. AESC2014 – Australian Earth Sciences Convention 2014 

Exploration of Miocene biomarkers in cored sedimentary rocks from 

IODP Expedition 317, Canterbury Basin, New Zealand 

Sophia Bratenkov1 and Simon C. George1
 

1Department of Earth and Planetary Sciences, Macquarie University, North Ryde, NSW 2109, Australia 

Integrated Ocean Drilling Program (IODP) Expedition 317 to the Canterbury Basin, on the 

eastern margin of the South Island of New Zealand, provided the opportunity to study sediment 

geochemistry in contrasting depositional settings, from mid-shelf to upper slope sedimentary 

rocks. The expedition recovered sediments from the Eocene to the Holocene. A particular 

research focus was on the sequence stratigraphy of the sedimentary package, which recorded a 

time when global sea level change was dominated by glacioeustasy. The main goal of this 

research was to provide the first organic geochemistry results for the cored Miocene sediments 

from this expedition. The comprehensive biomarker picture from these cores enables a better 

understanding of the organic matter origin in the Canterbury Basin, as well as the depositional 

and post-depositional processes involved.  

Upper Miocene to Holocene sedimentary sequences were cored in a transect of three 

drilling sites on the continental shelf (Sites U1354 and U1351) and one on the continental slope 

(Site U1352). Overall, 72 samples were recovered from Miocene sediments in U1351 and 

U1352 for geochemical analysis including biomarker research. Thirteen of these were squeeze 

cakes, and the rest were cut spot samples. Total organic carbon content for these samples is 

generally low (<1 wt %), with only a few spot samples in U1352 having higher values.  

To determine the origin of the organic material, as well as the thermal maturity gradients 

in these three sites, hydrocarbons and biomarkers were extracted from 40 samples. Relatively 

low amounts of extractable organic matter (OM) were detected. There is good preservation of 

C11 to C34 alkanes, with a slight-moderate predominance of odd-over-even chain length for 

long-chain n-alkanes – the CPI22-32 values are mainly between 1.09 and 1.77.  

The Pr/Ph ratios (0.58-2.14) for all three cores indicate variable oxygenation from 

anoxic to suboxic conditions. Thermal maturities of the U1351 and U1352 core sediments were 

calculated using Pr/n-C17 (0.58-3.06) and Ph/n-C18 (0.3-1.9) ratios. These data indicate 

increasing thermal maturity with depth, as well as some possible biodegradation of the OM. 

Depositional environment can also be determined by the abundance of C27-C29 regular steranes 

in the samples, as well as the C30 sterane index and the C31/C30 hopane ratio.  

Varying inputs of organic matter were identified for the Miocene sediments in the cores. 

Acyclic biomarkers indicate probable marine biological input for the middle Miocene samples. 

Upper Miocene samples predominantly were defined by high terrigenous input. In addition, 

calculated wax indices for the Miocene sediments were between 0.09-0.54 for n-alkanes. These 

ratios suggest a primary marine depositional environment for all the sediments, although the 

type of organic matter was likely often of terrestrial origin. The amount and distribution of the 

aromatic hydrocarbons suggest numerous origins of the organic matter, as well as diverse levels 

of biodegradation.  

  



 

369 

 

4. AESC2014 – Australian Earth Sciences Convention 2014 

Preliminary results on the organic composition and thermal maturity 

of the Carboniferous Namoi Formation, northern NSW, Australia: a 

possible shale gas prospect? 

Sophia Bratenkov1 and Simon C. George1
 

1Department of Earth and Planetary Sciences, Macquarie University, North Ryde, NSW 2109, Australia 

 

The Namoi Formation in the Werrie Syncline, north and west of Tamworth, is part of the well 

preserved Devonian-Carboniferous fore arc in the New England Fold Belt. The formation 

consists of olive-green mudstones with lenses of sandstone and oolitic limestone. Mudstone is 

the dominant rock in most parts of the sequence, which is between 640-914 meters thick. Thick, 

organic rich mudstones of sufficient thermal maturity are attracting plenty of attention as shale 

gas prospects, following the exponential take-up of shale gas in the USA. However, little has 

been published on the organic geochemistry of Palaeozoic sequences in NSW, excepting coal-

related literature. The aim of this work is to present preliminary results from the first organic 

geochemistry research on the Devonian sediments at Keepit, northern NSW, Australia. 

The organic matter (OM) from the Namoi Formation from different creeks in the Keepit area, 

Australia was solvent extracted. All five samples contain relatively low levels of OM (between 

1.1-1.6 mg OM/g sediment). The results suggested good preservation of the aliphatic and 

aromatic hydrocarbon fractions, with no evidence of weathering or biodegradation. n-Alkanes 

from C15 to C36 are present in all samples, with strong long-chain carbon number predominance.   

The results suggest marine sources of OM with a low wax index (max 0.11) for n-alkanes, 

indicating low amounts of higher land plants. Carbon preference indices close to 1.0 values 

suggest the succession is highly thermally mature. A high thermal maturity is also indicated by 

the relatively low Pr/n-C17 (0.16-0.70) and Ph/n-C18 (0.48-1.51) ratios. Pr/Ph ratios between 

0.71 and 0.76 indicate that the samples were deposited in an anoxic deposition environment. 

Some samples contains biomarkers suggestive of a marine depositional environment, including 

the C30 sterane index and the C31/C30 hopane ratio. A bacterial source for some of the OM could 

be identified by the presence of tricyclic and tetracyclic terpanes.  

Based on the distribution of aromatic hydrocarbons including alkylnaphthalenes and 

alkylphenanthrenes, the Namoi Formation samples are in the gas window. Based on calibration 

of the methylphenanthrene index (MPI) and other ratios with vitrinite reflectance, a calculated 

reflectance of about 2.1% was derived, which given a normal geothermal gradient would be 

equivalent to a maximum temperature for the formation during deepest burial of about 205°C, 

in the main part of the gas generating window. Various polynuclear aromatic hydrocarbons 

(PAH) were identified in the samples. A high thermal maturity is also supported by the 

dominance of PAHs over alkylated PAHs. 

Based on these preliminary data, the Devonian Namoi Formation is a prospective shale gas 

source as it has been buried sufficiently to be well within the gas window. Where it is exposed 

at the surface gas will have been lost, but elsewhere it will be buried beneath other sediments 

and may still retain gas. Key exploration uncertainties include information on organic richness, 

lateral variation in thermal maturity, mineralogy, and porosity-permeability relationships.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
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5. IMOG2015 – International meeting of Organic Geochemists 

Global sea level changes or local tectonics? First Miocene biomarkers in cored 

sedimentary rocks from IODP Expedition 317, Canterbury Basin, New Zealand 

 

Sophia Bratenkov1,* and Simon C. George1 

 
1Department of Earth and Planetary Sciences, Macquarie University, North Ryde, Sydney, NSW 2109 Australia 

(*corresponding author: sophia.bratenkov@mq.edu.au) 

The influence of global sea level (eustasy) and local tectonic changes on sedimentation processes in continental margin 

deposits is a fundamental part of sedimentary research. During the late Miocene to recent period global sea level change was 

dominated by glacioeustasy (Miller et al., 2005). Integrated Ocean Drilling Program (IODP) Expedition 317 to the 

Canterbury Basin, on the eastern margin of the South Island of New Zealand, provided a unique opportunity to study 

sediment geochemistry in contrasting depositional settings, from mid-shelf to upper slope, for the early Miocene to recent 

period.  

Previous work suggested good preservation of low amounts of organic matter in some Miocene samples (George et al., 

2011). The detected total organic carbon contents in Miocene samples was generally low (<1 wt. %), with only a few samples 

in U1352 having higher values (Expedition 317 Scientists, 2010). Here we report the first organic geochemical data for all 

Miocene sediments retrieved in IODP Expedition 317. Upper Eocene to Holocene sedimentary sequences were cored along a 

transect of the continental shelf (Sites U1351, U1353 and U1354) and the continental slope (Site U1352). Overall, 82 

samples were recovered from Miocene sediments in U1351, U1352 and U1353 for geochemical and biomarker analysis. To 

determine the origin of the organic material, as well as the thermal maturity gradients in these three cores, all samples were 

solvent extracted using an Accelerated Solvent Extractor (ASE300), and the extractable organic matter (EOM) was 

fractionated into aliphatic hydrocarbons, aromatic hydrocarbons and polar compounds. The hydrocarbons were then analysed 

by GC-MS.  

Relatively low amounts of EOM were detected in which good preservation of C11–C35 alkanes was observed. The long-chain 

n-alkanes display varying odd-over-even predominance (CPI22-32 = 0.2–4.8) while the pristane/phytane ratio (Pr/Ph = 0.7–5.9) 

indicates bottom water conditions ranged from anoxic to oxic (Fig. 1). Low thermal maturities (sub the start of the oil 

window) are suggested for all the Miocene core samples based on Pr/n-C17 (0.6–8.06) and Ph/n-C18 (0.3–2.8) ratios. Widely 

used hopane (Ts/(Ts+Tm)) and C29 ααα sterane (S/(S+R)) ratios support the low thermal maturity data.  

The depositional environment was further constrained by relative abundances of the C27–C29 regular steranes (Fig. 2), as well 

as the C30 sterane index, the oleanane index and the C31R/C30 hopane ratio. Predominantly the outer and inner continental 

shelf cores contain OM of shallow marine origin, whereas the continental slope core is dominated by OM of open marine 

origin. The distribution of aromatic hydrocarbons confirmed the diverse origins of the organic matter, and suggested various 

levels of biodegradation. 

The biomarkers extracted from IODP Exp. 317 sediments provide the opportunity to explore the evolution of the organic  

input to marine sediments in the Canterbury Basin, New Zealand. These data may reflects changes in the OM input caused by 

global sea level fluctuations during the Early and Middle Miocene epochs. In addition, alteration in the sediment supply to 

the basin could have been triggered by local tectonics such as uplift of the Southern Alps during the Late Miocene.  
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Fig. 1.Variation of pristane/phytane ratio and n-alkane carbon preference index with depth in the continental slope core 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Distribution of C27, C28 and C29 steranes in Miocene samples in continental shelf and continental slope cores 
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The interplay between the development of the Asian summer monsoon and the growth of 

mountains in South and Central Asia is perhaps the most compelling example of the 

relationship between climate and the solid Earth. Understanding this relationship is crucial in 

the context of understanding past changes and for predicting future impacts in the Monsoon 

region. Both rapid and gradual mountain uplift influence the surrounding environments and 

regional climate. The sedimentary record of the Indus Fan offers a unique opportunity to 

study the climatic changes that occurred in South Asia and their link to the intensity of the 

erosion during the late Cenozoic. Although some paleoclimate reconstructions in the region 

can be partly addressed by studies onshore, the dominance of erosional processes in such a 

mountainous region ensures such records are fragmentary and limited in coverage. Thus 

ocean drilling is the best way to recover long sequences and to test the possible relations 

among mountain uplift, erosion, sediment deposition and climate (including carbon burial, 

chemical weathering and CO2 drawdown). The sediments and sedimentary rocks from the 

Indian continental margin, adjoining the Arabian Sea, were drilled during the International 

Ocean Discovery Program (IODP) Expedition 355. Drilling operations at Site U1456 

penetrated through 1109.4 m of sediment and sedimentary rocks. The oldest sediment 

recovered at this site is dated to 13.5–17.7 Ma, with about 390 m of mass transport deposit. 

This study provides a multiproxy approach for palaeoenvironmental reconstructions in the 

Arabian Sea area. We use a wide variety of organic geochemical data coupled with inorganic 

chemistry, mineralogy, and isotopic analyses. For direct comparison among various data sets, 

we divided whole round residue from the interstitial water samples among different 

laboratories, with each receiving 50–300 g (dry mass). The preliminary results include initial 

sediment provenance data based on bulk petrography and heavy mineral analysis, 

geochemical data, isotope composition, and biomarker analysis. Preliminary organic 

geochemistry data suggest an increase of terrigenous organic matter input into sediment 

starting around 10.5 Ma, with a strong decrease in the last 1 Ma. Moreover, the detailed 

analyses of the glyceryl dialkyl glyceryl tetraether (GDGT) and alkenone lipids provide the 

first sea surface temperature (SST) reconstructions in the region. These data indicate 

decreasing SST from the Middle Miocene Climatic Optimum until today. This research 

provides an exceptional opportunity to apply a multiproxy approach to understand sediment 

provenance, erosional processes, and palaeoclimate evolution in the eastern Arabian Sea. 
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The study of mass transport deposits (MTDs) is an important field of research due to the 

potential insights into catastrophic events in the past and modern geohazard threats (e.g. 

tsunamis). Submarine mass movements are very significant processes in sculpturing the 

structure of continental margins, particularly in their extent and magnitude that have 

consequences both in the modern day, as well as in the geological past. An understanding of 

the complex stratigraphy of a submarine mass transport deposit (MTD) might help in 

reconstructing the provenance and transport pathways of sedimentary material and thus give 

important insights into sedimentary dynamics and processes triggering specific events. 

Drilling operations during International Ocean Discovery Program (IODP) Expedition 355 

Arabian Sea Monsoon, which took place during April and May, 2015 cored two sites in 

Laxmi Basin. Site U1456 was cored to 1109.4 m below seafloor (mbsf), with the oldest 

recovered rock dated to ∼13.5-17.7 Ma. Site U1457 was cored to 1108.6 mbsf, with the oldest 

rock dated to ∼62 Ma. At each site, we cored through ∼330 m and ∼190 m of MTD material. 

The MTD layers mainly consist of interbedded lithologies of dark grey claystone, light 

greenish calcarenite and calcilutite, and conglomerate/breccia, with ages based on calcareous 

nannofossil and foraminifer biostratigraphy ranging from the Eocene to early Miocene 

(Pandey et al., 2015). This MTD, known as Nataraja Slide, is the third largest MTD known 

from the geological record and the second largest on a passive margin. Calvés et al. (2015) 

identified a potential source area offshore Sourashstra on the Indian continental margin and 

invoked the single step mass movement model to explain the mechanism of emplacement. 

Initial shipboard work demonstrated the high variability in total organic carbon and total 

nitrogen levels in different layers within the MTD, which raises a number of questions related 

to the source and composition of the organic matter. Here we present the biomarker signature 

of the material based on gas chromatography-mass spectrometry (GC-MS) and high 

performance liquid chromatography-mass spectrometry (HPLC-MS) analyses. The purpose of 

this study is to understand the depositional and post-depositional processes of the sedimentary 

layers in the MTD. The unique opportunity of collaborative, multi-disciplinary data collection 

produced onboard the JOIDES Resolution, together with postcruise research, allows us to 

create a better understanding of the processes involved in creation of one of the largest known 

MTDs on Earth.  
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A high-resolution mineralogical study of Indus Fan turbiditic sediments cored during IODP 

Expedition 355 (Arabian Sea Monsoon) in the Laxmi Basin was carried out to investigate and 

quantify the different compositional signatures encoded in the sand, silt, and clay fractions. 

The turbidite deposits recovered at IODP Sites U1456 and U1457 in sedimentological Unit II 

were chosen as the best candidate for such a study. The integrated dataset presented here was 

obtained by coupling traditional and innovative bulk-sediment to single-grain analytical 

techniques, including bulk petrography, heavy-mineral and biomarker analyses on the same 

samples. Reliable quantitative results even in the medium to fine silt classes, which represent 

the dominant sediment sizes encountered in the recovered cores, were obtained by point-

counting under the microscope, assisted by Micro-Raman spectroscopy (Andò et al., 2011; 

2014). Preliminary data from the studied turbidites document rich and diverse heavy mineral 

assemblages in both the sand and silty-sand fractions. Heavy-mineral concentrations, as well 

as the number of mineral species, reach a maximum in sand and tend to decrease with grain 

size, becoming minimal in the clay fraction. Conversely, the biomarker analysis is generally 

focused on the finer sediment fractions and clay, where better preservation of biomarker 

compounds are obtained. The two approaches are thus complementary. Because biomarkers 

tend to be depleted in sand and heavy minerals in clay, the medium silt fraction represents the 

most suitable size window for the joint application of these two techniques. Comparing 

heavy-mineral assemblages with biomarkers allows us to evaluate both continental and 

marine inputs in turbidites and the hemipelagic deposits of the Indus Fan. This new 

methodological approach plays a key role in the identification of the effects of climate change 

on marine depositional environments and helps us to differentiate among the diverse 

Himalayan versus Indian Peninsular sources of detritus. Considered together, the organic and 

inorganic compositional fingerprints of sediments opens up a new frontier for future studies 

of the largely unexplored deep-marine sedimentary record.  
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The correlation between development of the Asian monsoon and continuing tectonic activity in the Himalaya and Tibetian 

Plateau is crucial to 70% of Earth’s population. This correlation is perhaps the most compelling example of the relationship 

between climate and the solid Earth. To understand it the sediments and sedimentary rocks from the Laxmi Basin were 

drilled during the International Ocean Discovery Program (IODP) Expedition 355 – Arabian Seam Monsoon in 2015 (Pandey 

et al., 2015). Drilling operations at Site U1456 (Fig. 1) penetrated through 1109.4 m of sediments and sedimentary rocks, 

with the oldest sediment dated to 13.5–17.7 Ma.  

Here we present the results of a multiproxy palaeoenvironmental study on samples from the IODP Site U1456. We use a 

wide variety of organic geochemical data coupled with bulk geochemistry, mineralogy, and isotopic analyses. For direct 

comparison between various data sets, we divided whole round residues from the interstitial water analyses (squeeze cakes) 

among ten laboratories, with each receiving 50–300 g (dry mass). These preliminary results include initial sediment 

provenance data based on bulk petrography and heavy mineral analyses, geochemical data, isotope compositions, and 

biomarker analyses.  

The samples show a low extent of diagenesis and intrastratal dissolution of heavy minerals. Based on the amphibole-epidote 

assemblages and the volume percentage of heavy minerals (2-5%) a provenance from the orogenic Himalaya is suggested 

(Garzanti and Andò, 2007). The Indus River is interpreted to be the main source of sediment input into Laxmi Basin from ~ 8 

Ma. 

Preliminary organic geochemistry data suggest low levels of biodegradation and thermal maturity of the organic matter. The 

results indicate an increase of the terrigenous organic matter input into sediment starting around ~8 Ma, followed by a strong 

decrease in the last 1 Ma (Fig. 2). Moreover, the detailed compound specific isotope analyses suggest variation in the C3 vs. 

C4 vegetation cover in the area in the last 10 Ma. The recovered glycerol dialkyl glycerol tetraether (GDGT) and alkenone 

lipids provide the first sea surface temperature (SST) record for the eastern Arabian Sea (Fig. 2). The SST data based on the 

GDGT proxy suggest a decreasing temperature trend from the Middle Miocene Climatic Optimum. The alkenone based SST 

reconstruction shows no noticeable temperature trend. Possible reason for that could be an upper temperature limit of 29-

30°C for this proxy (Conte et al., 2006).  

This research provides an exceptional opportunity to apply a multiproxy approach for reconstruction of the provenance, the 

erosional processes, and the palaeoclimatic evolution in the eastern Arabian Sea region.  
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Fig. 9: IODP Expedition 355 drilling location, including modern currents (orange arrows) and 

summer monsoon (red arrows) directions. 
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Fig.10: IODP Expedition 355 Site U1456 partial organic composition relative to lithology and 

geological periods where Pr-pristane, Ph-phytane, CPI – carbon preference index, TAR – 

terrigenous/aquatic ratio, and Paq – submerged/floating aquatic macrophyte input vs. emergent 

and terrestrial plant input.  
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The study of mass transport deposits (MTDs) is an important field of research due to the potential insights into catastrophic 

events in the past and modern geohazard threats (e.g. tsunamis). Submarine mass movements are very significant processes in 

sculpturing the structure of continental margins, particularly in their extent and magnitude that have consequences both in the 

modern day as well as in the geological past. In addition, the high volume of many mass movements and the rapid burial of 

the sediments means that post-depositional alteration of the organic matter will be minimised, so preservation potential of any 

biomarkers is high. An understanding of the complex stratigraphy of a submarine mass transport deposit might help in 

reconstructing the provenance and transport pathways of the material and thus give important insights into sedimentary 

dynamics and processes triggering specific events.  

Drilling operations during the International Ocean Discovery Program (IODP) Expedition 355 - Arabian Sea Monsoon took 

place during April and May 2015, with two cored sites in the Laxmi Basin (Pandey et al., 2015). Site U1456 was cored to 

1109.4 m below seafloor (mbsf), with the oldest recovered rock dated to 13.5-17.7 Ma. Site U1457 was cored to 1108.6 

mbsf, with the oldest rock dated to 62 Ma. The sites contain 330 m and 190 m of MTD material, respectively. The MTD 

layers mainly consist of interbedded lithologies of dark grey claystone, light greenish calcarenite and calcilutite, and 

conglomerate/breccia (Fig.1), with ages based on calcareous nannofossil and foraminifer biostratigraphy ranging from the 

Eocene to the early Miocene (Pandey et al., 2015). This MTD, known as the Nataraja Slide, is the third largest MTD known 

from the geological record, and the second largest on a passive margin. Calvés et al. (2015) identified a potential source area 

offshore of Sourashstra on the Indian continental margin, and invoked a single step mass movement model to explain the 

mechanism of emplacement. 

The purpose of this study is to understand the depositional and post-depositional processes of the sedimentary layers in the 

MTD. Initial shipboard work demonstrated a high variability in total organic carbon (TOC) and total nitrogen (TN) levels in 

different depth within the MTD, might suggest multiple step mass movement model with some variations in deposited 

organic matter.  

Here we present the biomarker signature of the material based on gas chromatography-mass spectrometry (GC-MS) and high 

performance liquid chromatography-mass spectrometry (HPLC-MS) analyses (Fig. 1 and 2). High carbon preference index 

values (CPI22-32 >1.5) and high branched glycerol dialkyl glycerol tetraethers (GDGTs) index values – BIT>0.85, suggest 

high terrestrial lipid input with some variation in the oxicity of depositional environment through the MTD. A contribution of 

shallow marine biomarker input is suggested based on the sterane data. Sea surface temperature (SST) reconstruction based 

on the unsaturated alkenone index (UK’
37) suggest very little variation through the MTD, with an average around 27.6°C. 

While the isoprenoid GDGTs based index (TEXH
86) shows much diverse temperature range (22-30°C).   

The unique opportunity of collaborative, multi-disciplinary data collection produced on-board the JOIDES Resolution, 

together with post-cruise research, allows us to create a better understanding of the processes involved in creation of one of 

the largest MTDs on Earth and its geological potential. 
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Fig. 1: IODP Expedition 355 Site U1456 unsaturated alkenones, isoprenoid GDGTs, and branched GDGTs data relative to the 

lithology of the mass transport deposit.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: IODP Expedition 355 organic composition of mass transit deposit from detected at the Site U1456 relative to the depth, where 

TAR – terrigenous/aquatic ratio, Paq – submerged/floating aquatic macrophyte input vs. emergent and terrestrial input, Pr- pristane, 

and Ph – phytane. 
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