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Abstract 

Lauren Beth Pankhurst 

The Reconstruction of Climate in Beringia by analysis of Glycerol Dialkyl 

Glycerol Tetraether (GDGT) Distributions using High Performance Liquid 

Chromatography - Mass Spectrometry (HPLC-MS). 

The reconstruction of past environments, including temperatures, aids in the 

production of climate models which predict how the Earth will respond to future 

climatic changes that are occurring at an accelerated rate, due to global 

warming. High-latitude seas, including the Bering Sea, are sensitive to changes 

in global climate, across both glacial and interglacial timescales. Membrane 

lipids synthesised by archaea and bacteria are retained within the sediment and 

when extracted give evidence to the environmental conditions present during 

the organism’s lifetime. The membrane lipids are structured in a way that is 

chemically favourable to their environment, and calibrations derived in other 

works were used to reconstruct paleoclimates herein. 

Thirty polar sediment extracts were analysed by high-performance liquid 

chromatography coupled via atmospheric pressure chemical ionisation to mass 

spectrometric detection (HPLC-APCI-MS). Glycerol dialkyl glycerol tetraether 

(GDGT) ratios within the extracts were used to reconstruct sea surface 

temperatures (SSTs), mean air temperatures (MATs) and pH. Climatic and 

environmental parameters were successfully assessed and reconstructed using 

isoprenoid GDGTs (isoGDGTs), finding that GDGT distributions were 

characteristic of the open marine environment in most cases. Temperatures 

were found to be lowest on the transition from marine isotope stage (MIS) 6 to 

5, while they peaked as MIS 5 closed. SSTs appeared to get cooler throughout 

glacial periods, while interglacial times were much more variable, particularly 

within MIS 5. Consideration was also given to the origin of the isoGDGTs, with 

the deep-water contribution found to be greatest across the 160-thousand-year 

(kya) period investigated. Branched GDGTs (brGDGTs) were also present, in 

lesser quantities and were used to determine MAT (between -5.8 and 10.4 °C) 

and pH (6.7 – 8.2) The findings showed a significant relationship between the 

GDGT distributions and numerous environmental proxies. 
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Chapter 1: Literature Review 

1.1 Introduction 

The current climate change episode is threatening humanity and biodiversity 

with irreversible and unwanted changes across the biosphere (Kaushik et al., 

2020). Natural and anthropogenic systems are undergoing unprecedented 

changes which are accelerating the current global warming event (Cox et al., 

2000). The reconstruction and quantification of previous climatic changes 

across the Earth’s system provides data that can be used to test and refine 

climate models, which contributes to better predictions of future climatic 

changes (Harrison et al., 2015; Schmidt et al., 2014). Earth’s climate is variable 

and has undergone glacial and interglacial cycling over millennial timescales. 

The current warming period is not a new phenomenon; however, temperatures 

are rising at an unprecedented rate (IPCC, 2021). Present day atmospheric 

carbon dioxide (CO2) concentrations are higher than at any point in the last 2 

Ma and atmospheric methane (CH4) concentrations today are at levels not 

reached in over 800 thousand years (kya; IPCC, 2021), as determined through 

paleoclimatic research and reconstructions.  

Paleoclimatology is the study of Earth’s climate history at a time for which 

measurements were not directly taken. To be able to define past climate 

changes different proxy records can be exploited. This chapter forms a literature 

review wherein short term paleoclimates, spanning the Quaternary, are 

discussed globally and on a more localised scale, focusing in on the high-

latitude location of the Arctic and the Bering Sea, as climate change events 

have been found to be much stronger at high-latitudes (Bernardi et al., 2018; 

Kent et al., 2003; Rohling et al., 2012; Zachos et al., 2006). The current 
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knowledge of biomarkers, specifically Glycerol Dialkyl Glycerol Tetraethers 

(GDGTs), are then reviewed, including their source, structure and how they 

came to have an application in paleoclimatology, before finally discussing 

advances in the methodology used to extract, isolate and analyse them. 

1.2 Climate Change and the Carbon Cycle 

The carbon cycle describes the processes in which carbon compounds in biota, 

both living and dead, are interconverted through the atmosphere, hydrosphere, 

cryosphere and the lithosphere. This is becoming increasingly important as 

Earth’s climate is being rapidly altered due to human activity increasing 

emissions of greenhouse gases (GHGs) including CO2 and CH4. The warmer 

temperature trends generally lead to more extreme weather events due to 

natural feedback cycles. Ocean acidification, due to the dissolution of raised 

atmospheric CO2, can have catastrophic consequences for marine biota and as 

atmospheric CO2 emissions increase, carbon sinks within the ocean and land 

hold greater amounts of carbon, sequestering approximately half the total CO2 

emitted (Figure 1.1; Friedlingstein et al., 2020).  Forests, soils and wetlands are 

also considered carbon sinks; however, as deforestation, drought and land-use 

changes increase, these natural sinks could become net sources of carbon 

(Kaushik et al., 2020; Yang et al., 2018).  
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Figure 1.1. Combined components of the global carbon budget in GtC yr-1, 

illustrating carbon dioxide emissions from fossil sources and land use change 

and their respective partitioning across the ocean, land and atmosphere. The 

pink line denotes the sum of the emissions, and sequestered CO2 quantities. 

Figure taken from Friedlingstein et al. (2020). 

The increase in atmospheric CO2 increases the efficiency of photosynthesis and 

widens the concentration gradient between the atmosphere and oceans, driving 

the dissolution of CO2 into the ocean (Thompson et al., 2017). These negative 

feedback cycles aid in the reduction of atmospheric CO2. However, there are 

also positive feedback mechanisms involved in climate change, including the 

decreased solubility of CO2 in warmer waters (Friedlingstein, 2015). Warmer 

oceans absorb less CO2, therefore more remains in the atmosphere. There is 
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also a positive feedback mechanism attributed to sea ice, the surface albedo 

feedback. Sea ice is bright white and when covered in snow has a high albedo, 

meaning it has a high reflectivity. However, as the snow and sea ice melt, on 

seasonal timescales and over larger timeframes, this albedo decreases until a 

major proportion of the sunlight is instead absorbed by the oceans, triggering 

additional melting. 

There have been major climatic events in Earth’s past where a large emission 

of GHGs over a relatively short time period have accelerated global warming 

episodes. These sudden and large-magnitude carbon-based perturbations are 

visible in carbon isotope data spanning back millennia. For example, on the 

transition between the Palaeocene and Eocene epochs, approximately 56 

million years (Ma) ago, a large temperature rise of 5 – 8 °C ensued following an 

increase in sea level. A rapid increase in atmospheric carbon (ca. 2000 GtC), 

predominantly CH4, occurred, causing a negative carbon isotope excursion 

(δ13C; CIE) event, recorded in marine sedimentary rocks, termed the 

Palaeocene-Eocene Thermal Maximum (PETM; Haynes & Hönisch, 2020; 

Sluijs et al., 2008; Zachos et al., 2005; Zachos et al., 2003).  Before this, the 

Permian Triassic mass extinction event of approximately 250 Ma ago occurred, 

known for the turnover of the terrestrial ecosystem and severe loss of marine 

invertebrate biodiversity (Schneebeli-Hermann et al., 2013). Like the PETM, a 

negative CIE shift and rebound event was recorded in marine carbonate 

records (Brand et al., 2016). Although the cause and magnitude of this CIE is 

still widely debated, it is thought that approximately 36,000 GtC was injected 

into the atmosphere, which led to severe global warming, ocean anoxia and 

extreme ocean acidification (Cui et al., 2021; Joachimski et al., 2020; Zhang et 
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al., 2018; Brand et al., 2012), causing the most-severe loss of biodiversity in 

Earth’s known history (Cui et al., 2021; Burgess et al., 2014). 

These CIE events are well documented by multi-proxy data (Gehler et al., 

2016), and by reconstructing these extreme climatic events it has informed 

climatologists how the Earth operates during a warm interglacial, with 

atmospheric CO2 greater than double the concentration of the present day 

(>840 ppm; Beerling & Royer, 2011; NOAA, 2022).  

1.3 Global Climates in the Quaternary 

The Quaternary period (ca. 2.28 Ma - Present) is a well-studied section of the 

geological past, owing to the archives and records being well preserved in ice 

cores, tree rings and sediments (Lowe & Walker, 2014). Boundary conditions of 

the Quaternary, including continental positioning, sea-ice cover and 

atmospheric CO2, are similar to the environments present today (Ravelo et al., 

2004; Stroynowski et al., 2015). By reconstructing how the Earth responded to 

previous climatic influences, more accurate inferences can be made regarding 

the effect of the current global warming episode. 

The Quaternary period is characterised by cyclic glacial-interglacial (G-IG) 

periods, which involved the expansion and retraction of the Earth’s icesheets. 

Table 1.1 adapted from Wenban-Smith et al. (2010), gives approximate ages 

and a summary of climate throughout each MIS in the Quaternary.  
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Table 1.1. Marine Isotope Stage Framework and associated epochs adapted 

from Wenban-Smith et al. (2010) 

Epoch 
Approximate 

Age (BP) 

Marine 

Isotope 

Stage 

Climate 

Holocene 
Present 

10,000 
1 Warm – full interglacial 

Late 

Pleistocene 

25,000 2 

Mainly cold; coldest in MI 

Stage 2 (LGM). Short-lived 

periods of relative warmth 

(‘Interstadials’) 

50,000 3 

70,000 4 

110,000 5a-d 

125,000 5e Warm – full interglacial 

Middle 

Pleistocene 

190,000 6 

Alternating periods of cold 

and warmth 

240,000 7 

300,000 8 

340,000 9 

380,000 10 

425,000 11 Warm – full interglacial 

480,000 12 Cold 

620,000 13-16 

Cycles of cold and warmth 

780,000 17-19 

Early 

Pleistocene 
1,800,000 20-64 Cycles of cold and warmth 
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Climatic research to date has focused on the lead up to, and out of, the last 

glacial maximum (LGM; ca. 20 kya). Lisiecki & Raymo (2005) produced one of 

the most widely used age models, termed the ‘LR04 stack’ (Figure 1.2) which 

denotes the mean of 57 globally distributed benthic δ18O records, representing 

global ice volume and deep-water temperatures, spanning 0 – 5.3 Ma (Ahn et 

al., 2017).   

 

Figure 1.2. The LR04 benthic δ18O stack from graphic correlation of 57 globally 

distributed benthic δ18O records of foraminifera by Lisiecki & Raymo (2005). 

The marine isotope stages are identified. 

Lisiecki and Raymo (2005; Figure 1.2) compiled benthic δ18O data that show 

extreme differences in foraminiferal oxygen isotope (δ18O ‰) values, which are 

identified as Marine Isotope Stages (MIS), or sometimes Oxygen Isotope 

Stages (OIS; Railsback et al., 2015; Lisiecki & Raymo, 2005). The production of 

orbital-scale age models across the Quaternary period is essential in the 

understanding of climatic changes throughout G-IG cycles (Asahi et al., 2016). 

Low δ18O (‰) values represent warm periods, denoted by an odd MIS, whereas 

even numbers represent colder, glacial, times. This occurs due to evaporation 

and precipitation; lighter isotopes (16O) evaporate from warm waters first, and 

the heavier isotopes (18O) precipitate first. Warm, or interglacial, climates 
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therefore have greater proportions of 18O in the ocean than during glacial 

events.  

The Quaternary period is subdivided into two distinct epochs, the Pleistocene, 

which began about 2.6 Ma ago and ended upon introduction to the Holocene, 

11.7 kya ago. The Pleistocene and Holocene epochs had an oscillating global 

climate, formed of stadials and interstadials, minor climate fluctuations that were 

punctuated with abrupt climatic changes known as Dansgaard-Oeschger (D-O) 

interstadial events (Lécuyer et al., 2021; Cooper et al., 2015). Some of the more 

abrupt climate events are well-defined in ice core records across both 

hemispheres and given in Table 1.2. The compilation of 104 high-resolution 

paleoclimate studies showed that both hemispheres had greater spatial 

heterogeneity than previously thought (Shakun & Carlson, 2010). The Younger 

Dryas (YD) of the Northern Hemisphere (NH) became cold and dry while the 

Southern Hemisphere became increasingly warm and wet (Shakun & Carlson, 

2010). Similarly, the Antarctic Cold Reversal (ACR) was out of phase with 

Bølling/Allerød of the NH and led to the redistribution of heat, owing to changes 

in current including the weakening of the Atlantic Meridional Overturning 

Circulation (AMOC; Shakun & Carlson, 2010; Liu et al., 2009). 

Table 1.2. Abrupt deglaciation events spanning the late Pleistocene across both 

hemispheres. 

Hemisphere Event Name Approximate Date (kya) 

Northern 

Oldest Dryas 18 – 14.7 

Bølling/Allerød (B/A) 14.7 – 12.9 

Younger Dryas (YD) 12.9 – 11.7 

Southern 
Antarctic Cold Reversal 

(ACR) 
15 – 13 
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The ice age peaked at the LGM which occurred approximately 20 kya ago, in 

MIS 2, when ice sheets covered large portions of the Earth and global mean 

surface air temperatures were approximately 6.1 °C (6.5 to 5.7 °C, 95% CI) 

cooler than today (Tierney et al., 2020). Following the deglaciation events listed 

in Table 1.2, the cooler temperatures of the Pleistocene were replaced by the 

relatively warm temperatures of the Holocene (MIS 1). 

Marcott et al. (2013) reconstructed climate across the Holocene using 73 

globally distributed records, finding that warming was not consistent across all 

latitudes. Extratropical Northern Hemisphere locations (30° – 90°N) contributed 

the greatest variance, with temperature decreases shown to be ca. 2 °C from 

7000 – 100 cal BP, whereas the extratropical Southern Hemisphere 

(30° – 90°S) cooled ca. 0.4 °C between 11,000 – 7000 cal BP and remained 

rather constant until 2500 cal BP, where multicentennial variability was strong 

(Marcott et al., 2013). Temperature increases were found to be much stronger 

at high latitudes, which can be attributed in part to the positive feedback 

mechanism of the land snow-cover albedo effect (Bernardi et al., 2018; Li et al., 

2017; Marcott et al., 2013; Kent et al., 2003; Rohling et al., 2012; Zachos et al., 

2006). 

1.3.1 Arctic Responses to a Changing Climate 

Snow cover has a substantial influence on the land surface albedo, but in the 

Arctic sea-ice albedo also forms a positive feedback mechanism that can have 

irreversible consequences on both a global and more regional scale. The 

present-day Arctic and sub-Arctic regions harbour a large quantity of organic 

carbon in both peatlands and the frozen soils (permafrost; Hugelius et al., 2020; 

Swindles et al., 2015). Permafrost is defined as any substrate remaining below 
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0 °C for more than two consecutive years (Douglas et al., 2014). Increased 

atmospheric temperatures lead to increased microbial activity that could rapidly 

convert the 1700 Gt carbon predicted to be locked up in permafrost into GHGs, 

including CO2 and CH4, which return to the atmosphere over short timescales 

(Friedlingstein et al., 2020; Castro et al., 2010; Vonk and Gustafsson, 2013; 

Gruber et al., 2004). Climate models suggest that permafrost regions could 

transition from atmospheric sinks of organic carbon to a net carbon source 

following a mass permafrost thaw (Gorham, 1991; Yu et al., 2010). This 

feedback mechanism further accelerates climatic warming, however the rates 

and magnitudes, of the resultant temperature increase, remain relatively 

unknown (Schuur et al., 2015; Voigt et al., 2019). 

A large-scale permafrost thaw, and subsequent GHG release, has only recently 

been modelled with confidence, with Canadell et al. (2021; Figure 1.3) stating 

future thaw would contribute to additional warming, but that a ‘runaway 

warming’ situation would not be triggered. One of the biggest challenges 

currently faced by climate researchers is the effect of a permafrost thaw, as this 

has not fully been incorporated into climate models, with the International Panel 

on Climate Change (IPCC; 2007) failing to consider future permafrost thaw.  
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Figure 1.3. Quantity of carbon stored in Arctic permafrost, up to 3 m in depth 

(left) and the areas of permafrost most vulnerable to abrupt thaw (right). Figure 

taken from Canadell et al. (2021). 

A thawing permafrost would not only have an adverse effect on global climate, 

but on a more localised scale it would have a critical effect on infrastructure, the 

use of natural resource and the sustainable development of communities in the 

Arctic (Gautier et al., 2009; Hjort et al., 2018; Larsen et al., 2014; Melvin et al., 

2017). Abrupt permafrost thawing occurs in ice-rich peatlands, leading to 

ground collapse and thermokarst followed by the large release of CH4 (Hugelius 

et al., 2020). Hjort et al. (2018) predict that approximately three quarters of 

people living in the NH permafrost area could be affected by damaged 

infrastruture caused by permafrost thaw by 2050.  

Therefore, research into Quaternary climates is increasingly important due to 

the concerns about future climatic changes and the impact human activity has 

upon them. The effect increasing temperatures will have on a global scale, or at 

a more localised level where infrastructure, land and sea ice are critical to Arctic 
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communities, including the indigenous populations is yet to be fully explored 

and understood.  

The Arctic is the fastest changing region on the planet (Thomas et al., 2022). 

The Arctic Ocean is characterised by large variability in sea ice extent over 

seasonal timescales, with paleoceanographic reconstructions also showing 

massive fluctuations across millennial timescales, from permanent ice-cover to 

nearly ice-free conditions. Accelerated sea-ice loss, increased permafrost thaw 

and large temperature warmings have already impacted marine, freshwater and 

terrestrial sociological-ecological systems in the northern high-latitudes. 

Continued environmental changes will affect the biological and biogeochemical 

processes that occur, leading to losses of biodiversity and increased invasions 

of species, adapted to the warmer waters of lower latitudes (Agustí et al., 2010). 

Many Arctic coastal communities and facilities will be exposed to more extreme 

weather events and storms, increasing coastal erosion and the flooding of 

coastal wetlands (Corell, 2006). Thawing grounds will disrupt transportation, 

buildings and other infrastructure that local communities rely on. Indigenous 

peoples rely on hunting and gathering, not only for food and economic 

purposes, but as a basis for their cultural and social identities (Corell, 2006).  

1.3.2 Bering Sea  

The Bering Sea is the northernmost marginal sea of the Pacific Ocean, 

bordered on the north and west by Russia and on the east by Alaska, with the 

Aleutian Islands located to the south (Stabeno et al., 1999). The continental 

shelves in the east create average water depths of around 200 m, whereas the 

deep-water basins in the west, including Bowers Ridge and the Aleutian Basin, 

have depths greater than 3500 m. The Bering Sea is characterised by the 
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extreme differences in water depth profiles caused by seasonal sea ice cycles 

and upwelling along the continental margin, producing a ‘green belt’ region high 

in nutrients and primary biological productivity. 

The modern Bering Sea is connected to the Pacific Ocean by straits and passes 

(Figure 1.4). Surface water circulation within the basin forms an anti-clockwise 

cyclonic gyre, with the southerly Kamchatka Current feeding into the Pacific 

Ocean, and The Alaskan Stream flowing northward through the Aleutian Islands 

(Chen et al., 2014). Surface circulation maintains the salinity and temperature 

distributions across the Bering Sea; warm salty water enters the basin from the 

Northern Pacific, where colder freshwaters are exchanged (Johnson & Stabeno, 

2017). The cold fresh waters also flow into the Arctic through the Bering Strait 

(Woodgate et al., 2012). Deep water mixing occurs mostly across the Aleutian 

Islands, with most of the water exchange occurring in the eastern Bering Sea at 

the Unimak Pass. 
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Figure 1.4. Topography and surface water circulation of the Bering Sea (from 

Stabeno et al., 1999). The Alaskan Stream, Kamchatka Current, Bering Slope 

Current and the Aleutian North Slope Current are indicated (from Takahashi et 

al., 2011). Figure adapted from Chen et al. (2014). 

Acting as a gateway between the Pacific and Arctic Oceans, the Bering Sea 

and the Bering Strait have received significant attention for studies involved in 

the understanding of global climate changes of the present and past (Kender et 

al., 2018; Takahashi et al., 2002). Turbulent eddies extend to depths of 

approximately 300 m off the Bering Sea Shelf, forming part of the Bering Slope 

Current (BSC), causing upwelling of North Pacific Deep Water (NPDW), which 

contains some of the highest nutrient concentrations across the marine 

environment (Worne et al., 2019; Stabeno et al., 1999). Ecosystem dynamics 

within the Arctic rely on light and nutrients, including iron. Primary producers in 

both the sea ice and the underlying ocean require light for growth (Michel et al., 

1988; Castellani et al., 2022), while warming events, and subsequent ice loss, 
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will affect the radiative balance of polar waters, affecting their thermal and light 

environments. 

1.3.3 Bering Strait Closure  

The region surrounding the Bering Sea differs significantly between the LGM 

and present day, by means of surface currents and sea ice extent (Detlef, 

2018). The periodic opening and closing of the Bering Strait, due to the rising 

and lowering of sea level, through G-IG times, disrupts the Northern Pacific-

Atlantic connection, which may have significant implications on global climate 

(De Boer & Nof, 2004; März et al., 2013). The opening or closing of the Bering 

Strait affects water exchange between the Pacific and North Atlantic, via the 

Arctic Ocean, leading to global scale oceanic circulation changes involving the 

AMOC and the Thermohaline Circulation (Hu et al., 2015). The AMOC carries 

warm and saline upper ocean waters northwards, where the heat is released to 

the atmosphere, and the resultant dense cold-water sinks and recirculates 

southwards as the North Atlantic Deep Water (NADW). The collapse of the 

AMOC can lead to the reversal of water movement through the Bering Strait, 

instead of transporting Pacific waters into the Atlantic, North Atlantic water is 

instead transported to the Northern Pacific, resulting in changes to circulation 

(Hu et al., 2015).  
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1.4 Glycerol Dialkyl Glycerol Tetraethers (GDGTs) in 

Sediments as Proxies for Climate Change 

Many microorganisms have a series of environmental conditions, such as 

temperature and oxygen concentrations, that must be within a narrow range to 

allow the species to thrive. In some cases, these organisms produce, or alter 

the ratio of, organic compounds to adapt to these specific conditions. Following 

deposition and degradation over numerous years, compounds have been 

identified and used as an indicator for one or more environmental parameter for 

the time of deposition, termed biological markers, or biomarkers (Hebting et al., 

2006; Rampen, 2009; Sinninghe Damsté & De Leeuw, 1990). The presence, 

ratio or concentration of biomarkers can therefore identify or indicate a climatic 

or environmental variable present at the time of deposition. GDGTs are one 

type of compound known to be molecular biomarkers, initially proposed by 

Schouten et al. (2002) as a proxy for sea surface temperatures (SSTs).  

The analysis of intact core lipids, without the need for an ether cleavage to 

release the carbon chains, was made possible through the development of 

HPLC-MS (Hopmans et al., 2000; Hopmans et al., 2016). This allowed for the 

discovery of new GDGTs and the development of proxies relating to 

temperature including the TetraEther indeX of tetraethers consisting of 86 

carbon atoms (TEX86; Schouten et al., 2002) and the qualitative measure of soil, 

or terrestrial, OM (%OMsoil) in marine sediments via the branched/isoprenoid 

tetraether (BIT) index (Hopmans et al., 2004).  

The development of the SST proxy TEX86 first detailed by Schouten et al. 

(2002) using marine sediments and advances in HPLC-MS methodology 

(Hopmans et al., 2000) allowed Powers et al. (2004) to investigate GDGT 
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populations in lacustrine systems. They demonstrated that GDGTs were not 

limited to the marine environment, resulting in terrestrial and continental use of 

GDGTs as paleoclimate proxies. 

1.4.1 Source and Structure of GDGTs  

GDGTs are among the most abundant and ubiquitous lipids found on Earth 

(Schouten et al., 2013) and derive from both archaea and bacteria. The 

structure of GDGTs synthesised in nature differ depending on their source, with 

bacteria producing lipids with levorotary configurations of sn-1,2-glycerol, 

whereas archaeal diethers have sn-2,3-glycerol stereochemistry (Pancost et al., 

2001). Although the pathways in which they are produced and the enzymes 

involved are still under debate (Zeng et al., 2022).  

Archaea are one of the three main domains of life, along with bacteria and 

eukarya (Woese & Fox, 1977). Prior to their recognition as a novel phylogenetic 

group, it was believed that archaea belonged to one of three groups, 

thermophiles, halophiles, or methanogens relating to the extreme environment 

in which they were found (Brock, 1978; Woese, 1987). An additional subgroup 

of archaea was later identified, from non-thermophilic conditions, termed 

Crenarchaeota, found in marine and lacustrine environments (Hopmans et al., 

2000; Schouten et al., 2002).  

The subgroups of Archaea have since been reclassified, with taxonomists 

dividing them between five phyla: Crenarchaeota, Euryarchaeota, 

Korarchaeota, Nanoarchaeota and Thaumarchaeota (Spang et al., 2013). 

These have been found to have phylogenetic differences in membrane lipids 

when compared to bacteria or eukaryotes. Bacterial membranes are generally 

formed from straight-chain fatty acids ester-bound to glycerol arranged into a 
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bilayer (Huguet et al., 2006a), while Archaea synthesise bilayer membranes 

(archaeol) that consist of isoprenoid alkyl chains ether-bound to glycerol, or are 

monolayer membranes formed from GDGTs (Schouten et al., 2013; Zeng et al., 

2022).  

The ubiquitous Crenarchaeota phylum synthesise isoprenoid GDGTs 

(isoGDGTs; Figure 1.5) like those of their extremophilic ancestors. 

Thaumarchaeota also synthesise the structurally divergent crenarchaeol and its 

regioisomer (a structurally similar molecule, but a functional group has moved 

position), thought to be an adaptation to cold temperature environments and 

introduces seasonal variability (Schouten et al., 2000; Sinninghe Damsté et al., 

2002; Huguet et al., 2006a; van Bree et al., 2020). The presence of 

crenarchaeol was proposed to be taxonomically significant and unique to the 

non-thermophilic archaea (Sinninghe Damsté et al., 2002), however this has 

since been disproven following the discovery of crenarchaeol in hot springs 

(Schouten et al., 2007) as well as from cultivated Thaumarchaeota, where it 

was found to be one of the more dominant GDGTs (de la Torre et al., 2008; 

Pitcher et al., 2010). Crenarchaeol presence is now attributed to ammonia 

oxidising Thaumarchaeota (de la Torre et al. 2008; Pitcher et al., 2010; Yang et 

al., 2021).  
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Figure 1.5. Isoprenoid glycerol dialkyl glycerol tetraether (isoGDGT) structures 

GDGT-0 to GDGT-3, and crenarchaeol. 

Whilst isoGDGTs occur ubiquitously in marine water columns (Blaga et al. 

2009; Guo et al., 2021), sediments (Schouten et al., 2013; Gies et al., 2021) 

and lakes (Loomis et al., 2011; Shanahan et al., 2013), branched GDGTs 

(brGDGTs) are specific to soils and peatlands (Sinninghe Damsté et al., 2002, 

Schouten et al., 2013; Naafs et al., 2018). However, brGDGTs are not limited to 

terrestrial environments, and often found in coastal marine sediments as they 

are also produced in the water column (van Bree et al., 2020; Peterse et al., 

2009). Fluvial transport of terrestrial soil OM also contributes to marine brGDGT 

abundance, is some shelf systems (Hopmans et al., 2004; Schouten et al., 

2013; Sparkes et al,, 2015). Weijers et al. (2006a) showed that the membrane 

GDGT-0 

GDGT-1 

GDGT-2 

GDGT-3 

Crenarchaeol 
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spanning brGDGTs are exclusively of a bacterial origin. The stereochemistry of 

the glycerol moiety was found to be the inverse to those within archaeal 

isoGDGTs (Weijers et al., 2006a), with this stereochemistry being fundamental 

in the evolutionary differences between the Bacteria and Archaea kingdoms 

(Koga et al. 1998; Schouten et al., 2013).   

1.4.2 GDGTs as Proxies in the Marine Environment  

Marine sediments are one of the most expansive and critical carbon stores on 

the planet, where it is estimated 2322 Pg C is stored in the top 1 m of the 

benthos, with the sediments and oceans playing a vital role in global climate 

regulation (Atwood et al., 2020; Barber et al., 2017). Useful geochemical 

proxies and biomarkers can be found within these sediments. A number of SST 

proxies were already established and used in organic geochemical 

investigations before the conception and development of TEX86, including the 

Mg/Ca and δ18O ratios of planktonic foraminifera or the alkenone unsaturation 

indices (Unsaturated Ketones with 37 carbon atoms; U37 
K

and 

U37 
K'

; Equations 1.1 and 1.2) developed by Brassell et al. (1986) and Prahl & 

Wakeham (1987), respectively. The alkenone unsaturation index ratio produced 

is commonly converted to SST using the calibration of Müller et al. (1998; 

Equation 1.3), where T = SST in °C, though other equations have been used 

(Conte et al., 2006; Prahl et al., 1988; Sonzogni et al., 1997). 

U37
K

 = 
C37:2 - C37:4

C37:2 + C37:3 + C37:4
       (Eq. 1.1) 

U37
K'

 = 
C37:2

C37:2 + C37:3
        (Eq. 1.2) 

U37
K'  = 0.033T + 0.044  (r2 = 0.958, n = not defined)  (Eq. 1.3) 
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Alkenones in sediments were found to be structurally identical to those 

biosynthesised by a limited group of phytoplankton, haptophyte algae, a 

dominant primary producer in the modern oceans (Volkman et al., 1980). Unlike 

isoGDGTs in archaeal membranes, the degree of unsaturation increases with 

decreased temperatures. Alkenones have been used as a proxy for 

palaeoceanographic records spanning millions of years (Wang et al., 2021; 

Zhang et al., 2013), yet the low relative concentrations of C37:2 and C37:3 at high 

latitudes, and the significant bias towards warmer temperatures (Wang et al., 

2021) leads to errors in SST reconstructions. Similarly, the anomalously high 

relative distribution of the tetra-unsaturated C37 methyl alkenone (%C37:4) at 

high latitudes makes any SST produced unreliable, alternative SST proxies are 

therefore applied in those latitudes (Rosell-Melé, 1998; Wang et al., 2021). The 

degree of uncertainty relating to existing SST models led Schouten et al. (2002) 

to investigate the known link between isoprenoid lipid membrane compositions 

within plankton to the growth temperatures.  

1.4.3 Introduction of the TEX86 Proxy 

Schouten et al. (2002) originally analysed 40 surface sediments across 15 

locations worldwide, from a variety of environments across upwelling and non-

upwelling areas. The annual temperatures ranged between 2 and 27 °C with 

water depths extending between 10 and 30 m in the Wadden Sea, to greater 

than 2000 m of the Black Sea. It was identified that the composition of 

isoGDGTs in colder climates was different to those in warmer ones; in colder 

climates such as Halley Bay, Antarctica, GDGT-0 (Figure 1.5) dominated 

followed by crenarchaeol, whereas distributions from warmer areas, such as the 

Arabian Sea, were dominated by crenarchaeol and had relatively higher 

distributions of GDGTs 1-3. A regioisomer for crenarchaeol was also identified, 
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termed herein as cren’, though the structure is still debated. This aligned with 

the belief that the average number of cyclopentane rings increased with the 

mean local temperature, while simultaneously explaining why crenarchaeota 

can thrive across broad temperature ranges, i.e. between 0 and 30 °C 

(Schouten et al., 2002). 

The relationship between temperature and number of cyclopentane rings was 

obtained using the TEX86 index (Equations 1.4 and 1.5), which Schouten et al. 

(2002) defined as: 

TEX86 = 
[GDGT-2]+[GDGT-3]+[cren']

[GDGT-1]+[GDGT-2]+[GDGT-3]+[cren']
    (Eq. 1.4) 

Greatest linearity was discovered with mean annual SST (r2 = 0.92, n = 44) as 

opposed to mean temperature at 100 m depth (r2 = 0.86), correlating the TEX86 

ratio with temperature was therefore defined as:  

TEX86 = 0.015T + 0.28  (r2 = 0.92, n = 44)    (Eq. 1.5) 

Where T = annual mean SST (°C).  

Schouten et al. (2002) rationalised the increased linearity through consideration 

of lipid source, where GDGT-0 is produced, not only by the targeted planktonic 

non-thermophilic crenarchaeota, but also in methanogenic archaea which 

skewed the signal at deeper depths (Schouten et al., 2000; 2002). 

Methanogens found in anoxic sediments or micro niches, including the water 

column or fish guts (DeLong, 2021; Reeburgh, 2007), do not synthesise the 

crenarchaeol isomer but do increase the total GDGT numbers in marine 

sediments (Schouten et al., 2002). 

Temperature was not the only environmental factor that was different across the 

core-top sampling locations used to develop the TEX86 index. Salinity between 
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sites also varied. Other works have looked into GDGT distributions with salinity 

(Dawson et al., 2012; Elling et al., 2015; Wied, 2017), or oxygen (Qin et al., 

2015), producing mixed outputs. Dawson et al. (2012) and Wied (2017) both 

found changes in membrane lipid composition with salinity differences, where 

Dawson et al. (2012) described a relative increase in non-cyclic structures. 

However, Elling et al. (2015) found no systematic influence of salinity on lipid 

composition. Therefore, more research is likely needed to fully understand the 

effect environmental conditions other than temperature may have on the TEX86 

index.  

The concentrations of GDGT-1, GDGT-2 and GDGT-3 were found to be 

decreased in low temperature regions compared to GDGT-0 and crenarchaeol 

(Schouten et al., 2002), leading Kim et al. (2008) to conduct a study using a 

wider number of core-top sediments. The TEX86 index was once again found to 

be strongly correlated with annual mean temperature. For SSTs between 5 and 

30 °C, TEX86 was linearly correlated using Equation 1.6.  

SST = 56.2 × TEX86 − 10.8  (r2 = 0.935, n = 223)  (Eq. 1.6) 

But the linearity was found to not be as strong at temperatures < 5 °C, leading 

Liu et al. (2009) to propose a non-linear calibration for TEX86. Kim et al. (2010) 

expanded the core-top study previously conducted, focusing on subpolar and 

polar waters. As there was no evidence that cren’ was produced within 

membranes of marine crenarchaeota as an adaptation to cooler temperatures, it 

was removed from the TEX86 ratio due to poor correlation. The reverse was true 

for subtropical and tropical waters, leading to the production of two distinct 

TEX86 indices (Kim et al., 2015). One for low temperature regions, between -3 

and 30 °C, termed TEX86
L

, which does not include cren’, (Equations 1.7 and 
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1.8), and a separate equation correlated with greenhouse periods, with 

temperatures >15 °C, TEX86
H

 (Equations 1.9 and 1.10; Kim et al., 2010; Kim et 

al., 2015). 

TEX86
L

 =  log
([GDGT-2])

([GDGT-1])+([GDGT-2])+([GDGT-3])
    (Eq. 1.7) 

SST = 67.5 × TEX86
L

 + 46.9 (r2 = 0.86, n = 393)   (Eq. 1.8) 

TEX86
H

 =  log
([GDGT-2]) + ([GDGT-3]) + ([cren'])

([GDGT-1])+([GDGT-2])+([GDGT-3])+ ([cren'])
  (Eq. 1.9) 

SST = 56.3 × TEX86
H

 + 30.2 (r2 = 0.94, n = 45)   (Eq. 1.10) 

TEX86 is calibrated to represent the mean annual SST, yet within high-latitude 

seas the production is said to be highly seasonal (Park et al., 2019). Production 

peaks during the spring-summer months, where seasonal temperatures 

increase and sunlight hours are longer, increasing organic matter contribution 

within the sediment. SST reconstruction from the literature show that TEX86 

calibrations are not improved reconstructing seasonal temperatures over annual 

ones (Kim et al., 2010; Tierney and Tingley, 2014). Modern observations 

indicate homogenisation of the seasonal cycles occur within deep marine 

waters, meaning seasonality has a limited effect on sedimentary TEX86 values 

(Richey and Tierney, 2016; Sluijs et al. 2020). 

Studies can conduct a multi-proxy approach, wherein multiple proxies for the 

same environmental parameter are assessed. To recreate SST, the TEX86 and 

U37
K'

 can often be simultaneously assessed (Morcillo-Montalbá et al., 2021; 

Lawrence et al., 2020; Huguet et al., 2006b; Turich et al., 2013) which generally 

produce results in which TEX86 temperatures fall below those produced using 

the U37
K'

 (McClymont et al., 2012). Kim et al. (2008) and Li et al. (2013) attribute 
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this to U37
K'

 representing the sea surface, while TEX86 reconstructs sub-surface 

temperatures from below the mixed layer, or at greater depths below the 

thermocline (>50m; McClymont et al., 2012).  

1.4.4 GDGTs in the Terrestrial Environment  

Non-isoprenoid GDGTs have also been identified and used as a proxy for 

terrestrial temperatures, initially found by Sinninghe Damsté et al. (2000) in peat 

and characterised by Schouten et al. (2000). Instead of being composed of 

isoprenoids, the GDGTs contained branched alkyl chains which are believed to 

be from a bacterial origin. The carbon isotope values indicated a heterotrophic 

bacterial source (Pancost et al. 2000; Weijers et al. 2006a; Oppermann et al. 

2010). 

Hopmans et al. (2004) found that brGDGTs were present in large quantities in 

peat samples. The absence of GDGT-0 led these workers to hypothesise that 

brGDGTs originated from a different source to that of isoGDGTs which 

corroborates the findings of Pancost et al. (2000) and later Weijers et al. 

(2006a) and Oppermann et al. (2010) that the source was heterotrophic 

bacteria. The presence of brGDGTs in soils, peats, marine and lake settings led 

Hopmans et al. (2004) to suggest the compounds could be used as a tracer for 

the transport of organic matter (OM) from peat and soils, with increased 

abundances found at near-shore locations. 

Attributing transport of terrestrial OM as the source of brGDGTs in water-based 

settings, and simultaneously observing that crenarchaeol dominates water 

column samples while being present in only minor amounts in peats, led 

Hopmans et al. (2004) to propose the Branched Isoprenoid Tetraether (BIT) 

index as a proxy for evaluating terrestrial OM contribution to oceanic settings. 
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The relative abundance of brGDGTs, representing terrestrial OM, and 

crenarchaeol, representing aquatic OM, gave rise to the BIT index, (Equation 

1.11; Hopmans et al., 2004), constituents represent structures, as shown in 

Figure 1.6.  

BIT = 
(Ia+IIa+IIIa)

(Ia+IIa+IIIa+cren)
       (Eq. 1.11) 

1.4.4.1 Branched GDGTs as a Proxy for pH and Temperature 

Weijers et al. (2007a) analysed the environmental conditions that affected 

bacterial tetraether membrane lipid distributions, using principal component 

analysis, finding that structural differences of the brGDGTs correlated with pH 

and temperature. 

A total of 134 soil samples from across 90 global locations were assessed for 

brGDGT membrane lipid composition (Weijers et al., 2007a). The 

chromatograms produced from analysis highlighted differences in distribution of 

the three most abundant brGDGT structures, brGDGT-Ia (Ia), brGDGT-IIa (IIa) 

and brGDGT-IIIa (IIIa), structurally identified by differences in structure, with 0,1 

or 2 additions of methyl chains on C-5 and C-5’ carbon chains, respectively 

(Weijers et al. 2007a; Peterse et al., 2012; Figure 1.6). The brGDGTs 

containing 1 or 2 cyclopentyl moieties (Ib – IIIb and Ic – IIIc; Figure 1.6) were 

found to be less abundant, with IIIb, IIc and IIIc not always above the detection 

limit.  
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Figure 1.6. The 5-methyl brGDGT structures. 

In general, Weijers et al. (2007a) found higher concentrations of brGDGTs in 

soils with a lower pH (<6). Two ratios were defined using PCA; the first, the 

methylation index of branched tetraethers (MBT), which represents the degree 
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of methylation at the C-5 and C-5’ positions (Weijers et al. 2007a; Equation 

1.12).  

MBT = 
[Ia + Ib + Ic]

[Ia+Ib+Ic]+[IIa+IIb+IIc] +[IIIa+IIIb+IIIc]
     (Eq. 1.12) 

Where a high MBT value represents a low degree of methylation, and a low 

value is a high degree of methylation at C-5 and C-5’.  

A cyclisation ratio, relative to the amount of cyclopentyl moieties in brGDGTs, 

was similarly defined (Weijers et al., 2007a; Equation 1.13), wherein higher 

values indicate high abundances of cyclopentyl moieties. Low abundances of 

IIIb, IIc and IIIc excluded the isomers from the ratio. 

Cyclisation ratio = 
[Ib]+[IIb]

[Ia]+[IIa]
      (Eq. 1.13) 

Plotting the cyclisation ratio against pH values of soils produced an exponential 

correlation (r2 = 0.70). In Crenarchaeota, isoGDGT membrane lipids increase 

the number of cyclopentyl moieties in increased temperature, yet no such 

relationship was found by Weijers et al. (2007a). Instead the MBT ratio, Eq. 

1.12, had a stronger correlation with mean annual temperature (MAT; r2 = 0.62), 

with higher degrees of methylation found in lower temperature soils. The annual 

MAT and soil pH together, when plotted in a three-dimensional scatter graph 

with the MBT index, produces a strong correlation (r2 = 0.82; Eq. 1.14). 

MBT = 0.867 – 0.096×pH + 0.021×MAT  (r2 = 0.82, n = 134) (Eq. 1.14) 

Microorganisms adapt the composition of their cell membranes depending on 

growth temperature. Archaea change the number of cyclopentyl moieties in 

their carbon chain, and bacteria change the chain length, and degree of 

saturation or branching of the fatty acid alkyl chains. Weijers et al. (2007a) 
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found brGDGT distributions with additional methyl branches, II and III isomers, 

to be dominant in Arctic sediments, suggesting that additional methyl groups, 

result in a loose packing structure, an adaptation to lower temperature 

environments.  

Combining the correlation between cyclisation with pH (Equation 1.13) and the 

correlation between MBT, pH and MAT (Eq. 1.14), led Weijers et al. (2007a) to 

produce the cyclisation ratio of branched tetraethers (CBT; Equation 1.15). 

CBT = - log (
([brGDGT Ib])+([brGDGT-IIb])

([brGDGT Ia])+([brGDGT IIa])
)    (Eq. 1.15) 

Plotting CBT with pH of the soil, produced the linear correlation in Equation 

1.16: 

CBT = 3.33 – 0.38×pH  (r2 = 0.70, n = 134)    (Eq. 1.16) 

Soil pH and annual MAT can be reconstructed using lipid distributions alone by 

the combination of Equations 1.14 and 1.16, which produces Equation 1.17 

(Weijers et al. 2007a): 

MBT = 0.122 + 0.187×CBT + 0.020×MAT (n = 114; r2 = 0.77) (Eq. 1.17) 

Following this brGDGT lipids have been shown to be reliable proxies for 

temperature in peats and surface soils (De Jonge et al., 2014, Naafs et al., 

2017a; Dearing Crampton-Flood et al., 2020; Peaple et al., 2022), due to the 

methylation of the membrane lipids adjusting in different temperatures (Naafs et 

al., 2021; Peaple et al., 2022). Expanding the original core-top investigation by 

Weijers et al. (2007a), Peterse et al. (2012) also found that IIIb and IIIc were 

often absent from soils and represented <1% of the total abundance of 

brGDGTs when present. The MBT index was adjusted to not include these 

isomers (Equation 1.18; Table 1.3). De Jonge et al. (2013) identified further 
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brGDGT structures, 6-methyl brGDGTs, Figure 1.7, expanding the proxies able 

to be used for peat and soils alongside the development of chromatographic 

separation techniques (Hopmans et al., 2016). De Jonge et al. (2014) 

successfully separated and quantified 6-methyl isomer brGDGTs, which 

previously co-eluted with their 5-methyl counterparts, these structures are 

denoted as IIa’, IIb’, IIc’, IIIa’, IIIb’ and IIIc’ and shown in Figure 1.7. Previous 

indices produced by Weijers et al. (2007a) include both 5-methyl and 6-methyl 

species, as at the time of creation it was assumed that the chromatographic 

peaks consisted of only one isomer. Table 1.3 shows the indices commonly 

used following brGDGT analysis today. 
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Table 1.3. Formulae using and brGDGT ratios for fractional abundances, adapted 

from Dugerdil et al. (2020). 

Index / 
Equation 
No. 

Formula 
Proxy 
Purpose 

Reference(s) 

BIT 

(Eq. 1.11) † 
= 

Ia+IIa+IIa'+IIIa+IIIa'

Ia+IIa+IIa'+IIIa+IIIa'+crenarchaeol
 OM 

Hopmans et al. 
(2004) 

De Jonge et al. 
(2015) 

MBT 
(Eq. 1.12) 

=
Ia+Ib+Ic

∑ brGDGTs
 

Temperature, 
Precipitation, 
pH 

Weijers et al. 
(2007a) 

Huguet et al. 
(2013) 

MBT’ 

(Eq. 1.18) 
=

Ia+Ib+Ic

Ia+Ib+Ic +IIa+IIa'+IIb+IIb
'
+IIc+IIc'+IIIa+IIIa'

 
Temperature, 
Precipitation 

Peterse et al. 
(2012) 

MBT’5Me 

(Eq. 1.19) 
=

Ia+Ib+Ic

Ia+Ib+Ic+IIa+IIb+IIc+IIIa
 

Temperature, 
Precipitation 

De Jonge et al. 
(2014) 

CBT 
(Eq. 1.15) † 

=- log (
Ib+IIb+IIb'

Ia+IIa+IIa'
) pH 

Weijers et al. 
(2007a) 

CBT’ 

(Eq. 1.20) 
= log (

Ic+IIa'+IIb
'
+IIc'+IIIa'+IIIb

'
+IIIc'

Ia+IIa+IIIa
) pH 

De Jonge et al. 
(2014) 

† - Equation is the same as in text, but with 5-methyl and 6-methyl isomers explicitly stated. 
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Figure 1.7. The 6-methyl brGDGT structures. 

1.4.5 GDGT origin indicators  

The ratio of isoGDGTs, brGDGTs and crenarchaeol compounds have 

previously been plotted on a ternary diagram (Schouten et al., 2013; Figure 

1.8.), and generally can be used to distinguish the environment in which they 

derived. Ternary plots outline the differences in GDGT distributions across 

different environments, with marine environments having high crenarchaeol and 

GDGT-0 concentrations and relatively low brGDGTs abundances. Soils, in 

contrast, contain a high abundance of brGDGTs with small contributions of 

GDGT-0 and crenarchaeol. Coastal marine and lacustrine environments show 

great variability, with all three components varying in abundance due to the 
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balance between the aquatic production of archaeal GDGTs, from 

Thaumarchaeota and methanogenic Euryarchaeota, and the terrestrial-derived 

contribution in soils, sediments or the water column.  

 

Figure 1.8. Ternary diagram from Schouten et al. (2013) revealing distribution 

of GDGT-0, crenarchaeol and the sum of branched GDGTs from modern 

environments using data from Blaga et al. (2009), Kim et al. (2010), Herfort et 

al. (2007), Hopmans et al. (2004) and Weijers et al. (2006b). 

The relative abundances of brGDGTs, GDGT-0 and crenarchaeol indicate a 

broad environment, but utilising the relative abundances of each of the 

isoGDGT molecules can evidence their origin, with methanogenic and 

methanotrophic Euyarchaeota contribution determined through calculation of 

the methane index (MI; Equation 1.21; Sluijs et al., 2020; Pancost et al., 2001; 

Zhang et al., 2011).  

MI = 
[GDGT-1]+[GDGT-2]+[GDGT-3]

[GDGT-1]+[GDGT-2]+[GDGT-3]+[cren]+[cren']
    (Eq. 1.21) 
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A significant contribution of anaerobic methanotrophy is concluded when MI 

values are greater than 0.5, with these values also giving rise to unreliable 

TEX86 values, and this inaccurate SSTs. (Sluijs et al., 2020). Therefore, values 

should be calculated to assess the validity of TEX86-derived SSTs.  

Other indicators of methanogenic archaea include the GDGT-0/crenarchaeol 

ratio (Equation 1.22) where Blaga et al. (2009) describe significant contributions 

producing values greater than 2.  

GDGT-0/Cren = 
[GDGT-0]

[crenarchaeol]
      (Eq. 1.22) 

These high values are rare within open marine environments (Inglis et al., 2015; 

Zhang et al., 2016). Sinninghe Damsté et al. (2012) proposed an additional 

indicator, %GDGT-0 (Equation 1.23) for methanogenic archaea contributions, 

with values greater than 67% indicating high methanogenic archaeal origin. All 

three methanogenic contribution indicators can be strongly influenced 

differences in crenarchaeol abundance. 

%GDGT-0 = 
[GDGT-0]

[GDGT-0] + [crenarchaeol]
 × 100    (Eq. 1.23) 

The main source of isoGDGTs within the marine environment are from the 

ammonium oxidising Thaumarchaeota (Besseling et al., 2020), which occur 

within the water column (Pitcher et al., 2011). Deeper contributions of 

isoGDGTs have also been inferred from 14C analysis (Shah et al., 2008; Sluijs 

et al., 2020) in the thermocline and from deep-dwelling archaea (Taylor et al., 

2013). The deep contributions are tracked using a GDGT-2 / GDGT-3 ratio 

(Equation 1.24; Sluijs et al., 2020), with values greater than 5 indicating large 

contributions from deep water archaea. 
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GDGT-2/GDGT-3 ratio = 
[GDGT-2]

[GDGT-3]
      (Eq. 1.24) 

1.4.5.1 Ring Index 

The isoGDGTs produced at higher SSTs contain a greater number of cyclic 

groups than those produced in low SSTs. Another temperature-sensitive 

measure using isoGDGTs is the ring index (RI; Equation 1.25), which 

demonstrates the weighted number of cyclopentane rings within isoGDGTs 0-3, 

crenarchaeol and cren’ (Zhang et al., 2016).  

RI = 0 ×[%GDGT-0] + 1×[%GDGT-1] + 2×[%GDGT-2]+ 3×[%GDGT-3]  

+ 4×[%crenarchaeol + %cren’]       (Eq. 1.25) 

The abundance of GDGT-0 is not explicitly used within the calculation, yet the 

GDGT-0 abundance is needed to determine the proportion of each isoGDGT 

used within the calculation. The RI has been found to correlate strongly with 

other GDGT-derived values, including the GDGT-0/crenarchaeol ratio (r2 = 

0.996, n =531; Zhang et al., 2016), where high GDGT-0 abundances produce 

lower RI values. The relationship between TEX86 and RI can be exploited to 

check for irregularities in distributions of lipids, leading to the inference of 

isoGDGTs produced by terrestrial, methanogenic or methanotrophic sources 

(Sluijs et al., 2020).  

Global datasets (Ho et al., 2011; 2014; Kim et al., 2010) combined by Zhang et 

al. (2016) showed the strong correlation between RI and GDGT-0/cren ratios (r2 

= 0.996, n = 531). Low RI values correspond to high GDGT-0/crenarchaeol 

ratios. The RI also correlates with other parameters, including TEX86, SST and 

RITEX, a quadratic regression formed from Zhang et al. (2016; Equation 1.26): 
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RITEX = -0.77×TEX86 + 3.32× (TEX86)2 + 1.59  

(r2 = 0.87; n = 531; 2𝜎 uncertainty = ±0.30)    (Eq. 1.26) 

The residual of a samples ring index (|ΔRI) can be used as an indicator of non-

temperature influences on the GDGT distributions if values exceed 0.3 (Zhang 

et al., 2016; Dauner et al., 2021). Although specific links with biological sources 

are less clearly defined (Dauner et al., 2021). 

|ΔRI| = RITEX − RI       (Eq. 1.27) 

1.5 Method development for GDGT analysis 

Through the development of HPLC-MS analytical methods the ability to analyse 

GDGT distributions has expanded allowing for the continued development of 

proxies (Hopmans et al., 2000; 2016). With increased separation of eluents 

produced by HPLC, additional isomers and novel structures have been 

determined, allowing for the incorporation of the new structures into existing 

proxies or used in the development of new ones. Method development has not 

only occurred for the analytical aspects of analysis, but the extraction procedure 

also varies between different laboratories.  

1.5.1 Extraction and analysis methodology within GDGT-based 

literature 

The method of extraction of GDGTs from peat deposits, soils and sediments 

has not been standardised. Table A1, updated from Foster (2015), shows the 

compilation of 30 extraction methods from published works dated since the 

original paper by Hopmans et al. (2000) to 2022. Samples are almost 

universally freeze-dried, and often homogenised prior to extraction, but 

extraction and analytical methodologies vary between studies. 
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Initially workers (Hopmans et al., 2000; Schouten et al. 2002) used ultrasonic 

extraction methods in two stages, using a mixture of dichloromethane and 

methanol (DCM:MeOH, 1:1) followed by the less polar DCM. Later the use of 

Soxhlet extraction (SE; Sinninghe Damsté et al. 2002; Powers et al. 2005; 

Vickers et al. 2020) and accelerated solvent extraction (ASE; Weijers et al. 

2007a; Blaga et al. 2009; Lawrence et al. 2020; Peaple et al. 2022) overtook 

ultrasonic extraction as preferred methods. Pearson et al. (2011) and Foster 

(2015) used microwave assisted extraction (MAE), highlighting the ability to 

extract many samples at once, with less solvent than with Soxhlet or ultrasonic 

extraction methods.  

Kornilova & Rosell-Melé (2003) investigated the application of MAE in 

biomarker studies, comparing the method to ultrasonic extraction, the preferred 

extraction method at the time. For high-resolution paleoclimate reconstructions 

large numbers of samples need to be extracted, often with little sample material 

(ca. 1 g). Ultrasonic extractions were relatively inexpensive, but required 

multiple extractions to produce a good recovery, making it a time-consuming 

extraction method. SE often requires large amounts of sediments (Vickers et al. 

2020), which is impractical in high-resolution studies. ASE and MAE methods 

are both less time consuming and utilise much smaller volumes of solvent, 

though commercial ASE systems are expensive (Kornilova & Rosell-Melé, 

2003). Microwave methods allow multiple simultaneous extractions, using much 

smaller quantities of sample and solvent, leading Kornilova & Rosell-Melé 

(2003) to find it a viable extraction method. Huguet et al. (2010) found ASE, and 

thus MAE, methods result in inconsistent yields and advised the use of 

ultrasonic or SE methods. Time constraints may influence the extraction method 

chosen. The Soxhlet extracts completed by Huguet et al. (2010) took place over 
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72 h, whereas multiple samples can be extracted in under 10 minutes using 

MAE. Different research groups appear to favour different procedures, likely 

due to available equipment and funding, or time constraints (Foster, 2015). 

GDGTs are insufficiently volatile for analysis by gas chromatography (GC) 

methods (Schouten et al., 2013), and are instead detected and measured 

almost solely by LC-MS techniques, due to the initial method development of 

Hopmans et al. (2000) and subsequent advances in separation by Hopmans et 

al. (2016). There is little dispute over the analytical technique used to 

investigate isoGDGT and brGDGT abundances for use in biogeochemistry and 

paleothermometry. Analysis involves HPLC, typically coupled via atmospheric 

pressure chemical ionisation to mass spectrometric detection and often in 

selected ion-monitoring mode (SIM; HPLC-APCI-MS; Hopmans et al., 2000; 

Lengger et al., 2018).  

Many workers, including Schouten et al. (2000; 2002), Powers et al. (2004; 

2005), Weijers et al. (2007a), Pearson et al. (2011), Woltering et al. (2014), 

Ruan et al. (2017), Dugerdil et al. (2020) and Peaple et al. (2022), have used 

LC-MS for the analysis of GDGT membrane lipids, usually following methods 

developed by Hopmans et al. (2000; 2016). This approach relies on signal 

intensities of protonated molecules, [M+H]+, relative to an internal standard 

(Lengger et al. 2018), though there are very few authentic standards for 

external calibrations. Huguet et al. (2006a) found that a synthesised C46 GDGT 

added to extracts could be used as an internal standard, as it eluted in the 

same fraction as the GDGTs, and independently from target compounds. An 

internal standard has been used in many studies (Tierney & Russel, 2009; 

Bechtel et al. 2010; Loomis et al. 2012; Lei et al. 2016; Ruan et al. 2017; 

Dearing Crampton-Flood et al. 2020) though it is not readily available, instead 
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reference materials are utilised. Quantification of GDGTs is not typically needed 

within current proxy calibrations, as it is the ratio of different GDGT structures 

that is measured, but the repeatability of samples should be assessed and 

achieved through replicates.  

1.6 Study rationale  

The reconstruction of past environments aids in the production of climate models 

which predict how the Earth will respond to future climatic changes (Masson-

Delmotte et al., 2013). Paleoclimate reconstructions provide a deeper 

understanding of natural climate variability and the impact external forcings, like 

human activity, have on global and regional scales. Systematic global 

observational networks of climate were only available from the middle of the 19th 

century (Zhang et al., 2022; Chrisiansen & Ljungqvist, 2016), and therefore do not 

encapsulate the broad range of climate changes that previously occurred on Earth. 

Consequently, to understand a broader range of environmental and climatic 

variables, indirect measurements are reconstructed using proxy records (Zhang et 

al., 2022). Temperature-sensitive proxy records typically are found in biological and 

geological archives including tree rings, ice cores, marine and terrestrial sediments 

(Chrisiansen & Ljungqvist, 2016). By reconstructing past temperatures, 

comparisons between the current global warming event and historical temperature 

excursions can be made.  

The polar regions are more sensitive to climate change than the rest of the world, 

warming at almost twice the rate of the global average over recent decades 

(Casagrande et al., 2021; Smith et al., 2019). The Quaternary, the most recent 

period in Earth history, is defined by the quasi-periodic expansion and contraction 

of the NH ice sheets. Up until the Mid-Pleistocene Transition (MPT; ca. 1.25 – 0.7 
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Ma ago), G-IG cycles presented symmetrically, where glacial periods were 

approximately the same duration as the interglacial cycle, with less variation in sea 

ice volume over 41 kya periods. The MPT marked a change in frequency, to 100 

kya cycles, where slow glaciations were followed by rapid deglaciations, with 

greater extremes in sea ice volume depicted in benthic δ18O records (Detlif, 2018; 

Lisiecki & Raymo, 2005). Research involving reconstruction of climate across the 

Quaternary is vast, yet to date, limited temperature reconstructions have been 

completed within the sub-Arctic region, and fewer in this region across the latest G-

IG cycle, which encompasses the last glacial maximum (LGM), where glaciers 

were at their greatest extent (Clark et al., 2009). To better understand the 

mechanisms affecting ice retreat due to the current global warming event, a 

thorough knowledge of previous deglaciation events is essential (Wagner et al., 

2011). 

1.6.1 Research Aims and Objectives 

The main aim of this research project is to reconstruct SSTs in the Bering Sea 

by interpretation of the distribution of GDGTs extracted from marine sediments 

deposited off the Bering Sea shelf (BSS), proximal to the modern-day sea-ice 

edge, through the latest G-IG cycle, over a time period of approximately 160 

kya. 

The research objectives were: 

1. Complete a small method development study, where two extraction 

processes and two analytical methods will be compared. 

2. The extraction of GDGTs from sediments deposited in the Bering Sea 

across 160 kya. 

3. The use of HPLC-APCI-MS to identify and quantify GDGTs. 
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4. Use GDGT distributions as a paleothermometer to determine TEX86 

and SSTs, as well as the BIT index.  

To achieve the aim and objectives a sediment core proximal to the modern sea 

ice edge in the Bering Sea, collected from depths that encompass the latest G-

IG cycle and the LGM and covering a time of sedimentary deposition across ca. 

160 kya, was analysed. 
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Chapter 2: Materials, Methods and Methodology 

2.1 Site location and characterisation  

The material used within this thesis is taken from archival material at Site 

U1343 from Expedition 323 of the Integrated Ocean Drilling Program (IODP). 

Expedition 323 was dedicated to the collection of marine sediment cores for the 

palaeoceanographic study of the Bering Sea. A total of 5741 m of sediment was 

collected across 7 locations, from the Umnak Plateau, Bowers Ridge and the 

Bering Sea shelf (Expedition 323 Scientists, 2010). The primary objectives of 

IODP Expedition 323 were to: characterise changes within the Bering Sea 

surrounding the intensification of the NH glaciation (2.7 Ma); the MPT (ca. 1.2 – 

0.7 Ma); and the subsequent 100 kya G-IG cycles of the most recent 1 Ma 

(Iwasaki et al., 2016; Takahashi et al., 2009).  

Site U1343 (Figure 2.1; 54°33.4′N, 176°49.0′E, water depth ca. 1950 m) is 

located adjacent to the northern continental shelf, a topographic high within the 

Bering Sea green belt, proximal to the modern winter sea-ice edge (Worne et 

al., 2019), where biological productivity has been found to be greatest (Stabeno 

et al., 1999). Biological productivity is thought to be sensitive to changes in sea 

surface conditions, including temperature (Iwasaki et al., 2016; Takahashi et al., 

2002).  

The MPT is important as it saw a shift in the frequency of G-IG cycles, from ca. 

41 kya to 100 kya. The LR04 stack (Figure 2.2; Lisiecki & Raymo, 2005) shows 

increased asymmetry in the G-IG cycles, with slow glaciations followed by rapid 

deglaciations, and generally greater δ18O values indicate larger continental ice 

volume or a decrease in deep ocean temperatures, or both (Detlif, 2018). 
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Figure 2.1. Map of the Bering Sea, showing the core location of IODP Site 

U1343 (54°33.4′N, 176°49.0′E; red star), the mouth of the Yukon river (yellow 

diamond), the surface cyclonic anti-clockwise water circulation in the basin is 

shown (blue arrows). Figure adapted from Detlef et al. (2020). 

Sedimentation rates were found to be high at Site U1343, ranging between 

21 – 58 cm kyr -1 (Takahashi et al., 2011). Such high sedimentation rates are 

attributed to the deposition of silt and clay transported from the rivers, including 

the Yukon, as well as high terrigenous contributions from the continental shelf. 

Biotic proxies including benthic foraminifera have been found to be well 

preserved (Takahashi et al., 2011), and the large terrigenous contribution may 

allow for the reconstruction of terrestrially-derived proxies, as well as those of a 

marine origin. 

2.2 Foraminiferal Oxygen Isotopes and Age Model 

The preservation of foraminifera is notably good at Site U1343 (Worne et al., 

2019), as opposed to other subarctic sites, where calcareous planktonic 
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microfossils are sparse owing to the North Pacific lysocline, which limits 

carbonate preservation (Takahahi et al., 2011; Chen et al., 2014; Worne et al., 

2019). Few high-resolution δ18O age models have therefore been produced in 

the Bering Sea. Previous benthic foraminiferal δ18O analyses of Site U1343 

show the G-IG cycling of MIS stages (Figure 2.2; Asahi et al., 2016; Worne et 

al., 2019) spanning 500 kya. 

 

Figure 2.2. Combined benthic foraminiferal δ18O results for IODP Site U1343 

(from Asahi et al., 2016 and Worne et al., 2019) compared to those produced by 

the combined LR04 Stack of Liseicki & Raymo (2005) spanning 500 thousand 

years. 

The U1343 sediments contained large amounts of clay and diatoms, with little 

input of shelf-transported materials (Takahashi et al., 2011; Worne et al., 2021). 

Small proportions of ash, sand, foraminifers, calcerous nannofossils and 

sponge spicules also feature (Expedition 323 Scientists, 2010). 

Previous palaeoceanographic reconstructions at IODP Site U1343 have 

demonstrated its potential to provide an archived marine sediment worthy of 

biogeochemical investigation. Surface-water productivity (Kim et al., 2014), sea-

ice dynamics (Detlef et al., 2018; Worne et al., 2021) and benthic foraminiferal 

oxygen isotope stratigraphy studies (Asahi et al., 2016; Kender et al., 2018) 
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have been conducted for Site U1343, but climate reconstructions have not been 

conducted for the site using organic biogeochemical proxies to date. 

2.3 Age Model and Sample Selection  

IODP sediment cores were collected by workers on the programme in the 

Bering Sea, during Expedition 323 for palaeoceanographic study (5th July – 4th 

September 2009). Sediment was collected across 7 locations, from the Umnak 

Plateau, Bowers Ridge and the Bering Sea shelf (Expedition 323 Scientists, 

2010). Five samples were cored at Site U1343, reaching a total depth of 744 

metres below the seafloor (mbsf). Sediments collected from U1343E have been 

used to produce an age-depth model (Asahi et al., 2016).  

This was considered a key site as sediments spanned the last full G-IG cycle 

and was located close to the sea-ice boundary of the present day, where sea 

ice cover would likely have expanded and retracted through stadial and 

interstadial cycling, encompassing the last ca. 160 kya (MIS 1 to 6), on the lead 

up to, and throughout the last G-IG cycle.  

An age model produced by Asahi et al. (2016; 2020, personal communication, 

12 May) allowed the identification of MIS transitions and aided the sediment 

selection process. Sediment samples were ordered from the Kochi Core Centre 

in Japan, where IODP Expedition 323 sediments are stored. Samples were 

taken at approximately 2 kya intervals (or 75 cm in depth), with increased 

resolution across the MIS boundaries of approximately 0.5 kya (or 25 cm in 

depth).  

The sediment samples had a core sample identification code (Table 2.1), 

simplified identification codes for the purpose of this study are also included, 
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alongside lithology and age approximations based on the calibration of Asahi et 

al. (2016; 2020, personal communication, 12 May). 
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Table 2.1. Sediment samples as identified by IODP and the simplified code 

used in this project, alongside approximate ages as determined by Asahi et al. 

(2020, personal communication) and lithology (Takahashi et al., 2011). 

Core Sample Identification 
Simplified 

Identification 
Code 

Approx. 
Age / 
kya 

Primary 
Lithology 

323 - U1343E – 1H – 1W – 99 – 101 cm MIS_1A (2) 10.23 
Clayey 

silt 

323 - U1343E – 1H – 2W – 75 – 77 cm MIS_1B (5) 13.56 
Clayey 

silt 

323 - U1343E – 1H – 2W – 99 – 101 cm MIS_2A (8) 14.19 
Clayey 

silt 

323 - U1343E – 1H – 3W – 20 – 21 cm MIS_2B (9) 16.05 
Clayey 

silt 

323 - U1343E – 1H – 3W – 101 – 103 cm MIS_2C (12) 18.27 
Clayey 

silt 

323 - U1343E – 1H – 5W – 26 – 28 cm MIS_2D (15) 27.08 
Clayey 

silt 

323 - U1343E – 1H – 5W – 99 – 101 cm MIS_3A (16) 30.09 
Clayey 

silt 

323 - U1343E – 2H – 1W – 104 – 106 cm MIS_3B (19) 39.37 
Clayey 

silt 

323 - U1343E – 2H – 3W – 26 – 28 cm MIS_3C (22) 48.07 
Clayey 

silt 

323 - U1343E – 2H – 4W – 102 – 104 cm MIS_3D (25) 55.45 
Clayey 

silt 

323 - U1343E – 2H – 5W – 30 – 32 cm MIS_4A (26) 57.99 
Clayey 

silt 

323 - U1343E – 2H – 6W – 104 – 106 cm MIS_4B (29) 65.38 
Clayey 

silt 

323 - U1343E – 3H – 1W – 36 – 38 cm MIS_4C (32) 69.51 
Clayey 

silt 

323 - U1343E – 3H – 1W – 79 – 81 cm MIS_4D (34) 70.64 
Clayey 

silt 

323 - U1343E – 3H – 1W – 101 – 103 cm MIS_5A (35) 71.22 
Clayey 

silt 

323 - U1343E – 3H – 2W – 49 – 51 cm MIS_5B (38) 73.81 
Clayey 

silt 

323 - U1343E – 3H – 3W – 125.5 – 127.5 
cm 

MIS_5C (41) 79.80 
Clayey 

silt 

323 - U1343E – 3H – 5W – 49 – 51 cm MIS_5D (44) 85.68 
Clayey 

silt 

323 - U1343E – 3H – 6W – 94 – 96 cm MIS_5E (47) 90.83 
Clayey 

silt 

323 - U1343E – 4H – 1W – 79 – 81 cm MIS_5F (49) 95.71 
Clayey 

silt 

323 - U1343E – 4H – 2W – 79 – 81 cm MIS_5G (51) 99.67 
Clayey 

silt 
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323 - U1343E –4H – 4W – 19 – 21 cm MIS_5H (54) 106.0 
Clayey 

silt 

323 - U1343E –4H – 5W – 79 – 81 cm MIS_5I (57) 112.3 
Clayey 

silt 

323 - U1343E – 4H – 6W – 109 – 111 cm MIS_5J (60) 122.4 
Clayey 

silt 

323 - U1343E – 4H – 7W – 31 – 33 cm MIS_5K (63) 128.2 
Clayey 

silt 

323 - U1343E – 4H – 7W – 52 – 54 cm MIS_6A (64) 130.3 
Clayey 

silt 

323 - U1343E – 5H – 1W – 133 – 135 cm MIS_6B (67) 134.4 
Clayey 

silt 

323 - U1343E – 5H – 1W – 54 – 56 cm MIS_6C (69) 141.0 
Clayey 

silt 

323 - U1343E – 5H – 2W – 104 – 106 cm MIS_6D (72) 149.7 
Clayey 

silt 

323 - U1343E – 5H – 4W – 31 – 33 cm MIS_6E (75) 160.5 
Clayey 

silt 

The increase in resolution across boundaries clearly define abrupt atmospheric 

temperature shifts, whereas sea temperatures generally change over a greater 

timescale. Figure 2.3 depicts the age-depth points of Site U1343 sediments by 

Asahi et al. (2016), with the samples ordered from IODP for climatic 

investigation (red crosses), and the samples that underwent LC-MS analysis for 

GDGT ratio determination in this study (yellow diamonds). δ18O records from 

both the LR04 stack produced by Lisiecki & Raymo (2005; dark blue; secondary 

axis) and Site U1343 (Asahi et al., 2016; Worne et al., 2019; light blue; 

secondary axis) are also plotted.  

Sediments throughout MIS 1 through 6 were deposited during the Holocene and 

late Pleistocene, encompassing stadials and interstadials, as well as the most 

recent full G-IG cycle, with climatic changes most like those projected in the 

present. 
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Figure 2.3. Age-depth time tie points by Asahi (2020; black) plotted alongside 

benthic δ18O data for U1343 (Asahi et al., 2016; Worne et al., 2019; light blue), 

and the global average LR04 stack (Lisiecki & Raymo, 2005; dark blue). The 

age-depth tie points of the sediments ordered are plotted (red crosses), with the 

sediments that underwent GDGT analysis (yellow diamonds) also plotted.  

2.4 Laboratory Procedures 

All further preparation and analyses were conducted within laboratories in the 

Davy Building at the University of Plymouth. Solvents (LC-MS grade) were 

purchased from Rathburn Chemicals (hexane) and Fisher Scientific (hexane 

and propan-2-ol; IPA) for LC-MS analysis. Vials and caps for GC and LC-MS 

analysis, and Decon-90, were also purchased from Fisher, while the vials used 

throughout the procedure were ordered from Merck, along with 0.45 µm PTFE 

syringe filters. 



50 

2.4.1 Cleaning Procedure for Sediment Molecular Analysis 

Glassware was heated in a muffle furnace at 450 °C for 4 hours, removing any 

organic material present on the glass that may lead to contamination. Glass 

wool, sodium sulfate and alumina were also cleaned in the furnace. Glass wool 

was sealed and stored at room temperature, whereas the alumina and sodium 

sulfate were stored in a drying oven at ca. 40 °C prior to use. Measuring 

cylinders and micro-syringes were not furnaced and were instead rinsed with 

solvent prior to use. All glassware received three washings of MeOH, followed 

by three washings of DCM, and a minimum of two washes with the solvent 

used. 

Prior to use, Teflon microwave extraction vessels were placed in a solution of 

Decon 90 and deionised water for a minimum of 12 hours, then rinsed with Milli-

Q water and a soft sponge, before being placed in a 3% nitric acid bath 

overnight. Acid residue that may have diffused onto the Teflon was washed off 

with 3 Milli-Q water (18.2 MΩ cm) rinses before the vessels were transferred to 

a drying oven for 2 h at 130 °C. Finally, vessels were rinsed with Milli-Q water, 

acetone, MeOH and DCM. 

2.4.2 Preparation of Sediments 

The seventy-five sediment samples used in this research were stored in the 

freezer (-20 °C). Approximately 2.5 g of wet sediment was weighed out prior to 

undergoing freeze-drying, at -53 °C and 91 µbar, for 48 hours. Dried sediments 

were reweighed to determine percentage water content. Masses and 

percentage water content values are shown in SM1. Freeze-dried sediments 

were homogenised using an ashed pestle and mortar and ca. 1 g subsamples 
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were placed into pre-cleaned Teflon microwave extraction vessels to undergo 

MAE. 

2.4.3 Extraction of GDGTs and other Organic Biomarkers 

The schematic for the extraction method is in Figure 2.4. The sediment 

subsamples, along with six procedural blanks, were combined with 12 mL of 

DCM:MeOH (2:1, v/v); the reaction vessels were sealed and placed in a 

microwave extractor (MARS 5 microwave assisted solvent extraction system). 

The extraction programme increased in temperature for five minutes, up to 70 

°C. After an isothermal hold at 70 °C for 10 minutes, the heating element was 

removed, and the vessels left to cool for 25 minutes (eg. Hou et al., 2023; 

Letellier & Budzinski, 1999).  

Following 5 minutes of centrifugation, at 1700 revolutions per minute (rpm), the 

supernatant containing the total organic extract (TOE) was collected. A further 

two centrifuge cycles were conducted, following the addition of 10 mL 

DCM:MeOH (2:1, v/v) to the sediment each time, and the collected 

supernatants were combined for each sample. After, the combined TOE was 

filtered through a glass Pasteur pipette plugged with glass wool, dried over a 

sodium sulfate column, spiked with 5α-Androstane as an internal standard, 

dried under nitrogen, then TOE weighed (masses shown in SM1) and separated 

into three fractions based on polarity by small-scale chromatography using silica 

chromatography columns, yielding apolar, ketone and polar fractions 

respectively (Müller et al., 1998; Schouten et al., 1998; Sicre et al., 2002). The 

first, apolar fraction, was extracted with 3 mL hexane:DCM (9:1, v/v); the 

second used 3 mL hexane:DCM (1:1, v/v), and the third, GDGT containing 

fraction, was eluted with 4 mL DCM:MeOH (1:1, v/v; Castañeda et al., 2009; 



52 

Lopes dos Santos et al., 2010). All fractions were dried under nitrogen at 25 °C. 

Extracts were reweighed and stored in the freezer (-20 °C) prior to analysis. The 

weights are displayed in SM1.  

 

Figure 2.4. Schematic of the laboratory process followed for organic biomarker 

extraction and analysis. 
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2.4.4 Analysis by Gas Chromatography – Flame Ionisation 

Detection 

Apolar and ketone fractions were transferred into chromatography insert vials 

(Fisher Scientific: Chromacol crimp top fixed insert borosilicate 0.3 mL) with 

ca. 150 µL LCMS grade hexane, prior to preliminary analysis by gas 

chromatography flame ionisation detection (GC-FID). All vials were vortexed 

within 6 h of the analysis time. 

An Agilent Technologies 7683B series injector and an Agilent Technologies 

7890A GC system was coupled to a flame ionisation detector held at 300 °C. 

The split-splitless inlet was used in splitless mode at 300 °C, with 1 µL injected 

onto a DB-1 (30 m × 0.32 mm i.d. × 0.25 µm) column. Hydrogen was used as a 

carrier gas with a flow rate of 3 mL min-1. The FID had 350 mL min-1 air, 35 mL 

min-1 hydrogen and 40 mL min-1 helium gas held at 320 °C. The oven 

temperature programme was held at 70 °C for 60 s, increased from 70 to 130 

°C at 20 °C min-1, then to 320 °C at 5 °C min-1, and held isothermal for 10 min. 

The total runtime was 52 min.  

2.4.5 Analysis by Gas Chromatography – Mass Spectrometry  

Following analysis by GC-FID, selected samples underwent dilution with 

hexane prior to analysis by gas chromatography mass spectrometry (GC-MS). 

Most samples were diluted by a factor of 4 or 5, to ensure an appropriate 

response height that would form Gaussian shaped peaks while not overloading 

the column. An Agilent 7890A GC coupled with a 5975 series mass selective 

detector (MSD) was used with an Agilent DB-5MS UI (30 m × 0.32 mm i.d. × 

0.25 μm film thickness) column and a 6783B series autoinjector. A split/splitless 

injector was used in splitless mode, injecting 1 μL at 300 °C with helium carrier 
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gas (1 mL min-1 constant flow). Total ion current (TIC) chromatograms were 

produced to identify compounds, with an electron voltage of -70 eV. The GC 

oven was heated to 70 °C and held for 1 minute before temperatures increased 

to 130 °C at 20 °C min-1, then 130 to 320 °C at 5 °C min-1, then held isothermal 

at 320 °C for 10 minutes; the same as the GC-FID method, shown in Figure 2.5. 

2.4.6 Analysis by Liquid Chromatography – Mass Spectrometry 

Once dried under nitrogen, polar fractions were diluted in hexane:IPA (99:1, v/v) 

and sonicated for 2 minutes, prior to being filtered through 0.45 µm PTFE 

syringe filters that had been pre-conditioned with both IPA and a hexane:IPA 

(99:1, v/v) mix. Samples were made up in 150 µL hexane:IPA (99:1, v/v) for 

analysis. 

Thirty of the polar extracts were analysed by HPLC-APCI-MS as by Vickers et 

al. (2020) alongside 6 reference materials, 3 procedural blanks and 2 filter 

blanks. A Dionex low pressure gradient pump (LPG-U3400) with a normal 

phase piston seal pump (SDN) ultra-HPLC system was coupled with a Thermo 

Scientific Q Exactive Focus mass spectrometer used with Atmospheric 

Pressure Chemical Ionisation (APCI). The method originally proposed by 

Hopmans et al. (2000) was adapted for use on the high-performance 

instrument. A single Waters Acquity, ethylene bridged hybrid (BEH) hydrophilic 

interaction liquid chromatography (HILIC) column, of dimensions 150 mm × 2.1 

mm × 1.7 µm was used, alongside a precolumn held at 40 °C. The solvent flow 

rate remained at 600 µL min-1 throughout the 20 min runtime. Solvent gradients 

changed throughout, decreasing hexane and increasing the hexane:IPA (9:1, 

v/v) mix. The percentage of hexane/IPA was increased throughout the runtime, 

held isocratic at 5% between 0 and 3 min, increasing to 18% at 5 min and held 



55 

isocratic to 10 min, before increasing again to 35% at 15 min, and 100% at 17.4 

min, followed by 2.6 min of re-equilibrium time. 

2.5 Data Interpretation  

Chromatograms produced by GC-FID were used for qualitative identification in 

some cases but were predominantly used to determine whether the 

concentration of extracts were suitable for identification on the GC-MS, where 

the largest peak height should be about 100 Au. Most samples were diluted by 

a factor of 4. Analysis through GC-MS led to the identification of limited groups 

of molecules using the MSD ChemStation Data Analysis software, such as 

alkanes, that can act as proxies for paleoenvironmental reconstruction. Single 

ion chromatograms were extracted to determine alkane presence, with a mass-

to-charge (m/z) value of 57 (Shinozaki, 2023).  

The presence of GDGTs in polar extracts was determined through HPLC-APCI-

MS by single-ion filtration using m/z ratios. The m/z values targeted the [M+H]+ 

ions. The targeted m/z values for isoGDGTs and brGDGTs are in Table 2.2. 

This was completed using the Xcalibur 4.2 using QuanBrowser integration and 

data management software. An example chromatogram (ID: MIS_6B (67), Age: 

~134.4 kya) is shown in Figure 2.5, where GDGTs have been identified 

following extraction of their respective m/z values. 
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Table 2.2. isoGDGTs and brGDGTs mass-to-charge values from LC-MS 

analysis alongside approximate LC-MS elution times. 

Molecule 
Mass-to-charge 

(m/z) value 

Approximate elution 

time / min 

GDGT-0 1302.32267 

7 – 9 

GDGT-1 1300.30702 

GDGT-2 1298.29137 

GDGT-3 1296.27572 

Crenarchaeol / 

Crenarchaeol’ 
1292.24442 

brGDGT Ia 1022.00967 

13.5 - 15 brGDGT Ib 1019.99402 

brGDGT Ic 1017.97837 

brGDGT IIa and brGDGT 

IIa’ 
1036.02532 

12.5 – 13.7 
brGDGT IIb and brGDGT 

IIb’ 
1034.00967 

brGDGT IIc and brGDGT 

IIc’ 
1031.99402 

brGDGT IIIa and brGDGT 

IIIa’ 
1050.04097 

11.4 – 12.8 
brGDGT IIIb and brGDGT 

IIIb’ 
1048.02532 

brGDGT IIIc and brGDGT 

IIIc’ 
1046.00967 
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Figure 2.5. An example chromatogram (ID: MIS_6B (67), Age: ~134 kya) from LC-MS analysis, with identified isoGDGTs 

labelled, with approximate elution times identified (Table 2.2). 
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The equations that are to be used throughout the GDGT study of U1343 are listed in 

Table 2.3, where abundance and ratios of differing GDGT molecules allow. 

Table 2.3. Formulae used for the GDGT derived calculations in this study 

Index  Formula Reference 
Eq. 

Number 

TEX86 

TEX86
L

 

= 
[GDGT-2]+[GDGT-3]+[cren']

[GDGT-1]+[GDGT-2]+[GDGT-3]+[cren']
 

=  log
([GDGT-2])

([GDGT-1])+([GDGT-2])+([GDGT-3])
 

Schouten et al. (2002) 

Kim et al. (2015) 

Eq. 1.4 

Eq. 1.7 

TEX86  

SSTs 

= (TEX86-0.28)/0.015 

= 67.5 × TEX86
L

 + 46.9 

= -16.332 x (1/TEX86) + 50.475 

= -19.1 x (1/TEX86) + 54.5 

Schouten et al. (2002) 

Kim et al. (2015) 

Lui et al. (2009) 

Kim et al. (2010) 

Eq. 1.5 

Eq. 1.8 

Eq. 2.1 

Eq. 2.2 

BIT = 
Ia+IIa+IIa'+IIIa+IIIa'

Ia+IIa+IIa'+IIIa+IIIa'+crenarchaeol
 

Hopmans et al. (2004) 

De Jong et al. (2015) 
Eq. 1.11 

MBT’5Me =
Ia+Ib+Ic

Ia+Ib+Ic+IIa+IIb+IIc+IIIa
 De Jonge et al. (2014) Eq. 1.19 

CBT’ = log (
Ic + IIa' + IIb'+IIc' +IIIa' +IIIb' + IIIc'

Ia + IIa + IIIa
) De Jonge et al. (2014) Eq. 1.20 

Methane 

Index 
= 

[GDGT-1]+[GDGT-2]+[GDGT-3]

[GDGT-1]+[GDGT-2]+[GDGT-3]+[cren]+[cren']
 Zhang et al. (2011) Eq. 1.21 

GDGT-0 

/ Cren 
= 

GDGT-0

crenarchaeol
 Blaga et al. (2009) Eq. 1.22 

%GDGT-

0 
= 

[GDGT-0]

[GDGT-0] + [crenarchaeol]
 × 100  

Sinninghe Damsté et 

al. (2012) 
Eq. 1.23 

GDGT-2 

/ 

GDGT-3 

= 
[GDGT-2]

[GDGT-3]
 Blaga et al. (2009) Eq. 1.24 

Ring 

Index 

= 0 ×[%GDGT-0] + 1×[%GDGT-1] + 

2×[%GDGT-2] + 3×[%GDGT-3] + 

4×[%crenarchaeol + %cren’]   

Zhang et al. (2016) Eq. 1.25 

RITEX = -0.77×TEX86 + 3.32× (TEX86)2 + 1.59 Zhang et al. (2016) Eq. 1.26 

MATPeat = (52.18×MBT’5Me) − 23.05 Naafs et al. (2017b) Eq. 2.3 

MATSoil 
= (40.01×MBT’5Me) − 15.25 

= (31.45×MBT’5Me) − 8.57 

Naafs et al. (2017a) 

De Jong et al. (2014) 

Eq. 2.4 

Eq. 2.5 

CBTPeat = log (
Ib + IIa' + IIb+IIb' +IIIa

Ia + IIa + IIIa
) Naafs et al. (2017a) Eq. 2.6 

pH 
= (1.59 × CBT’) + 7.15 

= (2.49 × CBT’) + 8.07 

De Jong et al. (2014) 

Naafs et al. (2017b) 

Eq. 2.7 

Eq. 2.8 
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2.6 Method development study  

Both Soxhlet extraction (SE) and microwave extraction (MW) were used on 

sediments in a small method development study to determine whether a 

method showed greater efficiency, allowing the signals to be reliably integrated 

for peak areas or extracted a greater number of compounds. Ratios of the 

GDGT molecules found in each sample were used to determine different 

environmental parameters that occurred at the time of sedimentation, including 

sea and atmospheric temperatures, through proxy calculations. Two distinct 

analytical methods were also tested, termed ‘short method’ with a 20-minute 

runtime and the ‘long method’, with a run time of 110 minutes, used to 

determine whether a longer runtime led to the better separation of individual 

compounds.  

2.6.1 Laboratory extraction methods used in the pilot study 

Five sediments from U1343 were used for a method development study, testing 

out two different methods of extraction: SE and MW. The use of SE for 

sediment extraction had previously been used to extract GDGTs and other 

organic biomarkers (Sinninghe Damsté et al., 2002; Powers et al., 2004; 

Vickers et al., 2020), requiring a larger amount of sediment (ca. 4 g) compared 

to MW methods that used ca. 1 g and required less solvent. The samples 

termed: 1H-02, 1H-04, 2H-05, 4H-07 and 5H-02, were first freeze-dried as 

outlined in Section 2.4.2, then divided into two, with ca. 4.00 g being used for 

SE and ca. 1.00 g used for MW.  

The MAE method for the pilot samples was the same as detailed in Sections 

2.4.1 to 2.4.3. For SE, 6 Soxhlet apparatus were set up with 200 mL 

DCM:MeOH (2:1, v/v), with thimbles empty and 3 anti-bumping granules added. 
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Soxhlet extractors were then turned on at 40 °C for 4 hours to clean the 

glassware. Then, the solvent was replaced, approximately, 4 g of sediment, 

reweighed after the freeze-dry process, was placed in each thimble. One was 

left empty to act as a procedural blank and Soxhlet extractors were then left for 

24 hours, at 40 °C. 

Following the initial extraction method, SE or MW, the eluent was then dried 

over sodium sulfate and separated into three fractions relating to polarity: 

apolar, ketone and polar, as described in section 2.4.3. Polar fractions were 

filtered through 0.45 µm PTFE filters and made up in 150 µL 99:1 hexane:IPA 

solvent prior to HPLC-APCI-MS analysis.  

2.6.2 Analytical methodology in the pilot study 

Polar lipid extracts from SE and MW were both analysed by LC-MS, using two 

methods, termed the ‘short method’, with a 20-minute runtime (detailed in 

Section 2.4.6; Vickers et al., 2020) and the ‘long method’, with a run-time of 90 

minutes followed by 20 minutes equilibration time (Hopmans et al., 2016). Both 

methods are routinely used for in-house analysis.  

The use of HPLC-MS enables the separation of branched and isoprenoid 

structures, and independent molecules due to different numbers of 

cyclopentane moieties. Increasing the runtime can separate compounds that 

often co-elute, such as crenarchaeol and GDGT-4. Individual, or groups of 

compounds, were isolated from the TIC (total ion chromatograph) by filtering out 

mass numbers, or ranges using SIM.  

Representative chromatograms produced following MW and SE in the pilot 

study, from both the short and long analytical methods are displayed in Figures 

3.1. Total ion current chromatograms were filtered for the individual m/z values 
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stated in Table 2.2, and the peak area for each molecule recorded and inputted 

into TEX86
L

 (Equations 1.7 and 1.8) and the BIT Index (Equation 1.11), which 

allowed comparisons to be made between both extraction and analytical 

methods (Tables 3.1 and 3.2).  

2.7 Quality control  

The method development study emphasised the need to check the validity of 

the data produced from the full study, as temperature reconstructions have 

been found to deviate up to 5 °C between methods, outside the expected 

deviations from the round-robin study (1 – 3 °C; Schouten et al., 2013b). 

Therefore, to evidence the validity of the data produced, four reference 

materials (including EH-8 as described in Lengger et al. 2018 and RCW-26 from 

O’Connor et al., 2023) were analysed by LC-MS alongside the polar extracts of 

U1343 sediments, as well as two in-house reference standards reflecting the 

marine and peat environments (Vickers et al., 2020). The four reference 

materials, alongside the marine and peat standards, were analysed by LC-MS 

in duplicate to check for consistency throughout the sequence. This also 

allowed for comparison with other studies to validate the analytical methodology 

through use of the BIT index and TEX86.  

Six procedural blanks were analysed throughout the analytical sequence, as 

well as two filter blanks. This was to ensure there was no interfering 

contamination present between samples, and to make sure no sample was 

carried over between analytical injections and used to calculate limits of 

detection (LOD) for GDGT evaluation. 
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Chapter 3: Results and Discussion 

3.1 Method development study 

The method development study was completed as outlined in Section 2.5. 

Comparisons were made between SE, MAE and the ‘long’ and ‘short’ analytical 

LC-MS runtimes. Example chromatograms are shown in Figure 3.1.  

 

Figure 3.1. Representative chromatograms produced using (a) the short 

method on the HPLC-MS following both Soxhlet (light blue) and microwave 

(dark blue) extraction methods and (b) representative chromatograms from the 

long method on the HPLC-MS following both Soxhlet (light blue) and microwave 

(dark blue) extraction. Some key GDGT molecules are labelled. 
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Figure 3.1(a) depicts a 20-minute analytical runtime where isoGDGTs elute 

between 7 and 10 minutes, and brGDGTs elute between 13 and 16 minutes. 

The SE and MAE methods both displayed reasonable responses for the 

analytes of interest. Relative abundances show very little difference between 

chromatograms with ratios between analytes almost identical, but absolute 

abundances show a decreased signal for the MAE methods though signals 

were more than sufficient to determine peak area which are inputted into 

equations that give rise to environmental data at sedimentation. 

An increased runtime allows for greater separation between the eluting 

molecules and therefore molecules that typically co-elute in shorter runtimes 

can be distinguished. Figure 3.1(b) shows increased separation, with isoGDGTs 

eluting between 29 and 43 minutes and brGDGTs eluting between 61 and 69 

minutes 

As with the short run time, MAE showed a decreased absolute abundance 

when compared to SE. The peak areas of each GDGT molecule were readily 

determined using either analytical method, either following single-ion filtration, 

or by viewing the chromatograms with their relative abundances rather than with 

absolute abundances. 

Calculations stemming from the peak area of each molecule during the method 

development study show little difference between extraction methods and 

analytical methodology. Chromatograms produced were filtered for m/z values 

ranging between 1017.97837 and 1302.32267, as per Table 2.2 allowing the 

peak area to be reliably determined, to calculate the BIT index (Table 3.1) and 

TEX86 ratios and resultant SSTs (Table 3.2). 
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Table 3.1. A comparison of the BIT index values produced using the Soxhlet 

and microwave extraction methods, while comparing the short and long 

analytical methods. Those labelled as N/A were not analysed by LC-MS. 

Sample 

Name 

BIT Index 

Soxhlet Extraction Microwave Extraction 

Short Method Long Method Short Method Long Method 

1H-02-A 0.102 0.100 0.100 0.098 

1H-02-B N/A N/A N/A 0.100 

1H-04 0.095 N/A 0.089 0.086 

2H-05 0.104 0.102 0.106 0.101 

4H-07 0.106 0.094 0.102 0.094 

5H-02 0.089 0.086 0.105 0.103 

 

Table 3.2. A comparison of the TEX86
L

 and SST values produced using the 

Soxhlet and microwave extraction methods and comparing the short and long 

analytical methods. Those marked with N/A were not extracted/analysed. 

Sample 

Name 

Soxhlet Extraction Microwave Extraction 

Short Method Long Method Short Method Long Method 

TEX86
L

 
SST / 

°C 
TEX86

L
 

SST / 

°C 
TEX86

L
 

SST / 

°C 
TEX86

L
 

SST / 

°C 

1H-02A 0.276 9.2 0.259 7.3 0.285 10.1 0.258 7.2 

1H-02B N/A N/A 0.249 6.1 N/A N/A 0.265 8.0 

1H-04 0.283 9.9 N/A N/A 0.280 9.6 0.251 6.4 

2H-05 0.290 10.6 0.267 8.2 0.285 10.1 0.262 7.6 

4H-07 0.290 10.6 N/A N/A 0.283 9.9 N/A N/A 

5H-02 0.292 10.8 0.269 8.5 0.281 9.7 0.253 6.6 
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Each sample had a slightly decreased BIT ratio when the long analytical 

method was used. Percentage decreases for the analytical methods ranged 

from 1.92% for 5H-02 and 12.0% for 4H-07, though most were below 3%. 

Differences in extraction method provided less deviation than the analytical 

method, with the longer analytical method producing identical BIT index ratios 

for 4H-07. All values trended near 0, representing an open ocean environment 

with little terrestrial input which accurately depict the results expected from the 

full study.   

The extraction methodology did not show a unanimous trend, values in general 

decreased marginally between SE and MAE, though both the short and long 

analytical method values showed an increase for 5H-02 (16.5%), the sediment 

with the greatest age of sedimentation. Lithology shifted at this depth to become 

more clay dominant and was found to have a notable gas presence (Takahashi 

et al., 2011).  

The isoGDGTs stood apart from the baseline and a complete series was found 

in all method development sediments used. Therefore, it was concluded there 

would be no issue with extracting GDGTs from sediments in the full study, 

regardless of the extraction method chosen. 

Identified isoGDGTs were then used to calculate TEX86
L

 (Equation 1.7) and 

resultant SSTs (Equation 1.8; Table 3.2). Differences were once again seen 

between extraction methods, and analytical methods used. The TEX86
L

 values 

along with the subsequent SSTs show greater variation between the long and 

short methods, and extraction techniques. Small deviations in TEX86
L

 led to 

greater differences in associated SSTs. Interlaboratory comparisons of BIT, and 

TEX86-derived SSTs have been completed (Schouten et al., 2009; 2013b), with 
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reproducibility reducing in variability from 3–4 to 1–3°C. The results obtained 

within this method development study showed deviation greater than the upper 

limit of Schouten et al. (2013b), and therefore the robustness and consistency 

of the temperature proxy measurements ought to be considered.  

Schouten et al. (2013b) compiled replicate results from 35 laboratories, where 

both the extraction and analytical procedures are replicated, with differences 

across all methodology found to not have a large impact on GDGT distributions 

(Lengger et al., 2012; Schouten et al., 2007). The similarities between the BIT 

indices, provided evidence that the extraction method and analytical method 

had little impact on the ratio of GDGTs eluting. Yet, differences in SST cannot 

be overlooked, therefore reference materials shall be used in the full study, with 

results compared to previous analysis where true values were known. 

MW extraction was chosen as the extraction method used for the full-scale 

study as greater numbers of samples could be extracted simultaneously, using 

less solvent. Compounds of interest were found to have eluted clearly from the 

baseline, with both extraction and analytical methods, particularly when used in 

SIM. Therefore, the short analytical method was combined with microwave 

extraction for the full study. 

3.2 Quality control and data validity of full study 

3.2.1 Reference Materials 

The four reference materials (FV19, RCW26, EH8 and EH26) analysed 

alongside a marine standard and peat standard were subject to GDGT-based 

calculations. Two reference materials had been utilised in other studies 

(O’Connor et al., 2023; Vickers et al., 2020). The BIT index is listed (Table 3.3; 
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Hopmans et al., 2004), and the percentage abundance of the three brGDGTs 

typically found to be most abundant, Ia, IIa and IIa, are shown in Figure 3.2. 

Table 3.3. Relative abundances of three dominant brGDGTs for replicate 

standard runs. The BIT index, calculated according to Hopmans et al. (2004). 

Standard ID 
BIT Index 

Run 1 Run 2 Average 

FV19 0.993 0.993 0.993 

RCW26 0.999 0.999 0.999 

EH8 0.994 0.994 0.994 

EH26 0.992 0.991 0.992 

Marine Standard  0.115 0.140 0.127 

Peat Standard 0.993 0.993 0.993 

 

All six reference materials were analysed in duplicate by LC-MS, allowing for 

comment on consistency of the analytical method and manual integration 

methods adopted using Xcalibur software.  
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Figure 3.2. Relative abundance of three brGDGTs (Ia, IIa and IIIa) following duplicate analysis of six standards: FV19, 

RCW26, EH8, EH26, Marine Standard and Peat Standard. 
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Calculated BIT indices from the full study reference materials were compared to 

those in literature (RCW26, marine and peat standard; Table 3.4; O’Connor et 

al., 2023; Vickers at al., 2020). 

Table 3.4. Comparison of the in-house BIT and TEX86 data for reference 

materials in literature.  

Reference 

ID 

BIT 

Index 

Literature 

BIT 

Values 

TEX86 
SST 

(°C) 

Literature 

TEX86 

Values 

SST 

(°C) 

Comparison 

Reference 

RCW26 
0.999 

0.999 

0.999 

0.999 

0.706 

0.713 

28.4 

28.9 

*0.704 

*0.710 

28.7 

28.3 

(O’Connor et 

al., 2023) 

Marine 

Standard 

0.115 

0.140 

0.106 

0.099 

0.528 

0.540 

16.6 

17.3 

0.554 

0.513 

18.2 

15.6 

(Vickers et 

al., 2020) 

Peat 

Standard 

0.993 

0.993 

0.992 

0.990 

0.682 

0.520 

22.1 

16.0 

0.546 

0.547 

17.7 

17.8 

(Vickers et 

al., 2020) 

*Value calculated from raw data 

Duplicate analysis for each reference material were conducted, with percentage 

abundances for each isoGDGT displayed in Table 3.5. 

Table 3.5. Relative abundances (%) of isoGDGTs in reference materials. 

Sample ID GDGT-0 GDGT-1 GDGT-2 GDGT-3 Cren Cren’ 

FV19_1 72.0 10.7 12.8 3.2 1.3 0.1 

FV19_2 82.9 5.9 6.5 3.3 1.3 0.1 

RCW26_1 61.7 11.1 13.6 13.1 0.5 <LOD 

RCW26_2 64.9 9.9 13.1 11.5 0.6 <LOD 

EH8_1 92.7 1.0 4.5 <LOD 1.8 <LOD 

EH8_2 96.3 1.3 0.3 <LOD 2.1 <LOD 

EH26_1 83.7 2.2 3.0 <LOD 3.0 <LOD 

EH26_2 94.2 2.0 0.4 <LOD 3.3 <LOD 

MarineSTD_1 36.0 2.5 2.1 0.4 58.7 0.3 

MarineSTD_2 39.8 2.9 2.4 0.5 54.0 0.5 

PeatSTD_1 71.8 7.1 14.0 1.1 6.0 0.1 

PeatSTD_2 75.3 8.6 7.6 1.7 6.6 <LOD 

<LOD signifies the molecule was below the limit of detection (LOD) during SIM 
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BIT indices (Table 3.3) were calculated as within 0.001 BIT units in all but one 

case, the marine standard. The chromatograms produced from LC-MS analysis 

of the marine standard displayed clear signs of degradation or contamination, 

with broad asymmetric compound peaks and a high background baseline. 

Variation of this standard was also seen in the BIT indices produced within the 

literature (0.106 and 0.099; Vickers et al., 2020; Table 3.4). Comparisons of 

RCW26 and the peat standard, were also able to be made with published works 

(Table 3.4; O’Connor et al., 2023; Vickers et al., 2020), finding a maximum 

difference in BIT value of 0.003, well within the general reproducibility limits, of 

0.410 (Schouten et al., 2009) and 0.150 BIT units (Schouten et al., 2013), found 

in the round-robin studies. The other reference materials used are omitted from 

Table 3.4 as they were compared to other analyses conducted internally, rather 

than published data. 

The TEX86 values showed greater variation than the BIT indices. BIT values that 

are close to 0 or 1 are found to have better artificial reproducibility between 

laboratories (Schouten et al., 2013), therefore an additional check using TEX86 

values was explored. The round-robin study found TEX86 values to vary 

between 1.3 and 3.0 °C, when translated to temperature, in line with other 

palaeoceanographic temperature proxies (Schouten et al., 2013). TEX86-derived 

temperatures of the three comparable reference materials show deviations in 

line with the round-robin study, except for one analysis of the peat standard 

(Schouten et al., 2013), producing the maximum deviation stated (>6 °C), 

though TEX86-derived SSTs are not appropriate for peat settings.  

By conducting duplicate analysis of all reference materials, it allowed repeatability 

to be briefly assessed. Relative abundances of the reference material isoGDGTs 

(Table 3.5) showed variances between duplicate runs for individual compounds. 
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The LODs were determined through the analysis (mean + 2 SD) of three 

hexane:IPA blanks in SIM. The marine standard is theorised to be the most 

relevant reference material when assessing isoGDGTs, as it is the only reference 

material that derives from a marine setting and overall abundances of isoGDGTs 

were much greater in the marine standard, opposed to all other reference 

materials. The resultant abundance ratios, when inputted into TEX86
L

 and SST 

equations produce temperatures that differ by only 0.7 °C (16.6 and 17.3 °C; 

Table 3.4). 

3.2.2 Replicate sample analysis 

Differences were seen in isoGDGTs distributions from the relative abundances in 

reference materials. The three dominant brGDGTs, Ia, IIa and IIIa, were also 

seen to vary in relative abundance in U1343 sediment extracts, though to a lesser 

extent, yet the overall BIT index varies little with 0.069, 0.069 and 0.070 found 

respectively (Table 3.6).  

Table 3.6. Relative abundances, BIT index, and relative standard deviation 

(RSD) of the three abundant brGDGTs, Ia, IIa and IIIa, for the triplicate analysis 

of a MIS3 sample, aged 48.1 kya. 

Sample ID 
Relative abundance (%) 

BIT Index 
brGDGT-Ia  brGDGT-IIa brGDGT-IIIa  

MIS 3 

ID: 22 

~ 48.1 kya 

38.1 

38.6 

39.6 

37.5 

36.2 

35.1 

24.4 

25.2 

25.3 

0.069 

0.069 

0.070 

RSD (%) 1.97 3.42 1.98 0.32 
 

The repeatability of the analytical method was assessed through calculation of 

the relative standard deviation (RSD) of triplicate analyses of three samples 

from MIS 1, 3 and 5, according to the age model of Asahi et al. (2016; Table 

3.7). 
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Table 3.7. Relative abundances and relative standard deviations (%) of 

isoGDGTs in replicate sample data. Age determined from an existing age model 

(Asahi et al., 2016). 

Sample 

ID 

Age / 

kya 

GDGT-

0 

GDGT-

1 

GDGT-

2 

GDGT-

3 
Cren Cren’ 

2 

10.23 

44 3.3 1.6 0.3 50.4 0.7 

2A 45.0 3.2 1.5 0.3 49.3 0.7 

2B 45.4 3.2 1.5 0.3 49.0 0.7 

Average 44.7 3.2 1.5 0.3 49.6 0.7 

RSD (%) 1.58 1.78 3.84 0.04 1.50 0.02 

22 

48.07 

47.9 3.4 1.5 0.3 46.3 0.6 

22A 49.2 3.2 1.4 0.2 45.4 0.6 

22B 48.8 3.3 1.6 0.2 45.5 0.6 

Average 48.6 3.3 1.5 0.2 45.7 0.6 

RSD (%) 1.37 3.02 6.66 11.95 1.13 0.68 

49 

95.71 

51.2 4.2 2.1 0.2 41.5 0.7 

49A 51.7 4.4 1.7 0.2 41.4 0.7 

49B 51.6 4.4 1.7 0.2 41.4 0.7 

Average 51.5 4.3 1.8 0.2 41.4 0.7 

RSD (%) 0.46 2.29 12.7 15.0 0.16 5.64 

 

Peak areas taken from chromatograms were used for other paleoenvironmental 

reconstruction calculations, with TEX86
L

 ratios (Table 3.8) and resultant SSTs 

(Table 3.9) calculated for those extracts analysed in triplicate. 

Table 3.8. The TEX86
L

 ratio produced using GDGT ratios for replicate sample 

analyses, showing good repeatability. 

Sample 

ID 

Replicate 

1 

Replicate 

2 

Replicate 

3 
Average 

Standard 

Deviation 

RSD 

(%) 

2 0.30 0.30 0.31 0.30 0.0034 1.1 

22 0.29 0.29 0.31 0.30 0.0083 2.8 

49 0.32 0.27 0.27 0.29 0.025 8.6 
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Table 3.9. Sea surface temperatures produced for replicate sample analysis 

using the TEX86
L

 ratios listed in Table 3.8. 

Three U1343 sediment polar extracts, aged approximately 10.2, 48.1 and 95.7 

kya, were run in triplicate on the LC-MS to further check the repeatability of the 

analytical procedure. The three most abundant brGDGTs, Ia, IIa and IIIa were 

used to assess repeatability. The MIS 3 extract, aged at approximately 48.1 

kya, had the greatest variation with relative standard deviations of 1.97%, 

3.42% and 1.98%, for Ia, IIa and IIIa, respectively (Table 3.6). 

The BIT index values were also indicative of good replication, with replicate 

values of 0.069, 0.069 and 0.070 (ID No: 22, aged ~48.1 kya; Table 3.6). The 

BIT indices for the two other samples were also consistent, with the sample 

from MIS 1 (ID No: 2; aged ~10.2 kya) ranging between 0.079 and 0.082. The 

replicate from MIS 5 (ID No: 49; aged ~95.7 kya), had BIT index values ranging 

between 0.246 and 0.252, also showing good repeatability as per the 

repeatability limit of 0.046 of the round-robin study (Schouten et al., 2013).  

Two filter blanks and three procedural blanks were also analysed alongside the 

samples to check for contamination throughout the extraction and filtration 

processes. Only one procedural blank contained peaks visible above the 

baseline, prior to SIM, once isolated a low response was shown for brGDGT-Ia 

and GDGT-0, but no other GDGTs were detected.  

Sample 

ID 

Replicate 

1 

Replicate 

2 

Replicate 

3 
Average 

Standard 

Deviation 
RSD 

°C °C °C °C °C % 

2 12.0 11.4 12.2 11.9 0.333 2.80 

22 10.6 10.9 12.4 11.3 0.812 7.18 

49 13.7 8.53 8.51 10.3 2.46 23.9 
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Replicate sample analysis, Table 3.7, showed greater repeatability than the 

reference materials. RSD values were typically found to be low and therefore, 

the SSTs produced from the ratios were also concordant. The TEX86
L

 ratio and 

resultant SSTs are shown in Table 3.8 and Table 3.9. The calculated RSD 

values showed a correlation between sample age/depth and variation that ought 

to be explored. 

Confidence in the analytical technique used for the GDGT analysis can be 

taken due to the good replication of results when analysed multiple times, 

combined with the reproducibility of the reference materials used across 

multiple studies (O’Connor et al., 2023; Vickers et al., 2020).  

3.3 Full Study Results 

The full GDGT exploration study at Site U1343 used relative abundances of 

both isoGDGT and brGDGT molecules to give an overall impression as to the 

paleoclimate and paleoenvironment at the time of deposition within MIS 1 to 6. 

3.3.1 GDGT distributions across MIS 1 through 6 

The relative abundance of isoGDGTs were assessed across MIS 1 to 6 (Figure 

3.3), with average values showing the greatest proportion of GDGT-0 found in 

MIS 3, and largest crenarchaeol abundances in MIS 5. These abundances for 

each time-point were also plotted in a ternary diagram (Figure 3.4), against total 

brGDGT abundance. This ratio, in most cases, were reflective of a marine 

environment, though were not strongly indicative of either an open marine, or 

coastal marine setting and therefore this alone cannot be used to conclusively 

suggest what the environment was like across any of the six MIS assessed. 
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Figure 3.3. Relative percentage abundance of each isoGDGTs averaged for 

each marine isotope stage. 

 

Figure 3.4. Ternary diagram revealing distribution of GDGT-0, crenarchaeol 

and the sum of branched GDGTs extracted from U1343 sediments used within 

this study across marine isotope stages 1 to 6. Symbols containing a red cross 

were not found to contain all pentamethylated (IIa, IIb and IIc) and 

hexamethylated brGDGT (IIIa, IIIb and IIIc). 
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The abundances of brGDGTs, GDGT-0 and crenarchaeol were not the only 

structures to vary in abundance through time. Figure 3.5 depicts example 

chromatograms from each MIS, showing the elution of the isoGDGTs and 

brGDGTs. The relative abundances show variation in peak height, and the 

associated peak areas used for calculations, including TEX86 and the BIT index, 

were also affected.  

 

Figure 3.5. Chromatograms representing each marine isotope stage, 1 through 

6 (red through purple), small deviations in peak height and area can be inferred 

between stages. 

The full study involved the analysis, by LC-MS, of 30 polar extracts of U1343 

sediments. Site U1343 is proximal to the boundary of the modern-day sea ice 
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extent (Stabeno et al, 2012), and was a place covered by sea-ice during the 

LGM (Takahashi et al., 2007). Sediments across 160 kya are therefore likely to 

contain varying contributions of isoGDGTs and brGDGTs, and have different 

sources, of different origin (e.g. marine or terrestrial). The distributions, and thus 

origins, ought to be considered. There are differences in isoGDGT abundances 

across MIS 1 to 6 occur, (Figure 3.3), where GDGT-0 proportions decrease by 

approximately 5%, alongside a concurrent increase in crenarchaeol (> 7%).  

As with Schouten et al. (2013; Figure 1.8), the relative distributions of brGDGTs, 

GDGT-0 and crenarchaeol can be plotted on a ternary diagram to give an 

indication as to the environment at the time of sedimentation. High proportions 

of GDGT-0 and crenarchaeol, with approximately 5% brGDGTs are typical of an 

open marine environment. A slight increase in brGDGTs, between 5-20%, 

alongside a drop in crenarchaeol indicate a coastal marine environment, while 

high brGDGT contributions are much more indicative of soils and lacustrine 

settings.  

The brGDGTs, GDGT-0 and crenarchaeol relative abundances of U1343 

sediment extracts were found to be largely indicative of a marine setting, due to 

the high GDGT-0 and crenarchaeol contribution, approximately 45% for each 

(Figure 3.4). Sediments dominated by crenarchaeol, as is the case with U1343, 

suggest Thaumarchaeota are a substantial source of the GDGTs (Schouten et 

al., 2013). Likewise, low brGDGT abundances indicate little allochthonous and 

in situ production contributions, further evidencing high archaeal contributions. 

This typical marine presentation is not reflective of all study data. Figure 3.4 

shows several points that present more closely with coastal marine, or 

lacustrine environment. Sediments surrounding the MIS 5 to 4 transition in 

particular show deviation from the general trend, as do those with an incomplete 
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brGDGT sequence, marked with a red cross. However, this did not always 

decrease the overall brGDGT abundance, conversely it more often presented 

as an increase in relative abundance. Concurrent decreases in GDGT-0, and 

increases in crenarchaeol, are seen (Figure 3.3) indicating even greater 

Thaumarchaeota contribution and abundance but also an increase in 

methanogenic Euryarchaeota (Blaga et al., 2009). 

The abundances of brGDGTs, GDGT-0 and crenarchaeol were not the only 

GDGT compounds to vary in abundance across MIS. Figure 3.5 depicts 

example chromatograms from each MIS, showing the elution of the isoGDGTs, 

between 7 and 9 minutes, and brGDGTs, between 13 and 15 minutes. The 

relative abundances of all GDGTs show variation across the MIS in peak height, 

and the associated peak areas used for calculations, including TEX86, were also 

affected. 

The isoGDGT distributions across 160 kya were dominated by GDGT-0 and 

crenarchaeol (Figure 3.3), where the percentage abundances are averaged for 

each MIS; there are smaller contributions of GDGT-1, GDGT-2, GDGT-3 and 

cren’. Crenarchaeol abundance is highest during MIS 5, where a concurrent 

decrease in GDGT-0 is seen. Ratios of isoGDGTs can give an indication to the 

origin and were considered at site U1343 in terms of methanogenic and deep- 

water contributions.  

Environmental parameters were also reconstructed through calculation of 

TEX86, SSTs and combined with brGDGTs to give an indication to the OM 

contribution from a terrestrial source, via the BIT index. 
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3.3.2. BIT and TEX86-derived temperatures 

The BIT index represents the abundance of terrestrial OM, with higher values 

suggesting a greater terrestrial input. Therefore, high BIT values, greater than 

0.3, produce SSTs that are unreliable as a larger proportion of GDGT 

distribution is from an alternative source. BIT index values (Figure 3.6) were 

calculated to assess both where terrestrial input was higher, and to suggest 

reliability of the TEX86 temperatures. Two values were greater than 0.3, on the 

transition between MIS 5 and 4, and once value within MIS 5, aged 

approximately 95.7 kya. 
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Figure 3.6. BIT values from U1343 as found in this study, across MIS (a). 

Those with BIT values above 0.3 BIT units are omitted from graph. The BIT 

index distribution across the 160 kya investigated are shown in (b), including 

two values above 0.3.  

Temperature reconstructions were completed at all age-depth points, including 

the two that had high BIT values (Figure 3.7), using four different SST 

reconstructions using TEX86 and its reciprocal form (1/TEX86), and TEX86
L

. The 

reconstructed temperatures appear to peak on the transition between MIS 4 
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and within MIS 5. These temperatures are offset from the time-points where 

high BIT values were produced, as indicated on Figure 3.7.  

 

Figure 3.7. Sea surface temperatures produced from this study of site U1343 

using four variations of TEX86 calibrations. The linear TEX86
L

 sea surface 

temperature proposed by Kim et al. (2015; blue triangles), the linear TEX86 

equation by Schouten et al. (2002; blue diamonds) and the non-linear 

relationships proposed by Liu et al. (2009; black squares) and Kim et al. (2010; 

navy circles).  



 

82 

With isoGDGT ratios being representative of their origin and environment it is 

important to consider where they were synthesised. High quantities of 

terrestrially-derived isoGDGTs lead to the production of unreliable TEX86-based 

SSTs. Two high BIT indices, larger than 0.3, were produced at time points 

within this study, and therefore produce non-linear temperatures (Weijers et al., 

2006; Sluijs et al., 2020). The BIT indices were explored to assess both the 

origin of isoGDGTs and to assess the validity of the TEX86-derived SSTs 

produced at U1343.   

During interglacial periods U1343 was likely characterised as an open marine 

environment, which was indicated by BIT values closer to zero. Input from 

glacial landmasses during a glacial MIS could have caused an increase in BIT 

value. All BIT values from U1343 sediments were found to be below 0.5 (Figure 

3.6), but two points were above 0.3, making any sea temperatures produced 

from the GDGT abundances unreliable. The U1343 BIT values were calculated 

using the De Jong et al. (2015) calibration, values across MIS 1 through 6, as 

well as the overall distribution across the 160 kya (Figure 3.6). 

There were minor differences in BIT indices across the MIS, with the largest 

values being found during MIS 4 indicating either a greater terrestrial 

contribution or an increase in the in-situ production in the water column. MIS 4 

was a time of extensive glaciation, with the northern ice sheers playing a 

dominant role in global ice volume (Doughty et al., 2021). All other MIS have 

averages below 0.1 BIT units, reaffirming the belief of a more open marine 

environment.  

The BIT indices produced from this study, support the production of SSTs using 

TEX86 as the majority are below 0.3 BIT units.  
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The concentrations of GDGT-1, GDGT-2 and GDGT-3 were found in much 

lower abundances than GDGT-0 and crenarchaeol, which was to be expected 

due to U1343 being situated in a low temperature, high latitude marine 

environment. 

Four TEX86 calibrations were used within this study to reconstruct SSTs as 

TEX86 calibrations have been found to spatially vary across different oceanic 

basins and environments (Tierney & Tingley, 2015; Ho et al., 2014). 

Furthermore, at the low temperature end of TEX86 calibrations, additional non-

temperature related factors have been found to influence distributions (Kim et 

al., 2010; Ho et al., 2014).  

The original calibration (Schouten et al., 2002; Equations 1.4 and 1.5), the 

TEX86
L

 index (Equations 1.7 and 1.8; Kim et al., 2015), and two non-linear 

relationships, using the reciprocal form of TEX86 (1/TEX86), from Liu et al. (2009; 

Equation 2.1) and Kim et al. (2010; Equation 2.2), although the latter has a 

weaker correlation with temperature. The SSTs produced using the four SST 

calibrations are shown in Figure 3.7. The TEX86-derived SSTs across MIS 1 to 6 

varied between 1.24 and 24.3 °C, depending on the proxy used, with both 

temperatures having been reconstructed within MIS 5, one on the transition into 

MIS 4. 

The residual standard error associated with TEX86 calibrations is large. For 

example, the non-linear calibration from Kim et al. (2010) has an error of ±5.4 

°C and the TEX86
L

 calibration has an uncertainty of ±4 °C (error bars present in 

Figure 3.7). The round-robin studies show less variation, between 1 – 3 °C 

(Schouten et al., 2013b). 
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Temperatures were found to be highest on the transition of MIS 5 to 4 and at 

~109 kya, during MIS 5. MIS 5 appears to demonstrate the stadial-interstadial 

cycling characteristic of the MIS (Table 3.10). Whereby temperatures are 

expected to peak at approximately 87 kya and 109 kya, and be lowest at 82, 96 

and 123 kya (Asahi et al., 2016; Lisiecki & Raymo, 2005).  

Table 3.10. Age of sediments at which the sub-stages within marine isotope 

stage 5 peaked according to Asahi et al. (2016). 

MIS 5 sub-stage Age (at peak; kya) Stadial/Interstadial 

5a 82 Stadial 

5b 87 Interstadial 

5c 96 Stadial 

5d 109 Interstadial 

5e 123 Stadial 

Two time points were found to have increased BIT values, above the 0.3 

threshold, suggesting the data is unreliable and therefore should not be 

considered accurate.  

SSTs are likely to not map the stadial-interstadial cycle exactly, owing to the lag 

between atmospheric temperature changes and oceanic ones. Additional 

paleotemperature proxies could be used to further evidence SSTs at U1343 

across the 160 kya time period studied. Sub-surface and deeper water 

temperatures can also influence TEX86-derived SSTs, creating additional 

deviation from true values. 

The trends seen in the SSTs produced do align with the trends expected to see, 

particularly within MIS 5, which contains smaller cycling between colder and 

warmer climates.  



 

85 

3.3.3. Origin indicators for GDGTs at Site U1343  

3.3.3.1 Methanogens and methanotrophic contributions 

The isoGDGTs did not originate from methanogens or anaerobic 

methanotrophic sources (Figure 3.8), as methane index values were all found to 

be below 0.5. Other indicators of methanogenic archaeal contributions, the 

GDGT-0/creanarchaeol ratio and %GDGT-0, were found to be below the 

relevant thresholds of 2 and 67% respectively. 

 

Figure 3.8. Visual representation of the anaerobic methanotrophic contribution 

to isoGDGTs (methane index; black filled circles; Pancost et al., 2001), the 

methanogenic contribution of isoGDGTs (grey squares; Blaga et al., 2009) and 



 

86 

the %GDGT-0 (Sinninghe Damsté et al., 2012) at each test location (black lined 

triangles). Data points with high BIT indices circled in red. 

There is no indication of high methanogenic archaea contributions across the 

time series analysed (Figure 3.8). No MI values evaluated were found to have 

values approaching or over 2. Likewise, no %GDGT-0 values were found to be 

greater than 67% indicating no methanogenic archaea, as values for U1343 

span 15% to 54%. The GDGT-0/crenarchaeol ratio and the MI are both strongly 

influenced by the cren contribution; this deviation in relative crenarchaeol 

abundance was also seen in SST reconstructions in the BIT indices (Figure 3.6) 

and SSTs (Figure 3.7).  

3.3.3.2 Deep water contribution 

Instead, the deep-water contribution was considered owing to the difference of 

water depth profiles within the Bering Sea. The main source of isoGDGTs was 

found to be from the ammonium oxidising Thaumarcheota, which produce 

GDGTs within the water column at U1343, as GDGT-2/GDGT-3 ratio values 

were found to be predominantly greater than 5 across the six MIS studied 

(Figure 3.9).  
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Figure 3.9. GDGT-2/GDGT-3 ratio across marine isotope stages 1 through 6, 

indicating high isoGDGTs contributions from deep water archaea. The points in 

red circles correspond to high BIT value data points. Values greater than 5 are 

indicative of high deep-water GDGT production. 

This study found GDGT-2/GDGT-3 ratios between 4.81 and 10.4 suggesting 

high isoGDGT contributions from deep water archaea. The data point with the 

highest GDGT-2/GDGT-3 ratio was also found to produce an inaccurate SST 

due to a high BIT value. Generally, increases in GDGT-2/GDGT-3 ratios would 

be expected to create a cold bias within TEX86 calibrations (Sluijs et al., 2020), 

yet this is not fully visible in the SSTs obtained. Some of the lowest 

reconstructed temperatures (Figure 3.7), were seen in MIS 5, at the same time 

GDGT-2/GDGT-3 ratios increased. Yet this pattern was not seen throughout all 

the time-points. Therefore, it is not possible to definitively conclude whether 



 

88 

there was a large input of isoGDGTs from deep water archaea, even with such 

high productivity in the region.  

The BIT index suggested there is little terrestrial OM contribution; the MI, 

%GDGT-0 and GDGT-0/crenarchaeol calculations imply little methanotrophic 

and methanogenic archaeal contribution. As the GDGT-2/GDGT-3 ratio implies 

high in situ deep-water production of GDGTs. Therefore, the reconstructed 

SSTs (Figure 3.7) are likely to reflect the temperature below the surface, or at a 

greater depth within the water column.  

3.3.3.3 Ring Index 

The trends between the ring index (Equation 1.25) and other parameters from 

this study are graphically displayed in Figure 3.10, with GDGT-0/crenarchaeol 

showing the strongest correlation (r2 = 0.999, n = 30). Lower RI values 

correspond to high GDGT-0/crenarchaeol ratios. The RI also correlates strongly 

with other parameters, including TEX86, SST and RITEX, the quadratic 

regression formed from Zhang et al. (2016; Equation 1.26). Where correlations 

were found to be r2 = 0.854, r2 = 0.915, r2 = 0.942, respectively. 
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Figure 3.10. Correlations within this study between (a) ring index and 

GDGT/crenarchaeol ratio, (b) ring index and average SST, (c) between ring 

index and TEX86, and (d) the RITEX-RI relationship. 

All residual ring index (|∆RI|) values were found to be above 0.3 (Figure 3.11), 

indicating non-temperature factors influenced the GDGT populations within the 

water column at Site U1343. These values were found to be most extreme 

within MIS 4. 
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Figure 3.11. |ΔRI| values for U1343 extracts spanning MIS 1 through 6. 

Importantly, the RI-TEX86 relationships were not found to be sensitive to 

changes in archaeal community structure, seasonality, transportation or depth 

profile and therefore can be appropriately used in most settings, if the GDGTs 

are still dominated by temperature variations (Zhang et al., 2016). 
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3.3.4 MBT and CBT calculations from U1343 sediments 

The MBT’5Me ratios are plotted alongside resultant MATs (Figure 3.12) 

calculated using the peat calibration of Naafs et al. (2017b; Equation 2.3) and 

the soil calibrations of Naafs et al. (2017a; Equation 2.4; grey) and De Jonge et 

al. (2014; Equation 2.5; blue). Sediments with an incomplete GDGT set were 

omitted from Figure 3.12. CBT-derived pH values of U1343 from this study 

using calibrations from Naafs et al. (2017a; 2017b) and De Jonge et al. (2014) 

are in Figure 3.13. 

 

Figure 3.12. (a) MBT ratios produced using MBT’5Me, for site U1343 (b) 

resultant MATs using the peat calibration from Naafs et al. (2017b; red), MAT 

using the soil calibrations from Naafs et al. (2017a; grey) and from De Jonge et 

al. (2014; blue).  
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Figure 3.13. CBT values for site U1343 using (a) CBT’5Me and (b) CBT’. The 

resultant pH using CBT’ calibration from De Jonge et al. (2014; blue) and 

CBTPeat calibration from Naafs et al. (2017b; green). 

GDGT-based indices using brGDGTs include the BIT index (Hopmans et al., 

2004), the cyclisation ratio, and the MBT (Figure 3.13) and CBT indices (Figure 

3.14) used as paleotemperature proxies (Weijers et al., 2007). Mean air 

temperature records have been produced for a variety of marine environments, 

including those from high-latitudes (Weijers et al. 2007b; Sangiorgi et al., 2018; 

Dearing Crampton-Flood et al., 2021). The MBT, CBT, cyclisation ratio and 

MBT/CBT indices were calculated using brGDGT ratios at U1343. 
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Two sediments from MIS 5 (approximate sediment ages 112.3 and 122.4 kya) 

were found to have an incomplete GDGT series for the brGDGT-based 

calculations, therefore they have been omitted from the MBT and CBT data 

analysis (Figures 3.12 and 3.13). The methylation index, MBT’5Me (Equation 

1.19), was used (De Jonge et al., 2014), producing ratio ranges of 0.32 and 

0.51. MIS 4 produced the lowest average ratio. Each MBT’5Me value is plotted 

against age of sediments in Figure 3.12 alongside MAT calculations using 

calibrations that use MBT’5Me ratios (Naafs et al., 2017b; 2017a; De Jonge et 

al., 2014), Equations 2.3, 3.4 and 2.5, respectively. 

The brGDGTs distributions have produced varied MATs, with the lowest 

temperatures being present on the transition between MIS 5 and MIS 4. The 

warmest reconstructed temperatures were found in MIS 5. There is a loose 

trend across the MIS, with odd MIS depicting warmer temperatures than the 

even MIS. This trend is to be expected, given the G-IG cycling present across 

MIS 1 to 6. The MATPeat calibration (Naafs et al., 2017b) produced the coolest 

temperatures, with temperatures commonly being less than 0 °C. The MATsoil 

equations produced temperatures typically greater than 0 °C, with the 

calibration from De Jonge et al. (2014) consistently showing temperatures 

greater than 2 °C warmer. Given both the location of U1343, and Beringia being 

an ecoregion mostly covered in wetlands (Bartlein et al., 2015), the calibration 

of Naafs et al. (2017b) is likely to map most closely to atmospheric 

temperatures on the land masses at time of production. 

The pH of U1343 sediments was determined through analysis of the GDGT 

molecule ratios owing to the relationship between cyclisation of brGDGTs and pH 

(Figure 3.13).  
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Ratios of brGDGTs were used to calculate CBT’ and thus pH using the 

calibrations of De Jonge et al. (2014; Equations 1.20 and 2.7), and additionally 

using the CBTPeat calibration proposed by Naafs et al. (2017a; Equation 2.6) 

and successive pH calculation of Naafs et al. (2017b; Equation 2.8). Values 

across both calibrations were generally found to be near neutral, trending to a 

slightly more basic pH, with values produced being between 6.7 and 8.2. The 

CBT’ values ranged between −0.60 and 0.042, resulting in a CBT’-based pH 

estimate ranging between 7.1 and 8.1, with an average across the six MIS of 

7.6 ± 0.2 (or 3.2% RSD). CBTPeat-based pH estimates had slightly increased 

variation, spanning 6.7 to 8.2, with an average across the six MIS of 7.4 ± 0.3 

(4.6% RSD).  

3.4 Overall reconstruction of Site U1343 

A compilation of the GDGT-derived reconstructions is displayed in Figure 3.14 

and are plotted alongside the benthic δ18O data of U1343 (Asahi et al., 2016; 

Worne et al., 2019) and global δ13C CH4 isotope data (Möller et al., 2013; 

Fischer et al., 2008).  
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Figure 3.14. Compilation ofGDGTs-derived results from study of U1343. Benthic δ18O data (a) from Worne et al. (2019) and 

Asahi et al. (2016) and Lisiecki & Raymo (2005). The BIT index (b), TEX86-derived SSTs (c), MI (d), %GDGT-0 (e), RI (f) and 

GDGT-2/GDGT-3 ratio (g) from U1343 data obtained in this study; MAT reconstructions (h) of U1343 were performed using 

the calibrations of Naafs et al. (2017b; red), Naafs et al. (2017a; orange), De Jonge et al. (2014; light green) and Peterse et al. 

(2012; dark green). The pH reconstructions (i) from Naafs et al. (2017b; light blue) and De Jonge et al. (2014; dark blue); the 

δ13C CH4 isotope data (j) from Möller et al. (2013; red) and Fischer et al. (2008; pink) are also shown.  
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The benthic δ18O data for site U1343 (Asahi et al., 2016; Worne et al., 2019), 

shows highest values during the glacial MIS 2, and the minimum values within 

MIS 5, close to the transition from MIS 6. The benthic δ18O value, and LGM, 

peaked in MIS 2 at ca. 20 kya ago. Reconstructions from this study show MATs 

decrease following the benthic δ18O peak having remained relatively steady 

through MIS 4 and 3; the BIT index reconstructions at Site U1343 were seen to 

concurrently decrease toward very low values. The δ13C CH4 data by Fisher et 

al. (2008) show a negative CIE trend occurring from the LGM toward present 

day.  

The δ13C CH4 trends of Fischer et al. (2008) and Möller et al. (2013) became 

less negative, suggesting atmospheric carbon was being successfully locked 

up. Temperatures within MIS 5 were found to be the most varied; there are 

substages within MIS 5, where stadials alternate with interstadial periods, 

wherein the benthic δ18O averages peaked within the Lisiecki & Raymo (2005) 

model (Table 3.10). 

The cooler MATs within MIS 5 track well with the sub-stages, particularly within 

MIS 5c, 5d and 5e. The greatest increase in BIT index within MIS 5 coincided 

with the warmest reconstructed MATs. This trend, however, was not seen in the 

reconstructed SSTs, instead a slight decrease occurred (Figure 3.14). In future, 

it would be of benefit to age the sediments used. At present, sediments were 

aged based on low resolution studies (Asahi et al., 2016; Worne et al. 2019), 

using linear sedimentation rates between aged depth points. 

Generally, the variations in SSTs did not coincide with the changes in MAT. 

There were two ‘warm’ periods within the SST reconstruction, found within MIS 

5, and on the cusp of the transition into MIS 4. At ca. 115.6 and 71.4 kya, SSTs 

were highest, but the methane indicators showed decreases (Figure 3.14). The 
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RI ratios across the MIS followed the same trends as SSTs, with peaks 

occurring simultaneously with the highest SSTs. Two data points analysed, at 

ca. 95.71 kya and ca. 69.59 kya are largely discounted from discussion as 

these points produced BIT indices exceeding the threshold of 0.3, which led to 

unreliable calculation of other proxies including SSTs owing to the likely 

increase of terrestrial OM. 

All origin indicators from this study imply that isoGDGTs were primarily 

produced deep in the water column, but additional factors other than 

temperature had an impact on the distribution of isoGDGTs produced, such as 

ammonium and oxygen concentrations during the growth phase (Elling et al., 

2014; Qin et al., 2014) or salinity. The BIT indices were generally found to be 

below 0.3, suggesting that any fluvial input of terrestrially derived isoGDGTs is 

negligible (Dauner et al., 2021), and instead GDGT distributions are 

characteristic of marine settings. Indicators of methanogenic or methanotrophic 

contributions all proved to be insignificant in magnitude, with MI, GDGT-

0/crenarchaeol and %GDGT-0 all found to be below the relevant thresholds for 

these sources. The RI shows strong correlation with several other parameters, 

Figure 3.10, indicating no obvious outliers, suggesting the interpretation of the 

GDGT ratios was successful, and errors lie with the calibrations themselves 

rather than any interpretation errors. Quality control also corroborated this, as 

replicate analysis and reference materials produced concordant results.   

The |ΔRI| values were found to be greater than 0.3 in all cases, which suggests 

a large contribution of archaeal groups outside of the Thaumarchaeota 

contributions (Dauner et al., 2021), increasing the unreliability of SSTs 

produced. Instead, reconstructed temperatures are more likely to be 
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representative of the sub-surface, or deep water in the region, yet may not be 

linearly calibrated owing to impact of the non-temperature related influences. 

High GDGT-2/GDGT-3 ratios were found across MIS 1 to 6, with the larger ratio 

values found in MIS 5, suggesting the production of isoGDGTs occurred 

substantially in deep waters (Taylor et al., 2013), over 1000 m in depth, a 

possibility given the location of U1343, as the Bering Sea contains several 

water depth profiles and substantial water circulation within the gyre (Stabeno et 

al., 1999). Caution should be taken to the validity of the SSTs produced, due to 

the high-latitude location where isoGDGT distributions often produce TEX86 

values that do not fit linearly with the global averages (Kim et al., 2010). The 

temperatures reconstructed, if linear with any of the four global calibrations 

used, are still likely to have produced unreliable SSTs, due to the origin of the 

GDGTs being primarily from either the sub-surface or deep waters within the 

water column. The general trends, however, are more reliable as multiple core-

top reconstructions show the same trends. This is also true of the reconstructed 

MATs. 
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Chapter 4: Conclusions and Future Work 

4.1 Conclusions 

GDGTs were successfully extracted from IODP Expedition 323 site U1343 

sediments and the distributions analysed by LC-MS, in order to reconstruct a 

palaeo SST record of the Bering Sea across a time period of approximately 160 

kya, which includes the lead up to the LGM. Other environmental parameters 

were also reconstructed, including MAT and pH, where GDGT distributions 

allowed.  

A small method development study was conducted to compare the SE and 

MAE methods, as well as two LC-MS analytical methods (Figure 3.1). Signals 

produced from MAE were lower than that of SE but were still found to be above 

the detection limit. Each GDGT was identified through isolation of each mass-

to-charge ratio, SIM, from Table 2.2, and the peak areas were used to 

determine the BIT index (Table 3.1) and TEX86-based SSTs (Table 3.2) for all 

methods. The BIT indices showed little deviation across different analytical and 

extraction methods, the long LC-MS method produced BIT values slightly below 

those of the short method. The TEX86 values had greater variation, though the 

difference between extraction methods was not significant. The similarities 

between the BIT indices indicated little difference between the ratios of 

molecules obtained and therefore MAE was chosen for the full study as multiple 

samples could be extracted simultaneously while utilising less solvent. Time 

constraints on the instrumentation, also limited the analytical time, therefore the 

short method was chosen.  

To ensure results from the full study were acceptable, four reference materials 

alongside a marine standard and peat standard, were analysed in duplicate. 
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Percentage abundances of the three most abundant brGDGTs were 

determined, alongside the BIT index, for the reference materials, with all results 

found to be concordant. The greatest variation was seen in the marine 

standard, which appeared to have degraded as replicate values showed large 

variation. This had also been seen in the analysis by Vickers et al. (202). Three 

samples were analysed in triplicate, across MIS 2, MIS 4 and MIS 6 where 

relative standard deviations varied between 0.16% and 15.0% and appeared to 

increase with sediment age.  

The isoGDGT distributions across approximately 160 kya were dominated by 

GDGT-0 and crenarchaeol, with a much smaller contribution of brGDGTs, which 

is typical of an open marine environment. A couple of extracts from MIS 4, had 

GDGT distributions more typical of a coastal marine or lacustrine system, but 

these sediments were also found to have an incomplete set of brGDGTs, often 

missing IIIb and IIIc, skewing calculations. 

Four calibrations derived from TEX86 ratios were used to reconstruct SSTs 

(Figure 3.7; Schouten et al., 2002; Liu et al., 2009; Kim et al., 2010; 2015). The 

1/TEX86 calibration from Kim et al. (2010) produced the lowest SST of 1.24 °C 

on the transition between MIS 6 and 5. The highest reconstructed temperature 

of 24.3 °C was found using the calibration of Liu et al. (2009) on the transition to 

MIS 4. During glacial periods (MIS 2, 4 and 6), SSTs gradually got cooler over 

time. The interglacial periods appeared more variable, though this does display 

as expected within MIS 5. Uncertainties associated with the reconstructed 

temperatures could be up to 5.4 °C (Kim et al., 2010), therefore additional proxy 

investigations should be conducted to increase reliability of the data.   

Consideration was given to the origins of the GDGTs that had been retained at 

Site U1343. The BIT index was calculated to determine terrestrial OM 
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contribution; values were found to be low (below 0.3) in all but two cases. 

Therefore, generally, the terrestrial contribution was seen to be negligible, as 

was the methanotrophic and methanogenic archaeal contribution. All methane 

indicators, the MI, GDGT-0/crenarchaeol ratio and %GDGT-0, were found to be 

below their relevant thresholds (Figure 3.8). Deep water contributions are 

indicated by GDGT-2/GDGT-3 ratios and were found to be extensive in almost 

all cases (Figure 3.9). The RI values were also extremely high, greater than 2, 

and indicate non-thermal influences of the GDGT distributions, although a 

specific source is not well defined (Dauner et al., 2021).  

The brGDGTs not only considered the terrestrial input, but were used to 

reconstruct atmospheric MAT, through MBT’5Me and CBT’ using multiple 

calibrations (De Jonge et al., 2014; Naafs et al., 2017a; 2017b). The MATs 

tracked well with the G-IG periods across the MIS, including the stadial-

interstadial cycling within MIS 5. Three calibrations were used to reconstruct 

MAT (De Jonge et al., 2014; Naafs et al., 2017a; 2017b). Reconstructed MATs 

appeared to vary less than the SSTs. Temperatures varied from -5.8 to 4.5 °C 

using the peat calibration (Naafs et al., 2017b; Equation 2.3). CBT ratios were 

used for pH determination, with reconstructions producing pH values between 

6.7 and 8.2 (Figure 3.13; De Jonge et al.,2014; Naafs et al., 2017). 

Additional proxies could be used to verify the validity of the data produced 

within this study, including palynology, or other biomarkers such as alkenones. 

4.2 Future Work 

The sediments from site U1343 were not accurately dated within this study. A 

more accurate age-model would allow the MIS boundaries to be reliably and 

accurately inferred. Instead, age approximations were based on analysis 
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undertaken by Asahi et al. (2016) and Worne et al. (2019), wherein low-

resolution studies of ages were assumed based on linear sedimentation rates 

between data points. This would provide benefit for determining the MIS 

transitions more accurately. 

Forty-five other polar lipid extracts were produced within this study, but are yet 

to be analysed by LC-MS, owing to instrumentation time-limitations. An 

increased resolution record would be created from the analysis of the extracts.  

The reconstructed temperatures could be used alongside numerous other 

proxies, including alkenones, to increase reliability of the SSTs, by creating a 

multi-proxy approach, an alkenone standard would need to be analysed by GC-

MS, and previously analysed GC-MS data interpreted. The calibration U37
K'

 has 

limitations at high-latitudes, due to low abundances (Schlung et al, 2013), and 

anomalously high abundances of the C37 tetra-unsaturated methyl alkenone 

(%C37:4), making SST values produced unreliable (Wang et al., 2021). However, 

used in combination with TEX86 could reinforce trends, or temperatures, that 

have been reconstructed from Site U1343 within this study. 

Alternatively, other proxies could be utilised to create a more detailed overview 

of the environment going into and coming out of the LGM. Few paleoclimate 

investigations fully consider the impact of methane on climate, particularly the 

fractions locked up in permafrost or peatlands. It is crucial to assess the impact 

of CH4 on climate change, as it has 25 times the global warming potential of 

CO2 (Bridgham et al., 2013). Atmospheric CH4 has been documented in ice 

cores across large timescales, yet major uncertainties remain on how much 

methane is emitted from natural wetlands (Korrensalo et al., 2018; Melton et al., 

2013; Riley et al., 2011). Vegetation reconstructions, by palynology, would be a 
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benefit to determine whether peat bogs likely changed in abundance across G-

IG timescales (Bock et al., 2017; Delmotte et al., 2004). Palynological studies 

have been conducted at U1343 by Westbrook (2014) and Morris (2018) with 

success, though neither considered paleoclimates. Previous studies have 

captured the lateral expansion of peatlands and related the expansions to 

methane emissions across the Holocene (Jones & Yu, 2010; Smith, 2004), 

with Loisel et al. (2017) terming Beringia as a region with ‘lost’ wetlands.  

Future works would consider whether concurrent increases in methane 

concentration and δ13C(methane) decreases occurring during global warming 

periods are driven by an increase in wetland fraction, through palynology and 

climatic ties.  
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Appendix A 

Table A.1. GDGT extraction methods used in previous studies (2000-2022). Modified 

from Foster (2015). 

Study 
Sample 

Size 
Sediment 

Preparation 
Extraction Method 

and Solvent 
Column and 

Solvent 
Final Dilution 

Solvent 
Filter Size / 

µm 
Standard 

Used 

Hopmans et al. (2000)  Freeze-dried 
Ultrasonic: 3× 

DCM:MeOH (1:1)  
and 3× DCM 

 Hexane:IPA 
(99:1) 

0.45  

Schouten et al. (2000) 1-5 g Freeze-dried 
Ultrasonic: 3× 

DCM:MeOH (1:1)  
and 3× DCM 

 Hexane:IPA 
(99:1) 

0.45  

Schouten et al. (2002)  Freeze-dried 
Ultrasonic: 3× 

DCM:MeOH (1:1)  
and 3× DCM 

Alumina Column 
DCM:MeOH (1:1) 

Hexane:IPA 
(99:1) 

0.45  

Sinninghe Damsté et 
al. (2002) 

  Soxhlet:  
DCM:MeOH (9:1) 

Alumina Column 
DCM:MeOH (1:1) 

Hexane:IPA 
(99:1) 

0.45  

Hopmans et al. (2004)   
Ultrasonic:  

3× DCM:MeOH (1:1) 
and 3× DCM 

Alumina Column 
DCM:MeOH (1:1) 

Hexane:IPA 
(99:1) 

0.45  

Powers et al. (2004) 5-10 g 
Freeze-dried, 
Homogenised 

Soxhlet:  
DCM:MeOH (2:1) 

Alumina Column 
DCM:MeOH (1:1) 

Hexane:IPA 
(99:1) 

  

Powers et al. (2005) 1-3 g 
Freeze-dried, 
Homogenised 

Soxhlet or ASE: 
DCM:MeOH (2:1) 

Alumina Column 
DCM:MeOH (1:1) 

Hexane:IPA 
(99:1) 

0.45  

Weijers et al. (2006b)  Freeze-dried 
ASE:  

DCM:MeOH (9:1) 
Alumina Column 
DCM:MeOH (1:1) 

Hexane:IPA 
(99:1) 

0.45  

Weijers et al. (2007a)  Freeze-dried, 
Homogenised 

ASE:  
DCM:MeOH (9:1) 

Alumina Column 
DCM:MeOH (1:1) 

Hexane:IPA 
(99:1) 

0.45  

Blaga et al. (2009)  Freeze-dried, 
Homogenised 

Ultrasonic: 3× 
DCM:MeOH (1:1) and 

3× DCM then ASE: 
DCM:MeOH (9:1) 

Alumina Column 
DCM:MeOH (1:1) 

Hexane:IPA 
(99:1) 

0.45  

Tierney & Russell 
(2009) 

 Freeze-dried, 
Homogenised 

ASE:  
DCM:MeOH (9:1) 

Alumina Column 
DCM:MeOH (1:1) 

Hexane:IPA 
(99:1) 

0.45 C46 

Bechtel et al. (2010)   MAE: 70 °C for 7 min 
DCM:MeOH (9:1) 

 Hexane:IPA 
(99:1) 

0.45 C46 

Blaga et al. (2010)   ASE:  
DCM:MeOH (9:1) 

Alumina Column 
DCM:MeOH (1:1) 

Hexane:IPA 
(99:1) 

0.45  

Kim et al. (2010)  Freeze-dried, 
Homogenised 

ASE:  
DCM:MeOH (9:1) 

Alumina Column 
DCM:MeOH (1:1) 

Hexane:IPA 
(99:1) 

0.4  

Powers et al. (2010)  Freeze-dried, 
Homogenised 

Soxhlet or ASE: 
DCM:MeOH (2:1) 

Alumina Column 
DCM:MeOH (1:1) 

Hexane:IPA 
(99:1) 

0.4  

Zink et al (2010)   ASE:  
DCM:MeOH (1:1) 

Alumina Column 
DCM:MeOH (1:1) 

Hexane:IPA 
(99:1) 

0.45  

Pearson et al. (2011) 0.1-2 g  
MAE: 70 °C ramp for 2 
min and held for 5 min 

DCM:MeOH (9:1) 

 Hexane:IPA 
(99:1) 

0.45  

Sun et al. (2011)  Freeze-dried, 
Homogenised 

ASE:  
DCM:MeOH (9:1) 

Alumina Column 
DCM:MeOH (1:1) 

Hexane:IPA 
(98:2) 

0.45  

Loomis et al. (2012) 0.02-2.2 g 
Freeze-dried, 
Homogenised 

ASE:  
DCM:MeOH (9:1) 

   C46 

Sinninghe Damsté et 
al. (2012) 

1-3 g 
Freeze-dried, 
Homogenised 

ASE     

Shanahan et al. 
(2013) 

1-5 g Freeze-dried 
ASE:  

DCM:MeOH (9:1) 
 Hexane:IPA 

(99:1) 
  

Woltering et al. (2014) 1-5 g Freeze-dried 
ASE:  

DCM:MeOH (9:1) 
Alumina Column 
DCM:MeOH (1:1) 

Hexane:IPA 
(99:1) 

0.45  

De Jonge et al. (2014)  Freeze-dried, 
Homogenised 

ASE:  
DCM:MeOH (9:1) 

Alumina Column 
DCM:MeOH (1:1) 

Hexane:IPA 
(99:1) 

0.45  

Foster et al. (2015) 0.1-4.6 g 
Freeze-dried, 
Homogenised 

MAE: 70 °C ramp for 3 
min and held for 5 min 

DCM:MeOH (9:1) 

 Hexane:IPA 
(99:1) 

0.2  

Lei et al. (2016) 20 g 
Freeze-dried, 
Homogenised 

ASE: DCM:MeOH 
(9:1) 

Silica Column 
MeOH 

Hexane:EtOAc 
(84:16) 

0.45 C46 

Ruan et al. (2017) 4-6 g 
Freeze-dried, 
Homogenised 

Ultrasonic: 3× 
DCM:MeOH (2:1) 

Silica Column 
DCM:MeOH (1:1) 

Hexane:IPA 
(99:1) 

0.45 C46 

Dearing Crampton-
Flood et al. (2020) 

 Freeze-dried, 
Homogenised 

ASE:  
DCM:MeOH (9:1) 

Alumina Column 
DCM:MeOH (1:1) 

Hexane:IPA 
(99:1) 

0.45 C46 

Lawrence et al. (2020) ~2 g Freeze-dried ASE: DCM 
Alumina Column 
DCM:MeOH (1:1) 

 0.45  

Vickers et al. (2020) ~ 30 g 
Freeze-dried, 
Homogenised 

Soxhlet: 
 DCM:MEOH (2:1) 

    

Peaple et al. (2022) 26-85 g Freeze-dried ASE  Hexane:IPA 
(99:1) 

0.45  

 


