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ABSTRACT
PLIOCENE TO EARLY PLEISTOCENE SEA SURFACE AND LAND TEMPERATURE
HISTORY OF NW AUSTRALIA BASED ON ORGANIC GEOCHEMICAL PROXIES
FROM SITE U1463
SEPTEMBER 2018
REBECCA A. SMITH, B.S., BATES COLLEGE
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Isla S. Castañeda
Ocean gateways facilitate water circulation between ocean basins, and
therefore directly impact thermohaline circulation and global climate. In order to
better predict the effects of future climate change, it is critical to constrain past
changes in ocean gateway behavior, and corresponding changes in thermohaline
circulation, particularly during analogue periods for modern climate change. The
Indonesian Throughflow (ITF) is a primary ocean gateway and vital component of
the global conveyor that transports water from the Pacific Ocean into the Indian
Ocean, however due to a lack of long and continuous sedimentary records from
locations under its influence, changes in ITF behavior remain poorly constrained. In
this study organic geochemical biomarkers preserved in marine sediments are used
to reconstruct both sea surface and continental air temperatures in Northwest (NW)
Australia from sediments spanning the mid-Pliocene Warm Period (mPWP), a
critical carbon dioxide (CO2) and temperature analogue period for modern climate
change spanning 3.3-3.0 Ma. These sediments were collected during IODP
Expedition 356 from Site U1463, located near the outlet of the ITF, and are therefore
sensitive to changes in ITF behavior over time. Here, NW Australian air
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temperatures were reconstructed from 1.5-3.5 Ma using the MBT’5ME proxy (Weijers
et al., 2007a; De Jonge et al., 2014a), and offshore sea surface temperatures (SSTs)
were reconstructed using both the TEX86 proxy (Schouten et al., 2002; Tierney &
Tingley, 2014) and the Long Chain Diol Index (LDI; Rampen et al., 2012). Global
climate events, including Marine Isotope Stages (MIS) 55, 63, 64, 82, 84, 88, 92, G10,
G18, G20, G22, and M2 (Lisiecki & Raymo, 2005) are apparent in all of our records.
TEX86 SSTs suggest a stronger cooling signal during MIS Stages G18, G20 and G22
relative to cooling during MIS M2, however LDI SSTs do not yield the same result.
Overall, all three proxies indicate higher temperatures across the Pliocene and a
cooling trend from ~1.7-1.5 Ma. Cooling occurs during an arid interval identified by
Christensen et al. (2017), from 2.4-1.0 Ma, which suggests that offshore cooling
contributed to shifts in NW Australian continental hydrology. Cooling from 3.5-1.5
Ma at Site U1463 was likely a reflection of 1) constriction of the ITF from 5-2 Ma and
a switch from warm South Pacific to cool North Pacific source waters, and 2) an
increase in meridional SST gradients at 1.8 Ma; the particularly strong cooling signal
identified in all three records at 1.7 Ma is likely a direct response to the latter. This
study helps elucidate ITF variability and shifts in thermohaline circulation across
the Plio-Pleistocene and the mPWP, which will help modelers better predict the
effects of future climate change.
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CHAPTER 1
INTRODUCTION
1.1 Background
1.1.1 IODP Expedition 356
In summer 2015, IODP Expedition 356 collected sediment cores from six
borehole locations (U1459-U1464; Figure 1.1) across the coast of northwest (NW)
Australia (Gallagher et al., 2017). Two main objectives of this expedition were to a)
reconstruct NW Australian continental aridity, and b) constrain Indonesian
Throughflow (ITF), Western Pacific Warm Pool (WPWP), and Leeuwin Current (LC)
(Figure 1.2) variability from the late Miocene to the early Pleistocene (Gallagher et
al., 2014). In order to address these objectives and determine the effects of ITF
variability on Plio-Pleistocene climate (3.5-1.5 Ma), the purpose of this project is to
reconstruct the land and sea surface temperature history of NW Australia using
multiple organic geochemical proxies of sediments from Site U1463 (18°58’S,
117°37’E; Figures 1.1, 1.2, 1.6).
1.1.2 The ITF and the Plio-Pleistocene
The Pliocene-Pleistocene time interval encompasses the mid-Pliocene Warm
Period (mPWP), which occurred approximately 3.33-3.00 Ma. This interval is
characterized by slightly higher global temperatures (~3°C) and CO2 concentrations
similar to modern values (Dowsett et al., 1992; Raymo et al., 1996; Hönisch et al.,
2009; Dowsett et al., 2009; Pagani et al., 2010; Bartoli et al., 2011); and therefore
provides an analog for modern conditions. Research on climate forcing across the
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mPWP could provide crucial data to improve models and responses to future
climate change.
The ITF is a critical ocean gateway involved in global thermohaline
circulation and the global conveyor, however a limited number of studies have
measured the influence of ITF variability on climate during the mPWP and the PlioPleistocene overall (Cane & Molnar, 2001; Karas et al., 2009; Karas et al., 2011a;
Karas et al, 2011b). IODP Site U1463 is uniquely sensitive to changes in ITF
behavior because it is located close to the ITF outlet (Figure 1.2). From 5-2 Ma, New
Guinea and Australia shifted 2-3° north, which caused gradual shoaling and
constriction of the ITF (Cane & Molnar, 2001). In turn, shoaling caused the
emergence of the Maritime Continent, i.e. the modern islands located within the ITF
(Molnar & Cronin, 2015). Prior to constriction from 5-2 Ma, Cane and Molnar (2001)
hypothesize that warm, saline South Pacific waters fed ITF currents into the Indian
Ocean. The onset of both constriction and shoaling introduced Halmahera Island as
a significant land barrier at the opening of the ITF (Figure 1.3), which later grew in
surface area due to volcanic activity (Cane & Molnar, 2001). Cane and Molnar
(2001) argue that Halmahera eventually blocked South Pacific warm water from
entering the ITF, and caused a shift from South Pacific to North Pacific ITF source
waters (Morey et al., 1999). In 2006, Martin and Scher (2006) tested this hypothesis
by analyzing sediments from ODP Site 757 (eastern Indian Ocean; Figure 1.6) for Nd
isotopes (𝜀"# ). Nd is a radiogenic isotope that weathers from continental crust into
ocean water, and different water masses reflect different 𝜀"# values (Frank, 2002).
Martin and Scher (2006) documented an increase in 𝜀"# values from 3.4-1 Ma at Site
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757, which they suggest could be a reflection of a shift in source waters from the
South Pacific (less radiogenic) to the North Pacific (more radiogenic)(Martin &
Scher, 2006; references therein). Modern ocean circulation studies indicate that
most South Pacific waters are diverted from entering the ITF via the Halmahera
Eddy (HE; Figure 1.2a), and North Pacific cold water dominates the ITF (Gordon &
Fine, 1996; Gordon et al., 1999; Gordon, 2005).
1.1.3 Indian Ocean Surface and Subsurface Temperature Records
Sea surface temperature (SST) reconstructions at two different locations in
the Indian Ocean were conducted in 2009 (DSDP Site 214) and in 2011 (ODP Site
763A; Figure 1.2 & 1.6), in order to further test the hypotheses posed by Cane and
Molnar (Karas et al., 2009; Karas et al., 2011a). Karas et al. (2009) conducted
chemical analyses on sediment samples from Site 214 (Figure 1.2 and 1.6), cored
during the Deep Sea Drilling Project in 1972. The authors measured oxygen isotopes
(d18O) and magnesium to calcium (Mg/Ca) ratios of the surface dwelling
foraminifera species Globigerinoides ruber and Globigerinoides sacculifer, as well as
the deeper dwelling species Globoconella crassaformis to produce upper water
column temperature reconstructions from 5.5-2.0 Ma (Figure 1.4). SSTMg/Ca of G.
ruber and G. sacculifer across this interval indicate relatively stable temperatures
from 24-26.5°C. However, results from G. crassaformis indicate a 4°C temperature
decrease in subsurface water temperatures from 3.5-2.95 Ma (Figure 1.4). The
authors suggest that this cooling trend supports the hypothesis proposed by Cane
and Molnar (2001), except that cooling occurred at depth rather than at the surface,
likely due to cooling of subsurface rather than surface ITF source waters at the time.
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Subsequently, Karas et al. (2011a) reconstructed SSTMg/Ca using G. sacculifer
from ODP Site 763A (Figure 1.4), which was cored during the Exmouth Plateau ODP
Expedition in August 1988. Site 763A sits closer to the outlet of the ITF than the
previously studied Site 214 (Figure 1.2, 1.6); however, it is still located a
considerable distance from the ITF relative to Site U1463. Karas et al. (2011a)
identify that while surface temperatures at Site 214 did not change significantly
across the 3.5-2.95 Ma interval, SSTs at Site 763A cooled by 2-3°C near 3.3 Ma
(Figure 1.4). In order to explain surface cooling at Site 763A and not at Site 214, the
authors suggest that constriction of the ITF caused slowing and subsequent cooling
of Leeuwin Current surface waters traveling across the west coast of Australia.
However, given that to date only these two studies (Karas et al., 2009; 2011a) have
reconstructed ITF SST variability across the Plio-Pleistocene, numerous outstanding
questions exist regarding variability in ITF strength, position, and history.
1.1.4 Pacific Ocean SSTs and Plio-Pleistocene SST Gradients
In addition to Indian Ocean records, Pacific SST records spanning the PlioPleistocene can help to elucidate shifts in ITF behavior over time. ODP Site 806
(Figure 1.5, 1.6) is located in the western equatorial Pacific (WEP) and is in close
proximity to both the Halmahera Eddy (HE) and the entrance to the ITF. For this
reason, Site 806 is sensitive to shifts in ocean currents entering the ITF over time.
Wara et al. (2005) reconstructed SSTs at Site 806 by measuring Mg/Ca ratios of G.
sacculifer (Figure 1.5). From ~3.5-2.5 Ma, SSTs at Site 806 decreased by ~2°C,
followed by a distinct warming trend near 1.7 Ma (Wara et al., 2005). The warming
signal seems to occur after the constriction and shoaling of the ITF ended ~2 Ma,
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which suggests that Site 806 received more South Pacific warm waters returning
from the entrance of the ITF via the HE (Figure 1.2a) post constriction.
Wara et al. (2005) also reconstructed temperatures in the eastern equatorial
Pacific at ODP Site 847 (Figure 1.6) in order to produce a Plio-Pleistocene equatorial
west-to-east SST gradient relative to Site 806. Modern equatorial SST gradients can
drive shifts in Walker circulation (Wara et al., 2005), and therefore reconstructing
these gradients can provide critical insight into ocean-atmosphere dynamics across
the Plio-Pleistocene. The equatorial Pacific zonal SST difference between Site 806
and 847 is relatively low from 5.3-1.7 Ma across the mPWP. At 1.7 Ma, Wara et al.
(2015) identify an increase in zonal SST difference between these sites,
corresponding to a cooling SST signal at Site 847. The authors suggest that this
divergence in SSTs marks the initiation of a steep equatorial Pacific SST gradient
that previously did not exist during the mPWP. The modern SST gradient between
Site 806 and Site 847 is significantly higher at ~7°C than it was during the mPWP at
~4°C.
Brierley et al. (2009) produced a north-to-south meridional SST gradient
across the Pacific Ocean from 4 Ma to present by comparing alkenone-based SST
measurements from ODP Site 846 (located in the EEP, Figure 1.6) and ODP Site
1012 (located near the California Margin; Figure 1.6). Their results indicate that
prior to 2 Ma, the meridional SST gradient was relatively low at ~2°C (Brierley et al.,
2009). At ~2 Ma, surface temperatures at Site 1012 began to cool more rapidly than
those at Site 846, causing a net increase in the meridional SST gradient by ~7°C.
This significant meridional SST gradient increase at ~2 Ma slightly preceded the
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zonal west-to-east equatorial Pacific SST gradient increase at 1.7 Ma. The authors
suggest from these results that variations in the meridional SST gradient at 2.0 Ma
drove the shift in zonal equatorial SST gradient at 1.7 Ma.
Today, higher meridional and zonal SST gradients confine warm waters to
the equator. During the Pliocene, particularly across the mPWP, SSTs were higher at
higher latitudes and warm ocean temperatures extended across most of the tropics
(Brierley et al., 2009; Brierley & Fedorov, 2010)(Figure 1.7). The progressive drop
in the extent of tropical water, hereafter referred to as the tropical warm pool, since
the Pliocene may have influenced outflowing ITF SSTs in the Indian Ocean at Site
U1463. Therefore, in addition to the tectonic constriction of the ITF from 5-2 Ma
(Cane & Molnar, 2001), zonal and meridional SSTs must be analyzed as possible
forcing mechanisms that could have influenced SSTs at Site U1463 from 3.5-1.5 Ma.
1.2 Research Objectives and Hypotheses
The hypotheses proposed by Cane and Molnar (2001), Karas et al. (2009),
and Karas et al. (2011a) to explain sea surface temperature variability across the
ITF rely on limited studies from sediment cores extracted before 1990. Cane and
Molnar’s hypothesis, that tectonic constriction of the ITF caused a switch in ITF
source waters from 5-2 Ma, was first tested by Martin and Scher (2006) using Nd
isotopes; however, a thorough, multi-proxy record from a continuous sediment core
located close to the outlet of the ITF is required to fully elucidate ITF variability
across the Plio-Pleistocene. Furthermore, the role of meridional and zonal SST
gradients in both the Indian and Pacific Ocean must be considered as forcing
mechanisms influencing SSTs near the ITF.
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Since IODP Expedition 356 in 2015, Christensen et al. (2017) have analyzed
shipboard Natural Gamma Ray (NGR) data of sediments from Site U1463 and
identified a humid (5.5-3.3 Ma), transition (3.3-2.4 Ma), and arid interval (2.4- less
than 1 Ma) in NW Australia (Figure 1.8). The authors attribute these shifts in aridity
to the constriction and shoaling of the ITF, which they depicted in a useful step-wise
illustration (Figure 1.9). Due to the strong correlation between near-shore aridity
and sea surface temperatures (SSTs) in Australia (King et al., 2015; Christensen et
al., 2017), it is critical to compare the aridity intervals identified by Christensen et
al. (2017) to changes in SSTs at Site U1463.
This project reconstructs SSTs from sediments at Site U1463 spanning 3.51.5 Ma using organic geochemical proxies including the alkenone unsaturation
index, UK’37 (Prahl & Wakeham, 1987), the long-chain diol index, LDI (Rampen et al.,
2012), and the tetraether index of 86 carbon atoms, TEX86 (Schouten et al., 2002).
Furthermore, results are compared to SSTs from Indian Ocean sites 214 (Karas et
al., 2009) and 763 (Karas et al., 2011a), as well as to hydrologic intervals identified
by Christensen et al. (2017). SST data are also used to produce a zonal (west to east)
SST gradient from Site U1463 to Site 806, as well as a meridional (south to north)
SST gradient from Site U1463 to northern Site 722 (Herbert et al., 2010)(Figure 1.6).
Continental mean annual air temperatures in NW Australia are determined by a)
applying the MBT’5ME mean annual air temperature proxy based on branched
glycerol dialkyl glycerol tetraethers (brGDGTs) to sediments at Site U1463, and by
b) applying a new proxy, the #ringstetra index (Sinninghe Damsté, 2016), to
determine marine versus terrestrial origin of brGDGTs at Site U1463.
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Hypotheses for this project are as follows:
[1] SST reconstructions from UK’37, LDI, and TEX86 will reflect surface cooling in
agreement with results from Karas et al. (2011a).
[2] The zonal SST gradient from Site U1463 to Site 806 (Wara et al., 2005) will
reflect an increase in SST difference between the two sites from the Pliocene into
the Pleistocene.
[3] The meridional SST gradient from Site U1463 to Site 722 (Herbert et al.,
2010) will reflect a constriction of the tropical warm pool in the Indian Ocean
from the Pliocene into the Pleistocene.
[4] Results from the #ringstetraindex will reflect that brGDGTs measured at Site
U1463 formed in continental soils and were transported by wind (or rivers in
the past when conditions were wetter than today).
[5] MBT’5ME measurements will mirror SST trends, and indicate a strong
relationship between SSTs and nearby continental air temperatures.
[6] Cooling in both the terrestrial and marine records will coincide with the arid
interval from 2.4 to less than 1 Ma (Christensen et al., 2017), as cooler sea
surface temperatures decrease moisture availability onshore.
[7] SST and MAAT temperature records will correspond to LR04
glacial/interglacial cycles.

SST records from the UK’37, LDI, and TEX86 proxies will inform Hypotheses
[1], [2], [3], [6], and [7]. The #ringstetra proxy data will inform Hypothesis [4], and a
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continental air temperature record using MBT’5ME will inform Hypotheses [5], [6],
and [7].
1.3 Biomarker Background
At various depths throughout the water column, organisms from the three
domains of life (archaea, eukarya, and bacteria) biosynthesize organic matter to
produce lipids (Peters et al., 2005). Once a source organism dies and descends to the
ocean floor, the remaining organic matter that eventually gets preserved in marine
sediment is considered an organic biomarker (Castañeda & Schouten, 2011).
Organisms adjust the structure of their lipid membranes in response to surrounding
growth temperature; therefore, the chemical composition of biomarkers varies
depending on the climatic conditions (temperature, salinity, pH) of the surrounding
environment when the biomarker was produced (Castañeda & Schouten, 2011). The
biomarker composition preserved upon burial can be extracted and analyzed in
order to reconstruct the environmental conditions that existed during the lifespan
of the source organism. In addition to marine sediments, biomarkers are also
preserved in continental soils, rocks, petroleum deposits, and coal deposits
(Castañeda & Schouten, 2011). The UK’37, TEX86, and LDI temperature proxies
applied in this study measure the ratios of different lipid compounds produced by
biomarkers preserved in marine sediments, and the MBT’5ME proxy measures the
compounds preserved in NW Australian continental soils from 3.5-1.5 Ma.
1.3.1 UK'37 SST Proxy
The Uk’37 Index is based on unsaturation ratios of long-chain alkenones with
37 carbon atoms produced in the open ocean by photosynthetic haptophyte algae
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Emiliani huxleyi and Gephyrocapsa oceanica (de Leeuw et al., 1980; Volkman et al.,
1980a; Volkman et al., 1980b; Volkman et al., 1995; Herbert, 2006). Studies indicate
that E. huxleyi evolved by ~0.27 Ma (Thierstein et al., 1977), and G. oceanica evolved
by ~1.93 Ma; therefore, most sediments in this study spanning 3.5-1.5 Ma predate
the presence of these species. Despite the younger emergence of E. huxleyi and G.
oceanica in the geologic record, the Uk’37 index has been applied in previous studies
to reconstruct Pliocene temperatures, under the assumption that previously evolved
alkenone-producing species had similar relationships with SST (Herbert & Schuffert,
1998). Therefore, in this study we also assume that the modern calibration for Uk’37
applies to Plio-Pleistocene sediments from Site U1463.
Long chain alkenones consist of 37 and 39 carbon atoms (C37-C39), and are
made up of di-, tri-, and tetra- unsaturated methyl and ethyl ketones (Figure 1.10a)
(Volkman et al., 1980a; Volkman et al., 1980b; Castañeda & Schouten, 2011). The
relative amount of tri-unsaturated ketones within a long chain alkenone increases
with decreasing temperature (Figure 1.10b-c) (de Leeuw et al., 1980; Volkman et al.,
1980a; Volkman et al., 1980b; Brassell et al., 1986). The original Uk37 index (Brassell
et al. 1986) included the di- (C37:2), tri- (C37:3), and tetra- (C37:4) unsaturated
alkenones. It was later found that inclusion of the C37:4 alkenone did not improve the
calibration’s relationship with SST and was absent or in very low abundances at
many sites. Prahl and Wakeham (1987) grew haptophyte algae species Emiliani
huxleyi in lab cultures between 5-25°C and tested the effects of temperature on the
(

'
'
presence of C37:4 ketones. They calculated the same values of U%&
and U%&
at

temperatures above 15°C. Therefore, the C37:4 unsaturated ketones exist only in
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water temperatures below 15°C, would not exist in tropical sea surface waters at
(

)
Site U1463, and can be excluded from the U%&
calibration equation altogether (Prahl

& Wakeham, 1987; Equation 1).

(

*
U%&
= [C%&:/ ]/[C%&:/ + C%&:% ]

(1)

(

)
As shown in Figure 1.10b-c, concentrations of C37:3 decrease and U%&
ratios
(

)
approach 1 as temperatures increase. The uppermost temperature limit of the U%&

SST proxy is ~29°C (Pelejero & Calvo, 2003), depending on the calibration applied,
where the tri-unsaturated alkenone peak becomes too small to quantify or is absent.
The Muller et al. (1998) calibration (Equation 2) is applied to reconstruct SST from
(

)
U%&
measurements at Site U1463, and has a calibration error of ± 1.5°C (Müller et

al., 1998).

(

*
U%&
= 0.033 x SST + 0.044

(2)

In addition to serving as a SST proxy, alkenone ratios and concentrations also
provide other environmental information. The ratio of long chain alkenones with 37
versus 38 carbon atoms (C37/C38) can be used to assess if alkenones are produced in
the open ocean or if there is an influence from coastal species (which have a
different relationship between the unsaturation index and SST). Long chain
alkenones produced in open ocean environments by Emiliani huxleyi and
Gephyrocapsa oceanica (de Leeuw et al., 1980; Volkman et al., 1980a; Volkman et al.,
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1980b; Castañeda & Schouten, 2011) have average C37/C38 ratios between 0.7-1.7
(Prahl & Wakeham, 1987), whereas coastal species generally are characterized by
higher C37/C38 ratios. As haptophyte algae are one of the main primary producers in
the world’s oceans, alkenone concentrations or mass accumulation rates in marine
sediments can serve as a proxy for past productivity (Prahl & Muehlhausen, 1989;
Brassell, 1993). Previous research has suggested that major changes in primary
productivity, related to strengthening of the westerlies and increased upwelling,
occurred during the Plio-Pleistocene (Lawrence et al., 2013).
1.3.2 LDI SST Proxy
The Long-Chain Diol Index (LDI) is the most recently developed SST proxy to
date (Rampen et al., 2012), and has been only scarcely applied to Pliocene ocean
sediments (Naafs et al., 2012). Naafs et al. (2012) applied LDI to 14 samples
spanning 2.41-2.49 Ma from the North Atlantic, however this research project will
be the first to apply this new proxy to sediments as old as 3.5 Ma. LDI was developed
by Rampen et al. (2012) to reconstruct SSTs between -3 and 27°C, and measures the
ratio of C301,15 n-alkyl-diol, C281,13 n-alkyl-diol and C301-13 n-alkyl-diol (Equation
3).

LDI = >

>?@A B,BDEFGHI

(3)

?JK B,B@EFGHI L>?@A B,B@EFGHI L>?@A B,BDEFGHI

Where ‘F’ indicates fractional abundance of each n-alkyl diol. These diols are
differentiated by the number of carbon atoms comprising their alkyl chain (C30 or
C28) and by the position of alcohol groups along their alkyl chain, at sites 1 and 13 or
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sites 1 and 15 (Rampen et al., 2012). These diols are likely synthesized by
phototrophic species of diatoms and microalgae (Rampen et al., 2012), which dwell
in the photic zone of the ocean and thereby must capture a SST signal. There is a
strong correlation between LDI and SST (r2= 0.969; Equation 4), and the proxy has a
calibration error of ± 2°C (Rampen et al., 2012). Rampen et al. (2012) applied the
(

'
LDI proxy to Holocene sediments from the South Atlantic to compare it to U%&
sea

surface temperatures from the same core. They measured a 1-2°C difference
between the two proxies, which they deem insignificant relative to calibration
errors.

LDI = 0.033 x SST + 0.095, r / = 0.969

(4)

(

'
Small differences discussed by Rampen et al. (2012) between the LDI and U%&

temperature reconstructions encourage more comparisons in future studies. If
possible, it would be useful to compare SSTs from both of these proxies at Site
U1463.
The LDI was applied to marine sediments spanning the past 135,000 years
collected off the coast of southeast Australia from AUSCAN 2003 core MD03-2607
(36°57.64′S, 137°24.39′E; Lopes dos Santos et al., 2013)(Figure 1.6). The authors
(

'
compared their LDI record to their U%&
and TEXH86 SST records measured on the

same samples, and found an overall agreement in SST trends across the time
interval. While comparable in overall trends, they did observe that LDI
(

'
temperatures were higher than both U%&
and TEXH86 SSTs during glacial periods.
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The authors suggest that part of the temperature offset between proxy records
could be due to calibration errors (Lopes dos Santos et al., 2013), however other
variables must be considered to explain the more significant differences in
temperature between proxies. They provide several factors that could contribute to
differences in their records, and these factors include: 1) possible input of soil
organic matter from nearby rivers, which could affect TEXH86 values, 2) lateral
transport and selective degradation, which must be considered if there are
significant differences in overall trends between proxies, 3) light and nutrient
limitation (Epstein et al., 2010; Prahl et al., 2005; Sikes et al., 2005), 4) water depth
in which the source organism lived, and 5) preferred growing season of the source
organism. It is important to consider each of these variables relative to the multiproxy records from this study at Site U1463.
In addition to measuring the ratio of C301,15, C281,13 and C301,13 n-alkyldiols for the LDI (Equation 3), the C32 1,15-diol can be utilized as a proxy for river
input to marine settings because studies suggest that this diol is produced by
freshwater dwelling eustigmatophyte algae (Lattaud et al., 2017). The total
concentration of C32 1,15-diols will be calculated in sediments from Site U1463
spanning 3.5-1.5 Ma, in order to determine the relative input of freshwater from
rivers to Site U1463 across this interval. It is important to note that a high relative
input of freshwater from rivers could influence the applicability of LDI at Site
U1463, because C301,15, C281,13 and C301-13 n-alkyl-diols measured at Site U1463
could originate from either a freshwater or marine source (Lattaud et al., 2017).
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1.3.3 TEX86 Surface/Subsurface Temperature Proxy
The TetraEther indeX with 86 carbons (TEX86) is a water temperature proxy
based on isoprenoidal GDGTs. These compounds are formed by mesophilic archaea,
the Thaumarchaeota (Schouten et al., 2000; Brochier-Armanet et al., 2008), and are
made up of isoprenoid structures with glycerol alkyl groups bonded to either end of
the compound (Castañeda & Schouten, 2011)(Figure 1.11). Within a given iGDGT
resides between 0 to 4 cyclopentane rings (Castañeda & Schouten, 2011).
Compounds with 4 cycloptenane moieties contain a cyclohexane ring indicative of
‘crenarchaeol’, a compound that is uniquely produced by Thaumarchaeota and not
other types of archaea (Sinninghe Damsté et al., 2002; Schouten et al., 2002).
Before they were identified as a separate phylum altogether,
Thaumarchaeota were originally considered Group I Crenarchaeota (BrochierArmanet et al., 2008; Spang et al., 2010; Hurley et al., 2016). Karner et al. (2001)
detected marine crenarchaeota across a large range of depths, from the mesopelagic
through the bathypelagic (approximately 200-1000m in depth), indicating that
these species can flourish across a large range of temperatures and therefore must
utilize some sort of biologic mechanism to adapt to different environments.
Previous phylogenetic research suggested that all Crenarchaeota were thermophilic,
meaning that all were high temperature extremophiles (Hershberger et al., 1996;
Schouten et al., 2002). However, Brochier-Armanet et al. (2008) compared certain
phylogenetic-marker proteins in the mesophilic archaea species Cenarchaeum
symbosium to marker proteins in both Crenarchaeota and Euryarchaeota, and
determined that the mesophilic archaea are unique in protein composition relative
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to the two other phyla. These mesophilic archaea were categorized as a new phylum
entitled Thaumarchaeota (Brochier-Armanet et al., 2008), which are abundant
across the globe and contain membrane-forming isoprenoid GDGTs (Schouten et al.,
2000). Thaumarchaeota are ammonia-oxidizing Archaea (AOA), meaning they
oxidize ammonia or ammonium into nitrite, thereby facilitating the first step of
nitrification (Könneke et al., 2005; Beman et al., 2008; Newell et al., 2013; Hurley et
al., 2016). As AOAs, Thaumarchaeota can utilize ammonia to grow at depths with
limited sunlight and organic energy sources (Könneke et al., 2005); therefore,
Thaumarchaeota are not limited to the photic zone to survive, and isoprenoid
GDGTs preserved in sediments at Site U1463 could originate from surface or
subsurface water depths. In fact, Thaurmarchaeota have been previously identified
in epipelagic, mesopelagic and bathypelagic ocean depths (Karner et al., 2001;
(

)
Beman et al., 2008; Tolar et al., 2013). Unlike LDI and U%&
, TEX86 cannot be

considered strictly as a SST proxy.
Schouten et al. (2002) calibrated the TEX86 SST proxy after measuring a
significant difference in iGDGT composition between cold and warm ocean
sediments sampled across the globe. In cold Antarctic sediments from Halley Bay
Station, the authors measured crenarchaeol and trace concentrations of GDGT 0 and
GDGT 1, whereas in warm sediments from the Arabian Sea, the authors measured
higher concentrations of GDGTs 0-4. Their results confirmed previous observations
that the number of cyclopentane rings increases when temperature increases (Uda
et al., 2001; Schouten et al., 2002). The authors conducted linear correlations
between local SST records collected from the World Ocean Atlas (1998) and ratios
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of isoprenoid GDGT concentrations from their samples to produce the first TEX86
calibration (Equation 5). Their calibration yielded TEX86 values with high
correlations to SST (r2=0.92) (Equation 6).

[UVUWX/]L[UVUWX%]L[UVUWXY Z[\]]

TEXST = [UVUWX^]L[UVUWX/]L[UVUWX%]L[UVUWXY]

(5)

TEXST = 0.015𝑇 + 0.28, r / = 0.92

(6)

As the TEX86 SST proxy has been further developed and more samples added
to the global calibration dataset, additional temperature calibrations have been
proposed (e.g. Kim et al., 2008; Kim et al., 2010). One of the more recent
calibrations, BAYSPAR, is a Bayesian, spatially-varying calibration model (Tierney &
Tingley, 2014; Tierney and Tingley, 2015). This model accounts for slight deviations
from the overall SST-TEX86 and SubT-TEX86 correlations at a given field location, in
order to improve accuracy of TEX86 reconstructions by study site (Tierney &
Tingley, 2014). This approach works well in areas where there is a sufficient
amount of modern surface sediment data and is generally the preferred calibration
used by the TEX86 scientific community. Therefore, the BAYSPAR TEX86 calibration
causes slight changes in Equation 6 depending on the geographic region from which
samples originate.
Huguet et al. (2007) applied TEX86 to samples collected from sediment traps
suspended at 490m water depth in Santa Barbara Basin, CA, and measured
temperatures significantly lower than modern SST values for the region. The
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authors argue that these low TEX86 temperatures indicate that iGDGTs were
produced at subsurface depths, likely between 100-150m (Huguet et al., 2007),
rather than at surface depths. Huguet et al. (2007) also identify several iGDGT fluxes
in their record, which they suggest correspond to increased seasonal upwelling and
El Niño Southern Oscillations (ENSO; Thunell et al., 1999). In 2008, Lee et al.
measured TEX86 of surface waters, subsurface waters, and core top sediments
collected off the coast of western South Africa, which is a strong coastal upwelling
region. Their results indicate that satellite-based SST values in the region are higher
than TEX86-based temperature values from core-top and surface water samples (Lee
et al., 2008). Similar to Huguet et al. (2007), the authors suggest from these results
that iGDGTs formed in the subsurface ocean layer and moved to surface waters via
regional upwelling.
Conversely, Wutcher et al. (2006) applied TEX86 to samples collected from
sediment traps in the northeastern Pacific Ocean and the Arabian Sea, and their
results yielded comparable temperatures to SST satellite measurements. The
authors in this study conclude that Thaumarchaeota must have been growing in
surface waters, rather than in mesopelagic or bathypelagic settings (Wuchter et al.,
2006). Lee et al. (2008) measured TEX86 of surface waters, subsurface waters, and
core top sediments collected off the coast of western South Africa, which is a strong
coastal upwelling region. Their results indicate that TEX86-based SSTs from core-top
and surface water samples were lower than satellite-based SST values in the region
(Lee et al., 2008). Similar to Huguet et al. (2007), the authors suggest that iGDGTs
form in the subsurface and are transported to surface waters via regional upwelling.
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Without conducting sediment trap analyses, it will be difficult to discern
whether iGDGT compounds from Site U1463 originate in the subsurface or surface
layer. Direct comparison between BAYSPAR TEX86 and the strictly photic zone
temperature proxy LDI will hopefully elucidate the water depth in which iGDGTs
formed at Site U1463.
Finally, studies have identified iGDGT compounds (II-IV and region-isomer of
crenarcheaol VI’) in small concentrations in soil and peat bog samples (Gattinger et
al., 2003; Weijers et al., 2004; Weijers et al., 2006). Therefore, if any soil-based
iGDGT compounds are present in sediments from Site U1463, the TEX86 proxy may
not reflect a strictly marine ocean temperature. The Branched and Isoprenoid
Tetraether index (BIT Index; Hopmans et al., 2004) can be applied to constrain the
presence of terrestrial iGDGT compounds at Site U1463. The BIT Index is a proxy for
soil vs. marine organic matter input as a ratio of terrestrially sourced branched
GDGTs I, II and III versus marine sourced crenarchaeol (IV) (Equation 7):

[h[UVUW iLh[UVUW iiLh[UVUW iii]

BIT index = [h[UVUW iLh[UVUW iiLh[UVUW iiiLij]

(7)

BIT values between 0.98-1 indicate that compounds formed in soils and
contain almost entirely branched GDGTs, and values near 0 indicate either no
terrestrial origin of organic matter or high concentrations of crenarchaeol. Previous
studies have determined that low BIT index values (approximately <0.3-0.4)
indicate that the relative concentration of soil-derived GDGTs is low overall (Weijers
et al., 2006).
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1.3.4 MBT'5ME Mean Annual Air Temperature Proxy
Branched GDGTs (hereafter, brGDGTs) are believed to be lipid membranes of
certain unknown bacteria, possibly acidobacteria (Weijers et al., 2006; Weijers et al.,
2007a; Sinninghe Damsté et al., 2011; Sinninghe Damsté et al., 2014) and are
produced in soils, peats, rivers and lakes (Schouten et al., 2000; Sinninghe Damsté
et al., 2000; Weijers et al., 2007a; Sinninghe Damsté et al., 2009; De Jonge et al.,
2013; De Jonge et al., 2014a; De Jonge et al., 2014b). Unlike iGDGTs that are
comprised of isoprenoid structure alkyl moieties (Castañeda & Schouten, 2011),
brGDGTs are comprised of branched carbon chains (Sinninghe Damsté et al., 2000)
and can contain different numbers of cyclopentaine moieties (Schouten et al., 2000).
These compounds can reach marine environments via wind or river runoff.
Weijers et al. (2007a) developed the methylation index of branched
tetraethers (MBT), which measures the ratio of brGDGTs containing between 4-6
methyl branches (Figure 1.12)(Sinninghe Damsté et al., 2000; Weijers et al., 2006;
Weijers et al., 2007a). Through studying a suite of globally distributed soil samples,
the authors noted a relationship between the degree of methylation and mean
annual air (soil) temperature. The original MBT calibration was later revised by
Peterse et al. (2012), who added additional sites to the global soils calibration and
measured the relative abundances of each brGDGT species versus MAT (°C). The
authors found that brGDGTs IIIb and IIIc were absent in 204 of the analyzed 278
samples and thus they eliminated IIIb and IIIc from the MBT calculation and refined
the MBT index to MBT’. De Jonge et al. (2014a) then critically revised the MBT’
proxy after discovering brGDGT isomers IIa’-IIc’ and IIIa’-IIIc’ (Figure 1.12)(De
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Jonge et al., 2013; De Jonge et al., 2014b), which co-eluted using older HPLC
separation techniques and therefore were previously measured together. Since the
development of the MBT and MBT’ proxies, HPLC chromatography has improved
and newer techniques developed to better facilitate separation of structurally
similar compounds.
Hexamethylated brGDGT isomers IIIa’-IIIc’ (Figure 1.12) and
pentamethylated brGDGT isomers IIa’-IIc’ differ from non-isomers by the position
(6’ rather than 5’) of the fifth and six methyl branches along the C28 alkyl carbon
chain. The separation of 6-methyl isomers (Figure 1.12), which resulted from
significant improvements in HPLC chromatography, allowed De Jonge et al. (2014a)
to recalibrate MBT’ to MBT′mno (Equations 7 and 8). In 2016, Hopmans et al. (2016)
further improved the quantification of GDGT compounds by utilizing double silica
columns for HPLC chromatography. The authors identified noticeable differences in
resulting MBT’5ME values using this new method, and therefore suggest that the
proxy be recalibrated in the future to best fit the two-column methodology
(Hopmans et al., 2016).

ipLihLiZ

MBT′mno = ipLihLiZLiipLiihLiiZLiiip

(8)

MAT = −8.57 + 31.45 ∗ MBT u mno

(9)
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The MBT’5ME versus measured MAT (°C) calibration by De Jonge et al.
(2014a) is based on soils and yields a strong correlation (r2=0.66) to one another.
The calibration error of the MBT’5ME proxy is +/- 4.6°C (De Jonge et al., 2014a).
Recent studies have determined that branched GDGTs can also form in-situ
in marine environments (Sinninghe Damsté, 2016). This poses the question of
whether brGDGTs within marine samples were formed in-situ or were transported
from terrestrial soils. In 2016, Sinninghe Damsté addressed this question by
introducing a new proxy called the #ringstetra index to distinguish soil from marine
produced brGDGTs (Equation 9). The authors analyzed brGDGT distributions across
the Berau shelf, NE Kalimantan, Indonesia, and observed high concentrations of
both brGDGT Ia and tetramethylated brGDGTs at the mouth of the river delta,
corresponding to a low #ringsy\y[p value of 0.22. Further from the outlet of the river
delta, concentrations of pentamethylated brGDGTs increased, and the value of
#ringsy\y[p rose to 0.83. The authors conclude that #ringsy\y[p values greater than
0.7 indicate marine in-situ production, and values below 0.7 suggest continental
brGDGT production.

#ringsy\y[p = ([Ib] + 2 ∗ [Ic])/ ([Ia] + [Ib] + [Ic])

(10)

This will be a critical proxy to apply on sediments from Site U1463, in order
to determine if temperatures calculated from MBT′mno reflect a continental air
temperature signal.
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BrGDGTs have been successfully utilized on samples collected in the Congo River
drainage basin to reconstruct continental temperatures in the Congo Basin over the
last 25,000 years (Weijers et al., 2007b). Weijers et al. (2007b) applied the original
MBT proxy to constrain shifts in Congo Basin continental temperatures, and
successfully compared results to drainage basin SSTs in order to determine the
relationship between tropical Atlantic Ocean temperatures and inland climate.
Similar to the study by Weijers et al. (2007b), brGDGT compounds preserved in
marine sediments from Site U1463 will be quantified in order to determine
continental temperatures in northwest Australia across the study period. Air
temperatures will be calculated using the more recent MBT’5ME proxy (De Jonge et
al., 2014a), and will be compared to offshore SSTs in order to relate offshore shifts
in ocean temperature with onshore shifts in continental climate.
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Figure 1.1: Drilling Sites U1458-U1464 of IODP Expedition 356 across NW
Australia. Image from IODP Discovery Program JOIDES Resolution Science Operator:
URL: http://iodp.tamu.edu/scienceops/expeditions/indonesian_throughflow.html.
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a

b

Figure 1.2: Site U1463 analyzed in this study (black star), as well as Sites 763A, 214,
and 806. Plotted in a) a modern illustration of ocean currents in and around NW
Australia, including the Leeuwin Current (LC; green), the Indonesian Throughflow
(ITF; blue), and the South Equatorial Current (SEC; red), which splits south to the
Eastern Australian Current (EAC) and north to the Halmahera Eddy (HE). Notably in
Illustration a), South Pacific warm water is diverted back into the Pacific Ocean via
the HE, and the ITF is dominated by cooler North Pacific source waters. All Sites are
also plotted in b) a Pliocene illustration of hypothesized ocean current dynamics
prior to tectonic constriction and shallowing. Notably in b), South Pacific warm
waters can flow through the ITF and freely mix with cooler North Pacific source
waters. It is also important to note that the LC was not present during the Pliocene
and thus absent from b). Figure modified from Esri “World Ocean Base” [basemap].
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Figure 1.3: Depth (meters) of islands within the ITF constituting what is referred to
as the Maritime Continent. Most of the land mass of Halmahera, between 125°E130°E, was exposed during shoaling of the ITF and regional volcanism between 5-3
Ma. From Cane and Molnar (2001).
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Figure 1.4: Geochemical records from Indian Ocean Sites ODP 214 and ODP 763A.
Shown in the upper curve (red) and middle curve (blue) are Mg/Ca SST
reconstructions from 5.5-2 Ma from Karas et al. (2009). Shown in blue (G.
crassaformis) are subsurface Mg/Ca temperatures from Site 214. Shown in the
bottom curve (brown) is the Mg/Ca SST reconstruction from Site 763A from Karas
et al. (2011a). The lowermost gray bar indicates the period of Maritime Continental
Uplift (5-2 Ma).
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Figure 1.5: The SST record from Site 806 (Wara et al., 2005), located in the western
equatorial Pacific (WEP), near the inlet of the ITF and the return flow of south
Pacific warm waters from the HE. The dark orange line indicates a smoothed 5 point
running average of SST data.
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Figure 1.6: Global map of relevant SST records. In the Pacific Ocean are study Sites
1012 (Brierley et al., 2009), 1241 (Steph et al., 2006, 2010), 847 (Wara et al., 2005),
846 (Brierley et al., 2009), 882 (Martínez-Garcia et al., 2010), 806 (Wara et al.,
2005), 590B (Karas et al., 2011b), and 593 (McClymont et al., 2008). In the Atlantic
Ocean are study Sites 552A (Karas et al., 2017), 659 (Tiedemann et al., 1994), 516A
(Karas et al., 2017), 999 (Haug and Tiedemann, 1998) and 1090 (Martínez-Garcia et
al., 2010). Sites 722 (Herbert et al., 2010), 214 (Karas et al., 2009), 757 (Martin and
Scher, 2006), 763A (Karas et al., 2011a), MD03-2607 (Lopes dos Santos, 2013) and
U1463 (this study) are located in the Indian Ocean. Figure modified from Esri
“World Ocean Base” and Esri “World Ocean Reference”.
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Figure 1.7: The modeled extent of the equatorial warm pool in the Pliocene versus
the Modern (edited from Brierley and Fedorov, 2010). Black bars on the right
indicate the latitudinal extent of the warm pool across each period.
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Figure 1.8: Age vs. %K (Christensen et al., 2017) and d18O (Lisiecki and Raymo,
2005). %K is depicted in purple (lower), with higher values showing wetter
conditions. The LR04 benthic d18O stack is depicted in black (upper), with more
enriched values indicating higher global ice volume. The Humid Interval is shown in
light green, extending from 5.5-3.3 Ma. The Arid Interval is shown in light brown,
extending from 2.4-1 Ma. Depicted in grey is the period of Maritime Continental
Uplift (5-2 Ma).
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Figure 1.9: Illustration of evolution of NW Australian hydrology from 7 Ma to the
modern (Christensen et al., 2017). Moving from eàa: e) the ITF during the latest
Miocene, from 7-6 Ma, prior to Maritime Continental Constriction, d) the onset of
humidity in NW Australia from 5.5-3.3 Ma, associated with the onset of ITF
constriction and emergence of Maritime Continent, c) the Transition Interval,
extending from 3.3-2.4 Ma, showing a transition to more arid conditions and a
switch in ITF source water, b) the onset of the Arid Interval from 2.4-1 Ma, showing
the complete emergence of New Guinea and Halmahera and the complete shift from
South Pacific to the North Pacific ITF source waters, and a) the modern oceanatmosphere climate system in NW Australia and the presence of the Leeuwin
Current across the west coast of Australia.
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Figure 1.10: Structural changes in long chain alkenones associated with shifts in
water temperature. A) structures of long chain alkenones, notably C37:2-C37:4 , which
are distinguished by numbers double bonds shown in red circles. B) an example GCMS chromatogram from of a cold sample containing relatively high concentrations
of unsaturated C37:3. C) a similar chromatogram under warmer conditions showing a
decrease in C37:3 as the sample approaches saturation. From Castañeda et al. (2011).
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Figure 1.11: Isoprenoid GDGT structures. On either end of each compound are
glycerol alkyl groups. Illustrated by I. Castañeda.
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O
O

Figure 1.12: Branched GDGT structures. From De Jonge et al., 2013, 2014a-b, LEFT)
Structures of brGDGTs and their isomers (De Jonge et al., 2014a-b). BrGDGTs
containing four methyl branches are tetra-methylated and written as brGDGTs Ia-c.
BrGDGTs IIa-c contain one more methyl branch than brGDGTs Ia-c, located five
carbons into the molecule’s carbon chain, and are considered penta-methylated.
BrGDGTs IIIa-c contain six methyl branches, with the additional methyl branches
located at the 5 and 5’ carbon positions on the opposite ends of the molecule, and
are considered hexa-methylated. BrGDGTs Ib, IIb, and IIIb each contain one
cyclopentane ring, and brGDGTs Ic, IIc and IIIc each contain two cyclopentane rings.
No isomers were identified for brGDGTs Ia-Ic. Pentamethylated brGDGTs IIa-IIc
(containing 5 methyl branches) have their 5th methyl branch at location 5’ along the
C28 chain, whereas pentamethylated brGDGT isomers IIa’-IIc’ have their 5th methyl
branch at location 6’ along the C28 alkyl chain. The same pattern is observed in
Hexamethylated brGDGTs. GDGTs IIIa-IIIc (containing 6 methyl branches) have
their 5th and 6th methyl branches located at location 5’ at each end of the compound,
whereas hexamethylated brGDGT isomers have their 5th and 6th methyl branches
located at the 6’ position along each end of the alkyl chain. RIGHT) AChromatograms from Schouten et al. (2007) of brGDGTs I-III, where isomers are
indistinguishable from non-isomer brGDGT peaks. B- Chromatograms from De Jonge
et al. (2014a), with brGDGT IIa-c and IIIa-c peaks distinguished from their
respective isomer peaks, IIa’-c’ and IIIa’-c’.
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CHAPTER 2
METHODS
2.1 Sample Preparation
A total of 376 sediments were sampled from the continuous, stratigraphically
correlated core spliced from Holes B-D at IODP Site U1463 (18°58’S, 117°37’E;
Figures 1.1-1.2; detailed in Christensen et al., 2017). Sediments were collected
approximately every 35 cm between 161.45-401.77 cored meters below sea-level
(m CSF-A), corresponding to a sample resolution of ~5 ka between 1.50-3.48 Ma
B.P.
Samples were freeze-dried and homogenized, and the total lipid extract
(TLE) was collected using dichloromethane (DCM): methanol (MeOH) (9:1, v:v) and
a Dionex accelerated solvent extractor (ASE 200). Once extracted, TLEs were dried
under a stream of N2 gas and sequentially separated with activated alumina oxide
into apolar, ketone and polar fractions using solvent mixtures of DCM:hexane (9:1,
v:v), DCM:hexane (1:1, v:v), and DCM:MeOH (1:1, v:v), respectively. Polar fractions
were split equally using DCM:MeOH (1:1, v:v).
2.2 Alkenones
Ketone fractions were injected into a dual inlet Agilent 7890A gas
chromatograph (GC) coupled to a flame ionization detector (FID). Compounds
eluted from an Agilent 19091J-416 Column (60m x 320µm x 0.25µm) with H2 gas
and an oven program beginning at 70°C, ramping at 17°C /min to 130°C, ramping at
7°C per min to 320 °C and holding for 15 minutes. Alkenone concentrations were
quantified using an external squalane calibration curve, and values of Uk’37 were

36

calculated following the definition by Prahl and Wakeham (1987)(Equation 1). Sea
surface temperatures were calculated using the global core top calibration from
Muller et al. (1998)(Equation 2).
2.3 Long Chain Diols
One half of each polar fraction was derivatized using equal parts of BSTFA
and acetonitrile (1:1, v:v) and placed in a 60°C oven for 30 minutes. Samples were
then dried under N2 gas and injected into an HP 6890 gas chromatograph (GC)
coupled to an Agilent 5973 mass selective detector (MSD) following the methods of
Rampen et al. (2012) and Rampen et al. (2008). Compounds eluted from an Agilent
DB-5ms GC column (60m x 0.32 mm x 0.25 µm) with He gas and a temperature
program beginning at 70°C, heating to 170°C at a rate of 20°C/min, heating again to
300°C at a rate of 4°C/min, and remaining at high temperature for 35 minutes.
Compounds were analyzed in selective ion monitoring (SIM) mode for m/z ratios
299 (C28 1,14), 313 (C28 1,13 and C30 1,15), 327 (C30 1,14), and 341 (C30 1,13 and C32
1,15).
SSTs were calculated by determining the Long-Chain Diol Index (LDI)
(Equation 3) and applying the calibration of Rampen et al. (2012) (Equation 4).
2.4 Isoprenoid and Branched GDGTs
The other half of each polar fraction was filtered through a 0.45µm PTFE
filter using hexane:isopropanol (99:1, v:v). Samples were subsequently dried under
a stream of N2 gas, and C46 was added as internal standard for compound
quantification. Glycerol dialkyl glycerol tetraethers (GDGTs) were measured on an
Agilent 1260 series ultra-high performance liquid chromatograph (HPLC) coupled
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to an Agilent 6120 single quadrupole mass selective detector (MSD) following the
methods of Hopmans et al. (2016). Compounds were eluted from two in series BEH
HILIC Columns (2.1 x 150mm, 1.7µm; Waters) held initially at 30°C using mixtures
of solvent A) pure hexane and B) hexane:isopropanol (9:1; v/v) following the
elution method from Hopmans et al. (2016) at a flow rate of 0.2mL/min.
Compounds were analyzed in selective ion monitoring (SIM) mode for m/z ratios
between 744-1302.
Sea surface temperatures were calculated using the TetraEther index with 86
carbon atoms (TEX86; Schouten et al.,2002) and based on isoprenoidal GDGTs with
m/z ratios 1302 (GDGT-0), 1300 (GDGT-1), 1298 (GDGT-2), 1296 (GDGT-3), 1292
(GDGT-4) and 1292’ (GDGT-4’)(Equation 5). TEX86 values were converted to
temperatures using the SST and subsurface temperature (hereafter, sub-T)
BAYSPAR calibrations by Tierney and Tingley (2014, 2015) . In order to confirm
that iGDGTs were sourced from marine sediments rather than continental soils, the
BIT Index was also applied (Equation 7; Hopmans et al., 2004) to sediments from
Site U1463.
Continental air temperature was determined using the revised methylation
index of branched tetraethers (MBT’5ME; De Jonge et al., 2014a; Equation 8) and
based on ratios of 5-methyl brGDGT compounds with m/z ratios 1050 (brGDGT-III),
1036 (brGDGT-IIa), 1034 (brGDGT-IIb), 1032 (brGDGT-IIc), 1022 (brGDGT-Ia),
1020 (brGDGT-Ib) and 1018 (brGDGT-Ic). MBT’5ME values were converted to mean
annual air temperatures (MAT) using the calibration of De Jonge et al. (2014a)
(Equation 9).
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We additionally calculated the #ringstetra index (Equation 10) to determine
continental versus marine brGDGT origin (Sinninghe Damste et al, 2016).
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CHAPTER 3
RESULTS
3.1 Alkenone Data
Initially, the Uk’37 Index was going to be applied as a SST proxy. However, the
resulting temperature record is highly variable and is not in agreement with the
other temperature proxies examined in this study. Further examination of the
samples revealed the likely presence of coastal haptophyte species and therefore
the Uk’37 Index cannot be applied in this study. In general, open ocean long chain
alkenone producing species (dominated by E. huxleyi and G. oceanica) yield C37/C38
ratios between 0.7-1.7, whereas coastal alkenone producing species yield higher
values (Prahl & Wakeham, 1987). The average value of the C37/C38 ratio for U1463
sediments is 2.1, the minimum value is 0.96, and the maximum value is 16.4 (Figure
3.1). These high values suggest the presence of coastal marine alkenone producing
species at Site U1463, some of which have a very different slope between SST and
Uk’37 values in comparison to E. huxleyi and G. oceanica. Furthermore, calcareous
nannofossil data confirm the presence of numerous species of coastal haptophytes
at Site U1463 (Henderiks et al., unpublished data in prep) and therefore eliminates
the use of the Uk’37 proxy as a SST paleothermometer here due to mixed
assemblages.
3.2 LDI Data
Unlike Uk’37, the LDI proxy was successfully applied to reconstruct SSTs.
When averaged across the study interval from 1.5-3.5 Ma, the C30 1,15-diol
constitutes 81% of the fractional abundance of long chain diols (Figure 3.2). The C30
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1,14-diol makes up 6.9% of total diols, and the C28 1,14-diol accounts for 5.65%. In
lesser quantities, the C28 1,13-diol, the C30 1,13-diol and the C32 1,15 diol comprise
only 1.98%, 1.79% and 2.57% total diols in sediment, respectively. In comparing
LDI abundance downcore, at shallower depths the relative concentration of C30
1,15-diol decreases and relative concentrations of C30 1,14 diol increases, from
~161-170 m CCFS-A (Figure 3.3).
The LDI-SST record (Figures 3.4-3.5, blue) shows that SSTs were
relatively high and stable, ranging between ~23-26°C, from 3.5 to ~1.7 Ma.
Despite the overall relatively stable SST trend across this interval, there were
several notable dips in SSTs from 3.5-1.7Ma. From ~3.3-3.1 Ma, SSTs
dropped by 1.6°C. SSTs dropped by 1.7°C from 2.8-2.6 Ma, and by ~4°C from
2.3-2.1 Ma. At 1.8 Ma, SSTs dipped to 22.4°C before increasing to 25°C at 1.7
Ma. The most pronounced cooling trend is observed from 1.7-1.5 Ma (Figure
3.4-3.5), reaching temperatures as low as 16.9°C.
3.3 Isoprenoid GDGT Data
In addition to the LDI, the TEX86 was applied as another SST proxy based on
the relative abundance of isoprenoid GDGTs. The concentration of isoprenoid
GDGTs averaged across the study interval is significantly higher at 0.11ug/g
sediment relative to the concentration of branched GDGTs, which is 0.03 ug/g
sediment (Figure 3.6). This pattern is typical of open marine sediments. There are
noticeable increases in iGDGT concentrations from approximately 2.4-2.1 Ma, 1.751.65 Ma, and 1.62-1.50 Ma (Figure 3.6) whereas the lowest iGDGT concentrations
are noted from approximately 3.42 to 2.76 Ma and from 2.74-2.42 Ma. Furthermore,
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there is a net increase in variability from approximately 2.4 Ma into the Pleistocene
(Figure 3.6).
The TEX86 SST record shows net cooling as well as high SST variability
ranging from 24-32°C from 3.5-1.5 Ma (Figure 3.4-3.5, purple). There are several
notable dips in SST in the TEX86 record (Figure 3.5). High amplitude drops in SST
occur across this record specifically at 1.79 Ma, 2.16 Ma, 2.21 Ma, 2.28 Ma, 2.99 Ma,
and at the boundary between the humid and transition interval at 3.3 Ma. A sharp
cooling trend within the arid interval from 1.7-1 Ma is evidenced by a decrease in
SST from ~31°C to 24°C. Subsurface temperatures reconstructed using the TEX86
subT BAYSPAR calibration are between 2.6-3.5°C lower than all TEX86 SSTs,
however both records exhibit the same overall trends.
3.4 Branched GDGT Data
While LDI and TEX86 reconstruct offshore NW Australian SSTs, the MBT’5ME
proxy was applied to reconstruct continental mean annual air temperatures based
on the relative distribution of brGDGTs. Despite the large difference in
concentrations between iGDGTs and brGDGTs, both exhibit similar variability in
terms of maxima and minima concentrations across the study interval (Figure 3.6).
Highest brGDGT concentrations occur from approximately 2.24-2.13 Ma, 1.74-1.68
Ma, and 1.6-1.5 Ma, whereas the lowest brGDGT concentrations are noted from
approximately 3.47-2.25 Ma, and 2.13-1.83 Ma (Figure 3.6). Furthermore, there
seems to be a slight increase in amplitude of variability from approximately 2.25 Ma
into the Pleistocene, although this variability is considerably lower in amplitude
than iGDGT variability due to lower overall concentrations of brGDGTs (Figure 3.6).

42

Although brGDGTs are present in relatively low concentrations, abundances
are sufficient to measure the MBT’5ME index. Group 1 brGDGTs comprise over 95%
of total brGDGTs on average, whereas Group 3 brGDGTs make up the remaining
4.6% of total brGDGT concentrations, and interestingly no Group 2 brGDGTs are
present (Figure 3.7).
The ratio of brGDGT groups 1-3 can be used to measure continental mean
annual air temperature (MAAT), provided that these compounds formed in
continental soils rather than in-situ in marine sediments. The #ringstetra index is
used to identify the source environment of these Group 1-3 brGDGTs. Notably, all
#ringstetra values fall below 0.7 within the 3.5-1.5 Ma study interval (Figure 3.8),
indicating that all brGDGTs must have originated in continental soils and were not
produced in-situ in the ocean [Hypothesis 4]. Therefore, it is appropriate to apply
the MBT’5ME index to examine past continental temperature.
Across the study interval, the MBT’5ME MAAT record indicates a relatively
warm Pliocene and a slightly cooler Pleistocene (Figures 3.4 and 3.5). There are
small cooling events at 3.3 Ma, 3.1 Ma, and 2.54 Ma, although overall air
temperatures are warm and stable from 3.5-2.2 Ma. MAATs increase to 22.1°C near
2.17 Ma, and subsequently decrease to 21.4°C at 2.03 Ma. From 2.03-1.71 Ma,
temperatures are relatively stable, and at 1.71 Ma, cooling begins. Air temperatures
are lowest at 20.5°C by 1.50 Ma. Overall shifts in air temperature do not exceed
1.5°C at any point from 3.5-1.5 Ma.
Finally, the BIT index was applied in order to determine the relative input of
continental versus marine organic matter to Site U1463. BIT values range between
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0.46-0.08 and have an average value of 0.16 (Figure 3.9). These low values likely
correspond to the low concentration of brGDGTs sourced from continental soils at
Site U1463. Maximum BIT values occur approximately between 2.66-2.59 Ma, 2.422.04 Ma, and 1.82-1.50 Ma, and minimum values between 3.46-2.66 Ma, 2.59-2.43
Ma, and 2.04-1.82 Ma. Notably similar to both iGDGT and brGDGT concentration
curves (Figure 3.6), BIT values increase in amplitude of variability from
approximately 2.4-1.5 Ma. The highest BIT value of 0.46 occurs late in the record at
1.55 Ma, which may reflect a slight increase in continental dust input at Site U1463.

44

Average LDI fractional abundance(%)

Figure 3.1: The ratio of C37 to C38 LCAs measured at Site U1463 versus Age from 3.51.5 Ma. The black dashed bar indicates average C37/C38 ratio values.
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Figure 3.2: Fractional abundance of each long chain diol (%), averaged across the
entire study interval from 3.5-1.5 Ma.
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Figure 3.3: Fractional abundance, reported in % of total long chain diol
concentration, of each long chain diol plotted versus core depth in meters core
composite depth below seafloor (m CCFS-A).
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Figure 3.4: Temperature records with calibration error from Site U1463 vs. Age
from 3.5-1.5 Ma. The upper curve shows the high-resolution BAYSPAR TEX86 record,
as well as the calibration error of the proxy (+/- 2.5°C). The middle curve shows the
LDI SST record, with a calibration error shown in blue of +/-2°C. The lower curve
shows mean annual air temperature derived using the MBT’5ME proxy, as well as the
calibration error of the proxy (+/- 4.6°C). Superimposed over data are the three
hydrologic (brown for arid, white for transition, and teal for humid) intervals
identified by Christensen et al. (2017).
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Figure 3.5: Temperature records without calibration error from Site U1463 vs. Age
from 3.5-1.5 Ma. Shown above each record is a 5-pt mean data smooth (darker trend
line). The upper curve shows the high-resolution BAYSPAR TEX86 record in light
purple. The LDI record is shown as the middle curve in blue, and the MBT’5ME record
is shown in green below. Superimposed over data are the three hydrologic (brown
for arid, white for transition, and teal for humid) intervals identified by Christensen
et al. (2017).
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Figure 3.6: Concentrations in ug/g sediment of brGDGTs (orange) and iGDGTs (blue)
from Site U1463 vs. Age from 3.5-1.5 Ma.
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Figure 3.7: Average concentration in ug/g sediment of brGDGTs group 1-3 from 3.51.5 Ma. BrGDGT group 1 is shown in green, group 3 in blue, and group 2 absent.
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Figure 3.8: The #ringstetra index vs. Age from 3.5-1.5 Ma. Data points above 0.7
(dashed line) indicate water column in-situ brGDGT formation, and data points <0.7
indicate soil origin of brGDGTs.
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Figure 3.9: BIT index values, plotted from 0-1, vs. Age from 3.5-1.5 Ma.
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CHAPTER 4
DISCUSSION
4.1 SST Proxy Comparison
Average modern (1850-2015) SSTs off the coast of NW Australia range from
~27.5-29.5°C (COBE-SST2 dataset; Hirahara et al., 2013; Figure 4.1). These modern
temperatures are in general agreement with mean TEX86-based SST values at Site
U1463 of 28°C, although comparison to modern or Holocene sediments from this
site would be more useful (Figure 4.2). The TEX86 subT record yields a mean value
of 25.5°C, which is about 2°C lower than modern mean SST values, and the LDI
record yields the lowest mean reconstructed SST value of 24.4°C. The general
agreement between modern SSTs and mean TEX86-based SSTs suggests that TEX86
might reflect a surface rather than subsurface temperature signal at Site U1463.
Although we cannot fully rule out that TEX86 represents a shallow subsurface signal,
or that the proxy may have varied between reflecting SST and subT on glacialinterglacial timescales, for the remainder of this discussion, TEX86 will be
considered a SST proxy at Site U1463.
It is important to consider that a contribution of iGDGTs from continental
soils would have the potential to influence the applicability of TEX86 as a SST proxy
in this study. The average BIT index value across the entire study interval is 0.16,
which does not reflect any significant contribution from continental soils (Figure
3.9). Interestingly, variability of BIT values increases slightly in amplitude in the
younger half of the core from 2.5-1.5 Ma (Figure 3.9), which seems to coincide with
the last stages of ITF shallowing and constriction from 5-2 Ma (Cane & Molnar,
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2001), as well as an interval of sediment uplift spanning 2-1 Ma (Kominz et al.,
2017), and a net increase in continental aridity observed by Christensen et al.
(2017) from 2.4-1 Ma. This correlation suggests that ITF constriction as well as
continental uplift and erosion may have contributed to soil input at Site U1463.
Perhaps Site U1463 received an increase in both soil and iGDGT material across this
period, however BIT values are overall lower than 0.4 (Figure 3.9), indicating that
any continental iGDGT content is not enough to influence TEX86-based SST
reconstructions. Reproducibility of results between different lab groups is an
additional factor to consider when interpreting BIT data. Unlike TEX86
measurements, which are quite reproducible between labs, BIT values can vary
significantly by lab and depending on maintenance of respective mass
spectrometers (Schouten et al., 2009). For example, BIT values measured in the
Biogeochemistry Lab at UMass Amherst are ~0.1 higher than those measured at the
NIOZ Royal Netherlands Institute for Sea Research (unpublished data from
Castañeda). Therefore, BIT values measured in this study may be higher than would
be measured by other labs, and are convincingly below concentrations suggestive of
soil-based iGDGT production (0.8-0.9).
Similar to TEX86, the LDI can also be influenced by terrestrially sourced
organic matter (Lattaud et al., 2017). Lattaud et al. (2017) determined that the C32
1,15 diol, which was previously identified in lakes and culture experiments
(Volkman et al., 1992; Volkman et al., 1999; Rampen et al., 2014), can also be
produced in-situ in river environments by freshwater-dwelling eustigmatophyte
algae, and transported to offshore marine sites. While this particular diol is not
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included in the calibration equation for the LDI (Equation 3), its presence could
influence the relative abundances of diols in nearshore marine environments, as
well as possibly introduce other diols produced by river-dwelling eustigmatophyte
algaes into the system (Lattaud et al., 2017). Similar to utilizing the BIT Index to
constrain the relative input of GDGTs from continental soils, the fractional
abundance of the C32 1,15 diol can be utilized as a proxy for river input of long chain
diols into marine settings (Lattaud et al., 2017). At Site U1463, the fractional
abundance of the C32 1,15-diol has an average value of 2.57%, and a maximum
abundance of 6.45% across the entire study interval (Figure 3.3). Anything below
20% fractional abundance of C32 1,15-diol suggests low riverine input (Rampen et
al., 2014; Lattaud et al., 2017), therefore it is reasonable to conclude that the LDI
proxy reflects a marine SST signal and marine long-chain diol production.
Overall TEX86 and LDI display somewhat similar patterns with higher
temperatures in the Pliocene and cooling noted in the more recent part of the record
after ~1.7Ma (Figure 3.4-3.5). Both records follow the trend of the global benthic
d18O stack (Figures 4.3-4.4)(Lisiecki & Raymo, 2005), which indicates that SSTs
from Site U1463 have likely not been influenced significantly by selective
degradation or lateral transport. It should be noted that if taking into consideration
the relatively large calibration errors for both proxies, the LDI and TEX86 SST
records could have overlapping values. Differences in absolute reconstructed
temperatures between the two proxies may be in part due to systematic calibration
differences; however, other variables must be considered to explain trend
differences.
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In comparison to LDI, TEX86 exhibits more variability from 3.5-1.5 Ma, and a
cross plot with LDI reveals only a weak correlation (r2=0.257) (Figure 4.5).
Presently the LDI record is at lower resolution (n=197 samples) than the TEX86
record (n=369 samples). LDI-reconstructed SSTs (16.8-26.3°C) are lower in
comparison to TEX86 SSTs (32.0-24.1°C), which seems counterintuitive given that
diatoms and other algae producing diols must reside within the photic zone and
therefore reflect SST, whereas Thaumarchaeota perform chemosynthesis via
ammonium oxidation and are not required to reside in the photic zone (Könneke et
al., 2005; Beman et al., 2008; Newell et al., 2013; Hurley et al., 2016). One possible
explanation for lower LDI values is that the long-chain diols at Site U1463
underwent oxic degradation within the sediments, which would cause a significant
drop in C30 1,15-diol concentration and slightly less significant reduction in both C28
1,13-diol and C30 1,13-diol concentrations (Rodrigo-Gámiz et al., 2016). Decreases in
total concentrations of C30 1,15-diol from oxic degradation would cause a decrease
in LDI (Equation 3) and LDI reconstructed SSTs (Equation 4)(Rodrigo-Gámiz et al.,
2016). Oxic degradation does not impact isoprenoid GDGTs, and therefore does not
significantly influence TEX86 SST reconstructions (Schouten et al., 2004). Therefore,
the overall pattern of lower LDI-reconstructed SSTs may be a function of the
susceptibility of diols, but not iGDGTs, to oxic degradation. However, oxic
degradation of diols likely cannot account for all of the differences between these
two proxies. For example, the LDI record shows more pronounced cooling than the
TEX86 record from 1.7-1.5 Ma (Figure 3.6-3.7), which may be due to increased
upwelling, a shift in wind direction, or lateral transport of diols across this time
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interval, although the exact reasons for such a pronounced cooling at this time are
not clear.
Another possibility is that these two proxies reflect different seasonal growth
temperatures. While initial calibration studies of TEX86 measured the strongest
correlation with mean annual SST (Schouten et al., 2002), subsequent studies have
found seasonal growth biases in specific locations (Herfort et al., 2006; Menzel et al.,
2006; Leider et al., 2010; Castañeda et al., 2010; Huguet et al., 2011). When
comparing LDI (Rampen et al., 2012), TEXH86 (Kim et al., 2010) and UK’37 (Müller et
al., 1998) records from the Murray Canyons Group area off the coast of southeastern
Australia, Lopes dos Santos (2013) suggest that LDI likely captures a peak-warm
season signal corresponding to austral summer months, whereas TEXH86 likely
captures a cooler winter signal. Furthermore, a study in the North Sea (Herfort et al.,
2006) found that TEX86 SSTs were much lower than mean temperatures provided
by the World Ocean Atlas (1998) and reflected a winter signal, which the authors
attribute to a higher concentration of the compound crenarchaeol and blooms of
Thaumarchaeota during winter months (Wuchter et al., 2006). TEX86 has also
shown a summer-season bias in Mediterranean marine sediments (Menzel et al.,
2006; Leider et al., 2010; Huguet et al., 2011). TEX86 seems to be most correlated
with mean annual temperature in regions without preferential growing season of
Thaumarchaeota (Kim et al., 2008). At Site U1463, TEX86 SSTs are higher than LDI
SSTs, suggesting that a summer seasonal bias may be occurring. However, it seems
unlikely that a significant seasonal bias is the most likely explanation here given that
the sample resolution at Site U1463 is ~5 ka and that the record spans 2 million
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years, during which time significant climatic and oceanographic changes in the
region have occurred. On such long timescales it seems more plausible that a
process such as oxic degradation or changes in preservation may have a more
pronounced influence on the different proxies. Oxic degradation influences only LDI,
however TEX86 is sensitive to thermal maturity of sediments (Schouten et al., 2004).
Most notably, iGDGTs I-IV degrade when sediments reach temperatures between
240-300°C (Schouten et al., 2004); however sediments from Site U1463 were not
exposed to temperatures of this magnitude at any point.
We note that we cannot conclusively rule out the possibility that other nonthermal factors including a seasonal growth bias, differences in light limitation,
growth rate or nutrient supply are responsible for the offset between LDI and TEX86
temperatures at Site U1463. The effects of light limitation and nutrient supply have
been measured in long chain alkenone culture experiments (Prahl et al., 2005;
Placencia et al., 2010), however, the effects of these non-thermal factors are not as
well constrained on diol-producing diatoms and microalgae, or on marine
Thaumarchaeota. Despite the environmental factors that may contribute error to
each of these proxies, when analyzed together, both LDI and TEX86 records indicate
substantial cooling at 1.7 Ma at Site U1463 (Figures 3.6-3.7).
4.2 Site U1463 vs. Nearby Sites
In the following discussion, we compare our new LDI and TEX86 SST records
from Site U1463 to other Pacific and Indian Ocean SST records on either side of the
ITF in order to constrain variability in temperature both at the inlet and outlet of
this critical ocean gateway across the Plio-Pleistocene.
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4.2.1 Indian Ocean Records
To date, two main studies have examined past ITF variability from sites in
the Indian Ocean. The Site 214 Mg/Ca SST record (Karas et al., 2009; Figure 1.4)
extends back to 5.5 Ma, while the record from Site 763A (Karas et al., 2011a)
extends back to 6 Ma; however, neither of these studies reconstruct SSTs younger
than 2 Ma (Figure 4.7). Therefore, this project provides the first Indian Ocean SST
record examining ITF variability from 2-1.5 Ma. Notably the strongest cooling signal
observed from Site U1463 occurs within this new, youngest portion of the record
(Figure 4.7). SSTs at Site 214 remained relatively warm and stable across the entire
study interval from 5.5-2 Ma, however, Karas et al. (2011a) observe surface cooling
at Site 763A by 2-3°C beginning at 3.3 Ma. The authors attribute this cooling to a
switch in ITF source waters and a reduction of Leeuwin Current intensity. It is
important to note that within the context of the results from Christensen et al.
(2017), SSTs at Site 763A increase at the onset of the humid interval (5.5 Ma), and
decrease at the end of the humid interval (3.3 Ma)(Figure 4.7). In partial agreement
with the conclusions of Karas et al. (2011a), the constriction of the ITF and the
emergence of the Maritime Continent 5-2 Ma likely caused partial surface water
cooling at Site 763A at 3.3 Ma. However, the dramatic cooling signal at 1.7 Ma from
Site U1463 suggests that the final transition from South Pacific to North Pacific
source waters may have occurred later in the record during the arid interval, postMaritime Continental uplift.
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4.2.2 Pacific Ocean Records
While SST cooling is observed at Site U1463 from 1.7-1.5 Ma, SST warming is
observed across this period in the western equatorial Pacific at Site 806 (Wara et al.,
2005)(Figure 4.8). Site 806 is located near the inlet of the ITF and the return flow of
the Halmahera Eddy (Figure 1.2). When compared with the cooling signal near the
outlet of the ITF at Site U1463, the onset of warming at Site 806 at 1.7 Ma supports
the hypothesis that the final switch in ITF source waters occurred at 1.7 Ma and
caused South Pacific warm waters to divert from the entrance of the ITF via the
Halmahera Eddy back into the South Pacific Ocean.
It does not seem likely that the 2-3°C SST cooling signal at 3.3 Ma from Site
763A (Karas et al., 2011a) reflects a complete shift in ITF source waters because no
warming trend, which would reflect return flow of South Pacific warm waters via
the Halmahera Eddy, is observed at Site 806 at that time (Figure 4.8). Overall, these
findings offer an alternate hypothesis compared to Hypothesis 1 because cooling in
Site U1463 records does not reflect cooling in agreement with the results of Karas et
al. (2011a). Instead, results from this study suggest that ITF source waters
transitioned later at 1.7 Ma, and prompted not only a cooling signal at Site U1463,
but also a warming signal at Site 806 (Wara et al., 2005).
4.3 Zonal and Meridional SST Gradients
The geographic location of Site U1463 between Site 722 in the northwest
Indian Ocean and Site 806 in the western Pacific Ocean (Figure 1.6) makes it an
ideal study site with which to produce both a meridional and zonal SST gradient
from 3.5-1.5 Ma. The amplitude of SST difference between Site U1463 (LDI) and Site
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806 increases significantly near the end of the arid interval, likely corresponding to
the dramatic cooling event observed at Site U1463 at 1.7 Ma (Figure 4.9, lower). The
zonal SST difference calculated with the TEX86 record shows increased variability
between the two sites across the arid interval (Figure 4.9, upper). Furthermore, the
TEX86-based zonal gradient reflects a negative difference in SSTs from ~1.8-1.5 Ma,
which indicates that Site 806 SSTs exceeded those at Site U1463 during this time.
This negative trend in SST difference (Figure 4.9 upper and lower) supports
Hypothesis 2.
The meridional SST gradient between Site 722 (Herbert et al., 2010) and Site
U1463 (Figure 4.10) offers new insights into the timing of warm pool constriction
relative to cooling at Site U1463. The net amplitude of SST difference in the TEX86based curve increases slightly in the Pleistocene relative to the Pliocene (Figure
4.10, upper), however an overall shift in SST difference is more pronounced in the
LDI-based curve by 1.7 Ma (Figure 4.10, lower). Results differ significantly from
those of Brierley et al. (2006), who identified a distinct shift in SST gradient
culminating at 2 Ma. Therefore, LDI-based differences in SSTs may be reflecting the
cooling signal at Site U1463 rather than a constriction of an Indian Ocean equatorial
warm pool, which addresses Hypothesis 3.
The Pacific Ocean meridional SST gradient findings of Brierley et al. (2009)
and Brierley and Fedorov (2010), when compared to the cooling record at Site
U1463, offers an alternate explanation for cooling at 1.7 Ma near the outlet of the
ITF different from Hypothesis 1. The temperature difference between Sites 846 and
1012 stabilized by 2 Ma according to Brierley et al. (2009), just before the onset of
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sharp cooling at 1.7 Ma at Site U1463. Interestingly, the zonal SST gradient between
Site 806 and Site 847 (Wara et al., 2005) also increased at 1.7 Ma, potentially in
response to this constriction of the WPWP at 2 Ma (Brierley et al., 2009). An
amplified meridional SST gradient at 2 Ma (Figure 1.7) would cause North Pacific
Ocean waters to cool. That cooling signal caused by constriction of the meridional
SST gradient at 2 Ma may explain the strong cooling observed at Site U1463 at 1.7
Ma.
It is difficult to determine exactly which hypothesis correctly explains the
cooling signal observed at Site U1463 at 1.7 Ma. The revision to Hypothesis 1 argues
that the final switch from South Pacific to North Pacific source waters occurred near
1.7 Ma rather than at 3.3 Ma as suggested by Karas et al. (2011a) (Explanation 1).
Conversely, the constriction of the WPWP pool at 2 Ma suggests an alternative
explanation (Explanation 2) for cooling at 1.7 Ma at Site U1463 via an increased
cooling of North Pacific source surface waters entering the ITF. In order to
determine which of these scenarios is more likely, variability around other ocean
gateways across the Plio-Pleistocene must be considered, and SST data from Site
U1463 must be compared to global records at various latitudes from 3.5-1.5 Ma.
4.4 Central American Seaway and Bering Strait Variability
Variability of other ocean gateways in addition to the ITF likely contributed
to shifts in global thermohaline circulation across the Plio-Pleistocene, and
therefore must be considered when interpreting SST data from Site U1463. Several
studies have constrained the timing of the constriction of the Central American
Seaway (CAS) across the Pliocene, and have correlated the formation of the Ismthus
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of Panama land bridge to shifts in global climate. Both model and faunal exchange
studies suggest that the CAS was closed by 4-3 Ma (Coates & Stallard, 2013;
Marshall et al., 1982; Marshall, 1988), however considerable changes in
thermohaline circulation associated with the progressive constriction of this
gateway occurred prior to final closure (Haug & Tiedemann, 1998). Haug and
Tiedemann (1998) examined d13C of epifaunal benthic foraminiferal species
Cibicidoides wuellerstorfi from ODP Site 999 (12°44′N, 78°44′W)(Figure 1.6), located
in the Colombian Basin between 5.3-2.0 Ma, and identified increasing values from
4.6-3.6 Ma, which they attribute to a strengthening of deep water ventilation at this
time (McCorkle & Keigwin, 2010; Kroopnick, 1985). By 3.6 Ma, d13C values at Site
999 were comparable to d13C values measured at east Atlantic Site 659 (18°05’N,
21°2’W; Tiedemann et al., 1994)(Figure 1.6). Their results point to an increase in
deep-water ventilation via NADW in the Caribbean Sea, a strengthening of the Gulf
Stream and an increase in moisture transport to high latitudes from 4.6-3.6 Ma due
to the constriction and shoaling of the CAS (Haug & Tiedemann, 1998). Previous
studies have correlated the emergence of the Ismthus of Panama to the onset of
Northern Hemisphere Glaciation (NHG)(Hay, 1996) at 2.82 Ma (Bartoli et al., 2005),
however, Haug and Tiedemann (1998) argue that the closing of the CAS was not the
primary cause for NHG, but it was a key factor involved in providing moisture to
high latitudes required for the onset of glaciation at a later time.
In support of these conclusions, SST analyses from Site 1241 near the outlet
of the CAS (5°5’N, 86°27’W)(Figure 1.6) indicate a correlation between decreasing
SSTs and an increase in AMOC from 4.8-4.0 Ma (Steph et al., 2006; Steph et al.,
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2010). Furthermore, Karas et al. (2017) identify a reduced meridional SST gradient
between 4.8-3.8 Ma in response to warming at North Atlantic Site 552A (56°02′N;
23°13′W)(Figure 1.6) and cooling at southern high latitude site 516A (30°17′S;
35°17′W) (Figure 1.6). The authors attribute this reduced SST gradient to a
strengthened AMOC signal associated with the constriction of the CAS (Karas et al.,
2017). These studies indicate that significant shifts in global thermohaline
circulation associated with the constriction of the CAS likely occurred in the early
Pliocene.
Therefore in summary, the closure of the CAS likely occurred between 4-3 Ma
(Coates & Stallard, 2013; Marshall et al., 1982; Marshall, 1988), however, the main
changes in ocean circulation associated with the constriction of the CAS most likely
occurred earlier in the record during the early Pliocene (Haug & Tiedemann, 1998;
Steph et al., 2006; Steph et al., 2010; Karas et al., 2017). Therefore, the constriction
of the CAS is not likely a dominant forcing mechanism influencing SSTs at Site
U1463 from 3.5-1.5 Ma.
Similar to the constriction of the CAS, the geologic timing of the opening of
the Bering Strait is important to consider in order to constrain shifts in
thermohaline circulation across the Plio-Pleistocene. Despite significant debate, the
first opening of the Bering Strait likely occurred in the latest Miocene possibly
between 5.5-4.8 Ma (Marincovich Jr. & Gladenkov, 1999; Forte & Mitrovica, 2016).
Marincovich Jr. and Gladenkov (1999) propose that water flowed from the Arctic
into the Bering Sea during initial stages of opening, and switched current direction
upon closure of the CAS and intensification of AMOC (Haug & Tiedemann, 1998).
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The Bering Strait was likely open during the entire study interval from 3.5-1.5 Ma,
and the direction of flow through this ocean gateway possibly flipped in response to
changes in the CAS as previously discussed. Therefore, SST variability observed at
Site U1463 is likely not a response to shifts in either Bering Strait or Panama
Seaway behavior.
4.5 Site U1463 vs. Global SST Records
While the constriction of the CAS and the opening of the Bering Strait may
not have forced SST changes at Site U1463 from 3.5-1.5 Ma, it is important to
identify other relevant climate forcing mechanisms that may have influenced SSTs.
The following discussion will compare SSTs from Site U1463 to those from sites at
both high-latitude and low-latitudes, in order to identify any similarities between
records that will help elucidate climate forcing changes at Site U1463. In particular,
comparisons will focus on the cooling event identified in the TEX86 record at 1.7 Ma,
as well as the cooling observed during MIS Stages G18, G20, G22 and MIS M2 (Figure
4.4b).
4.5.1 Cooling at 1.7 Ma
As previously discussed, the TEX86 and LDI SST records indicate significant
cooling at 1.7 Ma, which may be a reflection of either (Explanation 1) the final
transition to cold North Pacific source waters entering the ITF or (Explanation 2) an
increase in the meridional SST gradient by 2 Ma and subsequent cooling of ITF
source waters (Brierley et al., 2009). In order to better constrain which explanation
is more probable, cooling at Site U1463 is compared to that observed at ODP Sites
882 and 1090 (Figure 1.6; Martínez-Garcia et al., 2010), Site 847 (Figure 1.6; Wara
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et al., 2005), and Site 593 (Figure 1.6; McClymont et al., 2008)(Figure 1.6) across the
Plio-Pleistocene (Figure 4.11).
(

)
Martínez et al. (2010) utilized the U%&
index to reconstruct SSTs from both

ODP Site 882 in the North Pacific and ODP Site 1090 in the South Atlantic over the
past 3.5 Ma (Figure 1.6; Martínez-Garcia et al., 2010)(Figure 4.11). Notably, the
authors identified distinct cooling (4-5°C) at both Sites 882 and 1090 (i.e., at both
southern and northern sub-polar latitudes) from ~1.8-1.2 Ma. The authors suggest
that this cooling reflects an increase in polar sea ice extent across this interval, and a
cooling of subpolar waters overall. Their findings indicate a net increase in
meridional SST gradient (Brierley et al., 2009) due to pronounced cooling of
subpolar waters at 1.8 Ma. Furthermore, Martínez-Garcia (2010) point out the
remarkable timing between the marked decrease in subpolar temperatures at Site
882 and 1090, the distinct drop in temperatures observed at Site 847 at 1.8 Ma
(Figure 4.11), and the corresponding increase in zonal SST gradients across the
Pacific (Wara et al., 2005). These lines of evidence suggest that cooling at Site U1463
at ~1.7 Ma could likely be in response to pronounced cooling by up 4-5°C to of
North Pacific source waters entering the ITF (i.e. from Site 882) and a net increase
in meridional SST gradients globally (Figure 1.7).
Evidence for SST cooling at 1.8 Ma is also recorded at Site 593 (Figure 1.6
and Figure 4.11), located in the Tasman Sea off the coast of Southeast Australia,
close in latitude to the Subtropical Front (STF) at the edge of the Antarctic
Circumpolar Current (ACC)(McClymont et al., 2016). SSTs were reconstructed at
Site 593 by applying the Uk’37 Index to sediments spanning the last 3.5 Ma, and
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indicate high latitude (comparable to Site 1090) climate changes across this interval.
Similar to Site 1090, Site 593 is in contact with Antarctic polar waters via the STF,
and is therefore sensitive to expansions of polar water extent across the PlioPleistocene during periods of expanded sea-ice extent (Woodard et al., 2014).
McClaymont et al. (2016) find that at 1.8 Ma, cooling at Site 593 relative to warming
at Site 806 (Wara et al., 2005; Figure 4.8) produces an increase in meridional SST
gradient in the South Pacific (McClymont et al., 2016). The timing of this increase in
meridional SST gradient between Sites 806 and Site 593 at ~1.8 Ma corresponds
closely to the increase in the North Pacific meridional SST gradient between Sites
846 and 1012 (Brierley et al., 2009), and to the increase in the zonal SST gradients
between Site 806 and Site 847 (Wara et al., 2005).
Overall, SST records from Sites 593, 882, 1090, and 847 all indicate a drop in
SSTs and a corresponding increase in a meridional SST gradient at 1.8 Ma, which
aligns closely with cooling at Site U1463 from 1.7-1.5 Ma in both TEX86 and LDI SST
records. This strong agreement between records provides compelling evidence for
Explanation 2, i.e. that source waters entering the ITF cooled in response to an
increase in meridional SSTs from 1.8 Ma onward.
The alternate explanation, i.e., Explanation 1 that cooing at 1.7 Ma
corresponds instead to the final tectonic constriction and shallowing of the ITF, is
supported by the SST warming signal identified at Site 806 from 1.7-1.5 Ma (Figure
4.8). As previously discussed, Site 806 is located in the western equatorial Pacific
Ocean near the inlet of the ITF (Figure 1.2). Notably, at this site, the South Equatorial
Current (SEC) is diverted from the entrance to the ITF back into the Pacific via the
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Halmahera Eddy (Figure 1.2A). Therefore, warming at Site 806 (Figure 4.8) suggests
that South Pacific waters traveling to the ITF were diverted back into the Pacific due
to a final switch in source waters entering the ITF at 1.7 Ma. While compelling, this
hypothesis contradicts prior hypotheses made by Karas et al. (2009) and Karas et al.
(2011a) that the final switch in source waters occurred much earlier in the record,
i.e., by 3.3 Ma (Karas et al., 2011a) or sometime between 3.5-2.95 Ma (Karas et al.,
2009). The conclusions of these two studies are also supported by a temperature
record from DSDP Site 590B in the South Pacific. Karas et al. (2011b) produced a
Mg/Ca based SST record from DSDP Site 590B (Figure 1.6), in order to track shifts in
the Tasman Front (TF) and intensity of the East Australian Current (EAC) system
across the Plio-Pleistocene. From 3.5 to ~2.6 Ma, the authors identify slight cooling
by ~1°C at Site 590B, preceded by a warming signal from 3.8-3.5 Ma. The authors
hypothesize that this earlier warming signal may reflect an increase in EAC intensity
and southward migration of the TF caused in part by the constriction of the ITF from
5-2 Ma (Karas et al., 2011b; Godfrey, 1996). While the authors did not identify a
large shift in SST from 3.5-3.0 Ma, their subT record from Mg/Ca of G. crassaformis
analyses does indicate significant subsurface cooling from ~14-10°C across this
interval. The authors suggest that the subsurface cooling at Site 590B could reflect a
change in intensity, geographic extent or overall temperature of Subantarctic Mode
Water (SAMW) reaching the study site. They argue that shifts in SAMW water extent
and cooling of southern latitude ocean water may correspond to the constriction of
the ITF and the switch from South Pacific warm waters to North Pacific cold waters
entering the Indian Ocean and distributing to other ocean basins. Together, these
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three studies do strongly refute Explanation 1, and suggest an early switch in ITF
source waters long before 1.7 Ma. Explanation 2 therefore seems most convincing,
that a global shift in meridional SST gradients caused pronounced cooling at Site
U1463 at 1.7 Ma, in agreement with cooling in other records at both high and low
latitudes.
4.5.2 MIS M2 and Pronounced Cooling During MIS G18, G20 and G22
While LDI and TEX86 records from Site U1463 seem to record regional shifts
in climate associated with ITF variability, they also reflect global climate signals of
glacial/interglacial cyclicity. From 2.5-1.5 Ma, LDI captures MIS Stages 52, 55, 58,
63, 66, 82, 84, 89, and 92 (Figure 4.3a). Notably temperatures remain relatively
constant at ~25°C from 2.10-1.87 Ma, between MIS Stages 80-68. This temperature
plateau may indicate that reconstructed values approach the calibration limit of the
proxy (27°C). The plateau most likely does not reflect an actual climate signal,
because glacial/interglacial cyclicity is captured by the TEX86 SST record across this
same interval (Figure 4.4a). However, no significant changes in fractional
abundance of diols are evident from 2.10-1.87 Ma, corresponding to the depth
interval between 207-225 mCCFS-A (Figure 3.2). Future lab work will increase the
temporal resolution of the LDI record and hopefully provide answers as to the lack
of glacial-interglacial cyclicity observed across this interval. The TEX86 record shows
pronounced cooling during glacial cycles at MIS 64, 78, 82, 84, 88, and 92 from 2.51.5 Ma, and overall a higher variability in SSTs associated with glacial-interglacial
cyclicity.
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From 3.5-2.5 Ma, the LDI record captures MIS Stages G6, G7, K1, M2, and MG5
(Figure 4.3b). LDI-based SSTs indicate that the lowest temperatures across this
interval occur at 3.3 Ma and 2.7 Ma, in line with MIS Stages M2 and G6, respectively.
MIS G6 has been identified as the onset period for Northern Hemisphere Glaciation
(NHG) at ~2.7 Ma, due to a rise in amplitude of obliquity cycles every 41-ka
(Ruggieri et al., 2009; Maslin et al., 1998) and an increase in number of ice-rafted
debris deposits from the Greenland, North American, and Scandinavian ice sheets
(Flesche Kleiven et al., 2002; Maslin et al., 1998). Slightly older in the record, MIS M2
is the most prominent glacial cycle recorded prior to the onset of NHG at 2.7 Ma
(Lisiecki & Raymo, 2005), and is considered to be a first “failed attempt” at NHG at
~3.3 Ma (Haug & Tiedemann, 1998). A review paper by Schepper et al. (2014)
asserts that growth of the Antarctic ice sheet during MIS M2 (McKay et al., 2012)
could have been in part due to the constriction of the ITF and the corresponding
decrease in warm water input to both the Indian Ocean and higher latitude
Subantarctic Mode Waters (SAMW) (Karas et al., 2011b). Indian Ocean subsurface
cooling from 3.5-2.95 Ma at Site 214 (Karas et al., 2009) and surface cooling by 3.3
Ma at Site 763A (Karas et al., 2011a) seems to align with the timing of MIS M2 at 3.3
Ma, and this agreement suggests that the primary switch in source waters entering
the ITF occurred around this time and influenced high latitude temperatures. These
conclusions provide further evidence against Explanation 1, that the primary switch
in source waters entering the ITF occurred far later in the Site U1463 record at 1.7
Ma.
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d18O data from the LRO4 global benthic stack indicates that MIS Stages G18,
G20, and G22 were smaller glacial events relative to MIS M2 (Lisiecki & Raymo,
2005). However, from 3.5-2.5 Ma, the TEX86 SST record shows increased cooling
during these three glacial periods relative to MIS M2 (Figure 4.4b). Conversely, and
as previously mentioned, the LDI record exhibits the most pronounced cooling
signal during MIS M2 prior to onset of iNHG at MIS G6 (Figure 4.3b). It remains
unclear why the TEX86 record reflects more intense cooling after MIS M2, and it is
difficult to conclusively associate more pronounced MIS Stages G18, G20, and G22 to
a climate signal at Site U1463 because the LDI record does not show the same
results. No significant change in iGDGT concentration is detected between ~3.022.97 Ma (G20- G18) (Figure 3.3), however, perhaps these cooler temperatures could
be explained by a series of upwelling events that brought deeper dwelling
Thaumarchaeota to the surface at Site U1463.
Overall, both TEX86 and LDI records closely track glacial-interglacial
variability, thereby in part addressing Hypothesis 7 of this study. In order to fully
test this hypothesis, SST records must be compared to the MBT’5ME continental
mean annual air temperature (MAAT) record from Site U1463. Furthermore,
analyses of both SST and continental MAAT records from this study can test the
hypotheses proposed by Christensen et al. (2017) that continental hydrology shifted
through three critical intervals (arid, transition and humid) in response to the
constriction of the ITF from 5-2 Ma (Cane & Molnar, 2001).

69

4.6 Continental Air Temperatures and Offshore Cooling
According to the Australian Government Bureau of Meteorology, mean
temperatures in Northwest Australia from March 2017 through February 2018
range from ~27-30°C, maximum temperatures range from ~33-36°C and minimum
temperatures range from ~18-24°C. At Site U1463, average MAATs reconstructed
from the MBT’5ME proxy spanning 3.5-1.5 Ma vary between 20.5-22.0°C. These
paleotemperatures fall within the range of modern NW Australian minimum
average air temperatures. Without considering calibration error, NW Australian air
temperatures may have only varied by ~1.5°C from 3.5-1.5 Ma. Calibration error for
the MBT’5ME proxy is relatively high at ± 4.6°C (Figure 3.6; C. De Jonge et al., 2014a).
While calibration error overall seems significant, reconstructed MAATs exhibit very
low overall variability (~1.5°C) across the study interval, making it unlikely that a
shift in calibration would significantly alter these values. Notably, samples from Site
U1463 are unique because they lack Group II brGDGTs. Therefore, caution must be
exercised when interpreting absolute values of reconstructed MAATs from this
study site, however absolute trends produced in this record are robust.
MAAT values are relatively high and stable for most of the Pliocene and into
the early Pleistocene, and pronounced cooling begins at ~1.7 Ma, in agreement with
cooling observed in both LDI and TEX86 records [Hypothesis 5]. A cross plot
between TEX86 and MBT’5ME reveals a very weak correlation of 0.12 (Figure 4.12),
however a cross plot with LDI reveals a slightly stronger correlation of 0.37 (Figure
4.13). Similar to both LDI and TEX86 records, the MBT’5ME proxy seems to capture
glacial/interglacial cyclicity, although with several notable exceptions [Hypothesis
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7]. Low air temperatures correspond to increased LRO4 d18O values during MIS
Stages 54, 64, 100, G3, G6, G10, G20, K2, KM2, and M2 (Figure 4.14). However,
elevated air temperatures between ~2.4-2.0 Ma seem to closely compare to %K
values measured by Christensen et al. (2017) across this interval (Figure 4.15). This
strong agreement between records suggests that a spike in humidity at ~2.1 Ma
corresponds to an increase in continental MAAT. Despite this humid excursion at 2.1
Ma, overall cooling in the MAAT record falls within the arid interval identified by
Christensen et al. (2017). Therefore, decreases in NW Australian continental air
temperatures may contribute to an increased continental aridity signal from 2.4-1.0
Ma [Hypothesis 6].
The SST and MAAT findings from this study are used to test the hypothesis
proposed by Christensen et al. (2017), which argues that the constriction of the ITF
and the switch from warm South Pacific to cool North Pacific source waters caused a
shift from humid to arid conditions in Northwest Australia. Interestingly and as
previously discussed, the sharp cooling event observed at ~1.7 Ma in all three
temperature records from Site U1463 most likely reflects an overall increase in
meridional SST gradients, as observed in numerous other SST records (Figure 4.11).
Therefore, the final transition in source waters due to ITF constriction and
shallowing probably occurred earlier in the record between 3.5-2.95 Ma in
accordance with the findings of Karas et al. (2009) and Karas et al. (2011a). This
switch in source waters seems to coincide with the three hydrologic intervals
identified by Christensen et al. (2017)(Figure 1.4). Notably however, aridity values
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from 1.7-1.5 Ma may partially reflect an increase in meridional SST gradients across
this interval and a resulting drop in ITF source water temperatures.
A study by Snidermen et al. (2016) analyzed pollen records from
speleothems preserved in several caves across Nullarbor Plain in southern
Australia, in order to constrain shifts in mean annual precipitation from the late
Miocene through the Pliocene. The authors detect high levels of precipitation during
the late Miocene, however from ~3.45-3.00 Ma, they identify no pollen records in
their speleothem samples (Sniderman et al., 2016). They suggest that this drop in
pollen records could be a result of a sampling effect, however, they also tentatively
suggest a correlation between absence of pollen data and SST cooling observed by
Karas et al. (2011a) from 3.5-2.95 Ma (Figure 1.4). Perhaps precipitation declined
significantly in response to SST cooling at Site 763A in other regions of continental
Australia, but this explanation does not seem as probable given that Northwest
Australia was still relatively humid by 3.45Ma (Figure 1.8). Without direct mean
annual precipitation data from NW Australia spanning this period or dD isotopic
data of leaf waxes preserved at Site U1463, it is difficult to determine the exact shifts
in hydrology associated with nearshore cooling.
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Figure 4.1: Modern Indo-Pacific SST map. Produced with Panoply using data from:
COBE-SST2 data (Hirahara et al., 2013) provided by the NOAA/OAR/ESRL PSD,
Boulder, Colorado, USA, from their Website at https://www.esrl.noaa.gov/psd/
https://www.esrl.noaa.gov/psd/data/gridded/data.cobe2.html

Figure 4.2: Modern SSTs (red) relative to Site U1463 LDI (dark blue) and TEX86 SST
and subT paleodata (light blue and orange, respectively).
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b

Figure 4.3: LDI SSTs (°C) versus the LR04 global benthic d18O stack from a) 2.5-1.5
Ma and b) 3.5-2.5 Ma. Superimposed over data are the three hydrologic (brown for
arid, white for transition, and teal for humid) intervals identified by Christensen et
al. (2017).
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Figure 4.4: TEX86 SSTs (°C) versus the LR04 global benthic d18O stack from a) 2.5-1.5
Ma and b) 3.5-2.5 Ma. Superimposed over data are the three hydrologic (brown for
arid, white for transition, and teal for humid) intervals identified by Christensen et
al. (2017).
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Figure 4.5: Cross-plot of LDI SSTs (°C) versus BAYSPAR TEX86 SSTs (°C). The solid
black line indicates a 1:1 cross-plot ratio, and the black dashed line indicates the
linear best fit of the data.
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Figure 4.7: Summary of ITF SST records. SST records (°C) from Site U1463 LDI
(blue), Site U1463 TEX86 (purple), Site 214 Mg/Ca (red)(Karas et al., 2009), and Site
763A Mg/Ca (brown)(Karas et al., 2011a) across the interval from 6-1 Ma.
Superimposed over data are the three hydrologic (brown for arid, white for
transition, and teal for humid) intervals identified by Christensen et al. (2017).
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Figure 4.8: Comparison of ITF inflow and outflow SST records. From 3.5-1.5 Ma,
depicting UPPER) BAYSPAR TEX86 SSTs (°C) in purple from Site U1463, and
LOWER) Mg/Ca SSTs (°C) in orange from Site 806 in the western equatorial Pacific
Ocean (Wara et al., 2005). The dark orange and purple lines reflect smoothed 5
point running averages of SST data. Arrows indicate net trends in temperature and
overlay all three hydrologic intervals (brown for arid, white for transition, and teal
for humid) identified by Christensen et al. (2017). Steep cooling at Site U1463 and
warming at Site 806 beginning at 1.7 Ma is shown in red arrows.
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Figure 4.9: Zonal SST gradients from Site U1463 to Site 806. The upper curve shows
the difference in SSTs between Site U1463 (TEX86) and Site 806 (Mg/Ca) from 3.51.5 Ma. The lower curve shows the same difference in SSTs, however LDI SSTs are
applied at Site U1463 to calculate the SST difference. Superimposed over data are
the three hydrologic (brown for arid, white for transition, and teal for humid)
intervals identified by Christensen et al. (2017). The east-to-west zonal SST gradient
was calculated by subtracting Mg/Ca-based SSTs at Site 806 from both TEX86 and
LDI-based SSTs at Site U1463 after re-sampling the records and placing them on a
common timescale using the program Arand.
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Figure 4.10: Meridional SST gradients from Site U1463 to Site 722. The upper curve
shows the difference in SSTs between Site U1463 (TEX86) and Site 722 (Mg/Ca)
from 3.5-1.5 Ma. The lower curve shows the same difference in SSTs, however LDI
based SSTs are applied at Site U1463 to calculate the SST difference. Superimposed
over data are the three hydrologic (brown for arid, white for transition, and teal for
humid) intervals identified by Christensen et al. (2017). The meridional SST
gradient was produced by subtracting Mg/Ca based SSTs at Site 722 (Herbert et al.,
2010) from both TEX86 and LDI-based SSTs at Site U1463 after placing them on a
common timescale using the program Arand.
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Figure 4.11: Global SST comparison from 3.5-1.5 Ma. The LR04 global benthic d18O
stack (black; Lisiecki & Raymo, 2005) is plotted vs. SSTs from Site U1463 (brown),
Site 882 (navy; Martínez-Garcia et al., 2010), Site 1090 (purple; Martínez-Garcia et
al., 2010), Site 593 (red; McClymont et al., 2008), and Site 847 (teal; Wara et al.,
2005). Dashed lines indicate notable MIS Stages, black arrows indicate cooling, and
the gray bar indicates the time interval from 1.8-1.5 Ma.
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4.12: Cross-plot of MBT’5ME MAATs (°C) vs. BAYSPAR TEX86 SSTs (°C). The solid
black line indicates the linear best fit of the data.

4.13: Cross-plot of MBT’5ME MAATs (°C) vs. LDI SSTs (°C). The solid black line
indicates the linear best fit of the data.

82

a

b

Figure 4.14: MBT’5ME (°C) versus the LR04 global benthic d18O stack from a) 2.5-1.5
Ma and b) 3.5-2.5 Ma. Superimposed over data are the three hydrologic (brown for
arid, white for transition, and teal for humid) intervals identified by Christensen et
al. (2017).
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Fig 4.15: Continental air temperature and humidity reconstructions from Site U1463
from 3.5-1.5 Ma. MBT’5ME MAAT (°C) versus %K (Christensen et al. 2017).
Superimposed over data are the three hydrologic (brown for arid, white for
transition, and teal for humid) intervals identified by Christensen et al. (2017).
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK
5.1 Summary of Interpretations
This project has applied three organic biomarker proxies (TEX86, LDI, and
MBT’5ME) to sediments from Site U1463 in order to constrain shifts in ITF variability
across the Plio-Pleistocene from 3.5-1.5 Ma. The Uk’37 index could not be applied to
sediments in this study due to the presence of interfering coastal alkenone
producing species. TEX86, LDI, and MBT’5ME records all show increased cooling at
approximately 1.7 Ma, coincident with the onset of arid conditions in continental
NW Australia identified by Christensen et al. (2017).
The onset of cooling observed at Site U1463 occurs later in the geologic
record than previous studies have detected in the Indian Ocean. At Site 214, Karas
et al. (2009) identify subsurface cooling from 3.5-2.95 Ma by 4°C, and at Site 763A,
Karas et al. (2011a) identify surface cooling from ~4-3.3 Ma by 2-3°C. Both studies
attribute these cooling events to a constriction of the ITF and a switch from South
Pacific to North Pacific source waters. I offer two new hypotheses to explain the
later cooling signal observed at Site U1463 at 1.7 Ma.
One possible explanation is that constriction of the ITF and emergence of the
Maritime Continent did not finalize until after 2 Ma, at which point the final
transition in source waters from the South Pacific to the North Pacific occurred. The
cooling at 1.7 Ma would therefore reflect that final signal of uplift and ITF
constriction. Cooling detected earlier in the geologic record at Sites 763A and 214
may in this case reflect a step-wise cooling associated with ITF constriction, rather
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than a final switch in ITF source waters. SSTs from Site 806 show warming at 1.7
Ma, coincident with a final deflection of warm South Pacific warm waters towards
Site 806 via the island of Halmahera (Figure 2A).
Another possible explanation for later cooling at Site U1463 is that the
primary switch in source waters entering the ITF occurred between 4-3 Ma (Karas
et al. 2009; Karas et al., 2011a), and that the cooling signal observed at Site U1463
instead reflects the constriction of the WPWP at 2 Ma (Brierley et al. 2006; Brierley
et al., 2010) and a subsequent cooling of North Pacific ITF source waters. This
explanation interprets the 1.7 Ma cooling event as a global climate signal, however
the TEX86 record does not seem to capture the magnitude of MIS M2 observed in
other studies, which in turn suggests that Site U1463 may be capturing a more local
climate signal. A more extensive record from 5.5-1 Ma at Site U1463 may help to
constrain changes in SST before, during and after ITF constriction, as well as
elucidate the local vs. global climate signals at Site U1463.
5.2 Extending the SST Record
During my PhD at UMass Amherst, I will analyze the remaining sediments
from Site U1463 that span the intervals from 1.5-1.0 Ma, and from 3.5-5.5 Ma. In
order to maintain the sample resolution of ~5 kyr applied in this study, I will need
to analyze 440 samples from 5.5-3.5 Ma, and 100 samples from 1.5-1.0 Ma.
Analyzing this number of analyses will require extensive funding; therefore, I will
initially only analyze 250 samples in order to produce a lower resolution
reconstruction of 10ka across the entire core. Ideally, a full SST record spanning 5.51 Ma from Site U1463 will provide more information on the ITF before, during and
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after constriction and Maritime Continent uplift. All future samples will be
measured for TEX86, LDI and MBT’5Me. Future studies will also aim to improve the
accuracy of TEX86-based SST reconstructions at Site U1463 by producing a NW
Australian core-top TEX86 record.
5.3 Core-Top TEX86 Calibration
Currently no NW Australian surface sediments have been analyzed as part of
the spatially-varying BAYSPAR TEX86 calibration (Tierney and Tingley, 2014). Coretop samples from Sites U1459-U1464 (Figure 1) were shipped to the UMass
Amherst Biogeochemistry Laboratory earlier this year, and are currently being
analyzed by Kathryn Turner as part of her Honors Undergraduate Thesis aiming to
fill this gap in data and improve the BAYSPAR calibration to include NW Australia
TEX86 measurements. Results from her project will be used to improve the accuracy
of TEX86 SST measurements from Site U1463.
5.4 Leaf Wax Isotope and Time Series Analysis
Finally, I plan to conduct time series analysis on the records produced in this
study and on future records produced as part of my PhD. Furthermore, in order to
better constrain shifts in continental hydrology and the timing of the humid,
transition and arid intervals, I will measure dD of leaf waxes preserved in sediments
from Site U1463.
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