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Modern CO> concentrations have reached 410 ppm, and there is considerable
uncertainty about how climate change will affect the variability and intensity of the Asian
Monsoon System (AMS). We can improve our understanding by studying how the
Indian Ocean and the AMS responded to past climate change. Although the early
Pliocene is not a perfect analogue for future warming, it is the most recent time in earth
history when CO» concentrations were higher than today, and global average temperature
was 3-4°C warmer. SST in the Atlantic & Pacific Ocean were 3-7°C higher in the eastern
basins and remained stable in the Indo-Pacific warm pool. There is little data from the
Indian Ocean through the last 6 Ma, limiting our understanding of how the monsoon and
ocean circulation have changed. We generated foraminifera paleoclimate records from
IODP Site U1451 (8°N, 88°E in 3607m water depth) in the Bay of Bengal. The top 200
m of Site U1451 is mostly calcareous clay, and a preliminary age model indicates this
interval represents the last 6 Ma. We picked ~30 T. sacculifer with samples spaced at 40
cm. Mg/Ca of T. sacculifer was measured and converted to SST using multiple published
calibrations. SST using the Dekens et al., 2002, carbonate dissolution corrected
calibration at Site U1451 ranges from 26-30°C, well within the range to support the
atmospheric convection required to support the AMS. There appears to be no long-term
cooling trend through the past ~3 Ma. This new Bay of Bengal record is similar to those
from ODP Site 758 in the Indian Ocean and ODP Site 806 in the western Pacific warm
pool, which record a similar SST range and long-term features in SSTs in the past ~3 Ma.
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INTRODUCTION

Modern global warming is driven by increases in atmospheric CO concentrations,
which have increased to levels (410 ppm; IPCC, 2014) that Earth’s climate system has
not experienced since the early Pliocene (~4-5 Ma). Global temperatures have increased
by 0.85°C (0.65 to 1.06°C) over the last ~150 years and are projected to increase by 2-
4°C degrees by 2100 (IPCC, 2014). The Earth’s surface is 70% ocean, and it is here that
the increased radiation is predominantly absorbed. The patterns of sea surface
temperature (SST) distribution have a profound effect on heat transport and regional and
global climate. For example, average global temperatures increase during El Nifio years,
due to regional changes in the SST pattern across the equatorial Pacific Ocean (Quinn et

al., 1987).

Understanding climate and ocean dynamics in the past can provide critical insight
for predicting the future impacts of a warmer world. Because ocean temperatures have an
important impact on regional and global climate, there has been an effort to reconstruct
ocean conditions during previous times of global warmth (Fedorov et al., 2013). The
Pliocene (2.6 — 5.3 Ma) is the most recent time in Earth history when the global climate
sustained (for ~2 Ma) temperatures warmer than today (Fedorov et al., 2013). The
Pliocene had analogous atmospheric CO; concentrations to today (~400 ppm) (Stap et al.,

2016; Raymo et al., 1996). However, the global climate during this epoch was much



different than our modern climate, and average global surface temperature was 3-4°C
warmer than today (Brierley et al., 2015). This is significantly warmer than what climate

models predict with this level of CO (Fedorov et al., 2013).

The early to mid-Pliocene (3.5 — 5.3 Ma) was warmer and more stable than our
modern climate (Fedorov et al., 2013). The meridional and zonal temperature SST
gradients were smaller during the early Pliocene compared to today (Fedorov et al.,
2013). This is a result of warmer SSTs normally found in the western tropical basins
extending into the eastern tropics and subtropics of the Pacific and Atlantic basins as well
as toward the poles (Brierley and Fedorov, 2010). SST in the eastern equatorial Pacific
were 4-6°C warmer in the early Pliocene compared to today (Fedorov et al., 2013), while
western equatorial Pacific warm pool SST remained relatively stable (~29-30°C) since
the Pliocene (Fedorov et al., 2013; Wara et al., 2005). The SST structure in the Pacific
during the Pliocene represents a climatic regime is often referred to as El Padre, for its
resemblance to an El Nifio event (Ford et al. 2015). However, unlike an El Nino, which is
a short-term climate oscillation (2-7 yrs), the early Pliocene El Padre was a shift in the
mean background climate state (Ford el al., 2015). Similar to an El Nifio, warmer
temperatures penetrated into the subsurface, deepening the thermocline across the
tropical Pacific during the Pliocene (Ford et al., 2015). Subsurface temperatures in the
Eastern Equatorial Pacific cold tongue were ~10°C warmer during the early Pliocene

(Ford et al. 2012).



Efforts to reconstruct paleoceanographic conditions through the Pliocene have
been concentrated in the Atlantic & Pacific Ocean basins, while there are few records in
the Indian Ocean (Fedorov et al., 2013). Of the three Pliocene records in the Indian
Ocean (Fedorov et al., 2013), only one has data from the late Pliocene to present (Herbert
et al., 2010). However, this record is the coastal waters of the northern Arabian Sea
where upwelling activity contributes to the variance in SST (Herbert et al., 2010). The
remaining two records span the Pliocene (2.5 — 5 Ma) but fail to capture the climate
evolution from Pliocene to present (Karas et al., 2009; Karas et al., 2011). Existing

records in the Indian Ocean fail to highlight the broader Indian Ocean.

Sediment cores from the Bay of Bengal (Figure 1) present an opportunity to
investigate connections between regional climate, tectonics, and oceanographic
processes. Creating a paleoceanographic reconstruction in the southern Bay of Bengal
allows us to examine connections between the tropical Indian Ocean and northern
monsoon system, and provide insight to the broader Indian Ocean Pliocene/Pleistocene
climate evolution (Clemens et al. 2015; France-lanord et al. 2015). IODP Expedition 354
drilled seven sites along 8°N. The sites are perpendicular to the path of the modern
seasonal Summer Monsoon Current (Figure 2; Schott et al., 2009), which carries warm
seawater from the tropical ocean into the northern Indian Ocean. The seasonal influx of
warm SSTs, along with other atmospheric processes, create and sustain the Asian
Monsoon System (AMS), which are responsible for 1-4 meters of annual precipitation

over the lesser and greater Himalayas (Burbank et al, 2003).



This study focuses on the sediment cores drilled during Expedition 354 to
generate paleoceanographic reconstructions that will improve our understanding of the
link between the warm tropical Indian Ocean and the critical regional processes in the
northern Bay of Bengal. The eastern most site of Expedition 354, Site U1451 (8°0.42'N,
88°44.50'E in 3607.3 m water depth), was cored with the intention of reaching the oldest
parts of the Bengal Fan (France-Lanord et al., 2015). Site U1451 is far enough from the
modern active channel to contain well preserved hemipelagic layers of calcareous,
microfossil rich clay within the top ~200 meters of the core (Figure 3; France-Lanord et
al., 2016). Mg/Ca analysis of Trilobatus sacculifer, a planktonic species of foraminifera,
will be used to generate SSTs through the last 5 Ma. These records will allow us to
understand how the southern Bay of Bengal, and the Indian Ocean more broadly, has

responded to global climate change since the early Pliocene.

BACKGROUND

In the Bay of Bengal, one main source of sedimentation is from the turbidity
currents that episodically transport terrigenous sediment from the continental shelf out
into the bay (Figure 1; Weber et al., 2003). These currents incise channels into the Bengal
Fan where the majority of sedimentation occurs in overspill channel banks onto inner
bends, establishing a channel-levee system (Figure 1; Curray et al., 2003). Pelagic

sediments in this depositional environment are most likely mixed with transported



transport terrigenous sediments (France-Lanord et al., 2015). At locations distant from an
active channel, the predominant sedimentation is hemipelagic which includes the
calcareous shells of planktonic foraminifera. Studies of the channel-levee system in the
Bay of Bengal have shown that foraminifera along an active channel could have
originated at some distal location further north (Fritz-Endres & Dekens, 2019). The study
used the core top samples from three locations to show that levee deposits are a mix of
those from the overlying water column and from locations further upstream of the active
channel (Fritz-Endres & Dekens, 2019). This same study showed that foraminifera from
the hemipelagic layers of a sediment core reliably record the overlying condition of the

water column (Fritz-Endres & Dekens, 2019).

Foraminifera are single-celled marine organisms whose shells are composed of
calcium carbonate (CaCOs) and are abundant all over the ocean. The geochemistry of the
shells of foraminifera record the conditions of ocean water, such as SST and sea surface
salinity (SSS), in which they were formed (Boyle et al., 1981; Delaney et al., 1985).
Foraminifera use calcium (Ca®*) when constructing their shells, but other cations such as
magnesium (Mg?") substitute for calcium at a ratio that is an exponential function of the
temperature of the water in which it was constructed (Elderfield & Ganssen, 2000). The
warmer the ocean temperature the more magnesium is incorporated (Elderfield &
Ganssen, 2000). To create a paleoceanographic reconstruction in the Bay of Bengal we

will use Mg/Ca ratios from planktonic foraminifer over the last 6 Ma.



Although Mg/Ca is a widely used SST proxy, there are several potential biases
that must be considered. The Mg/Ca concentration of a foraminifer is susceptible to
contamination from clays, organic material, metal oxides, and laboratory supplies.
Contamination could lead to a higher Mg/Ca ratio and an overestimate of the temperature
of the water in which the shell was formed (Boyle & Keigwin, 1985; Elderfield et al.,
2006). We followed well established cleaning procedures and lab protocols to minimize
any contamination that could lead to a Mg/Ca bias (Barker et al., 2003), and tested for

contamination by measuring Mn/Ca as a contamination indicator (see results).

When the deep ocean is undersaturated with respect to calcite, the foraminifera
will undergo partial dissolution as they sink through the water column and lay at the
sediment/water interface (before burial). Partial dissolution dissolves the magnesium-rich
calcite of foraminifera’s shell preferentially, which lowers the Mg/Ca and causes a cold
temperature estimate bias (Dekens et al., 2002; Anand et al., 2003). Calcite dissolution
increases with depth due to the pressure effects on the calcite solubility constant. Multiple
calibration equations exist to convert the Mg/Ca concentration to SST (Dekens et al.,
2002; Anand et al., 2003), and some calibrations include corrections for biases associated
with dissolution (Dekens et al., 2002; Regenberg et al., 2006). The anticipated calibration
method chosen will account for the positive, exponential relationship between Mg/Ca
concentration and temperature, the specific species of foraminifera, and the effects of

preferential dissolution.



METHODS

The lithology of the top 200 meters of core U1451 shows that this interval
consists of mostly foraminifera-rich hemipelagic calcareous clay with intermittent sandy
turbidites (Figure 3; France-Lanord et al., 2015). We collected 221 20mL samples from
the top 170 meters of hole U1451A (cores 1H — 27H). Samples were taken every 0.4
meters in calcareous clay sections, but no samples were collected in the sandy turbidite
sections. The sampling density was greatest in calcareous clay sections because there is a
greater likelihood of finding fossilized foraminifera with origins from the overlying water

column.

Individual samples were placed in a 500 mL Nalgene bottle and filled with
approximately 150 mL DI water. The bottles were placed on a shake table for 48 hours to
one week to disaggregate the sediment. Each sample was wet sieved to separate the clay
(<0.63 um) from the larger size fraction containing the foraminifera. The > 0.63 um
fraction was oven dried at 45°C then sieved into two size fractions, 250-355 um and the
355-425 um. It is preferential to have foraminifera from the larger, 355-425 um, size
fraction, as these planktonic foraminifera more accurately record surface water conditions

(Spero & Lea, 1996).



Each size fraction was examined under a microscope to identify and pick
Trilobatus sacculifer, Globigerinoides ruber, and Globorotalia tumida for analysis
(Appendix 1). Juvenile 7. sacculifer live within the photic zone where they can obtain
their required amount of light and food (B¢ et al., 1982). Juvenile T. sacculifer were
preferentially selected because during the adult stage 7. sacculifer migrate deeper, grow a
characteristic sac-like chamber as well as gametogenic calcite, inhibiting the shells use as
a geochemical proxy (B¢ et al., 1982; Brummer et al., 1986). G. fumida spends its life at
70 - 120 meters below the sea surface, at the bottom of the photic zone (Ravelo &
Fairbanks, 1992). This ecological characteristic makes the shell chemistry of the G.
tumida useful for identifying trends in the thermocline. G. ruber live at the top of the
water column (0-50 m), recording sea surface conditions (Hemleben et al., 1989; Farmer

etal., 2007).

Approximately 60 individual foraminifera of each species were picked from each
size fraction where possible. Mg/Ca analysis requires 200 to 600 pg of calcite.
Foraminifera from each sample were weighed on a Sartorius CP2P microbalance (0.001
mg readability and 0.003 mg repeatability). The samples were gently cracked between
two pieces of cleaned glass plates while being examined under microscope to ensure the
samples were not crushed. The shell fragments were mixed to homogenize the sample
and then split into three sperate aliquots; two for Mg/Ca replicates and one for 580
analysis. Measuring Mg/Ca on splits reduces the influence of individual shell bias, an

idea of our precision when cleaning samples, and a reserve if a sample is lost during



cleaning or analysis process. Mg/Ca samples were divided into two splits (300-500 pg) if
the sample was large enough. Relative abundance of foraminifera decreased downcore.
Most Pleistocene samples possessed adequate numbers of foraminifera for Mg/Ca, §'%0
analysis, and provide replicates. Most Pliocene samples had too few foraminifera for a
single Mg/Ca analysis. However, preservation of foraminifera remained consistent

throughout the core.

We followed the Mg/Ca cleaning methods first established by Boyle & Keigwin
(1985) to remove organics originally trapped within the shells and reduce uncertainty due
to magnesium contamination by stripping potential manganese carbonate overgrowth
(Barker et al., 2003; Boyle & Keigwin, 1985). The process includes an initial set of rinses
with ultra-pure (Milli-Q) deionized water and methanol, oxidative and reductive steps,
followed by a heat rinse, and a weak acid leach. A full recounting of the cleaning

procedures can be found in Appendix 2.

The cleaned samples were analyzed on an Inductively Coupled Plasma Optical
Emission Spectrometer (ICP-OES) at the at the UC Santa Cruz Marine Analytical Lab. A
known liquid consistency standard (FLCS-2) was run after every 10 samples to measure
the accuracy of the ICP-OES output. The long-term ICP-OES precision of the FLCS,
from all runs performed by our lab at the UC Santa Cruz Marine Analytical Lab since
2015, has a standard deviation of 0.014 mmol/mol. This is an indication of accurate
measurements of Mg/Ca ratios. Additionally, to evaluate the consistency of our cleaning

a T. sacculifer and G. crassiformis standard were cleaned and run every 28 samples. The
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G. crassiformis standard had a standard deviation of 0.12 mmol/mol (0.36°C). The T.

sacculifer standard had a standard deviation of 0.08 mmol/mol (0.24°C).

RESULTS

Age model

A preliminary age model was constructed for Site U1451 using ten magnetic
reversals within the top 200 meters of core 1451A as tie points (Table 1; Figure 4). We
assumed constant sedimentation rates between tie points and converted meters below the
seafloor to age. The data range from the present to the late Pliocene (0-3.2 Ma). In the
future, a more robust age model for Site U1451 will be constructed by comparing a local
benthic 3'%0 record using Uvigerina peregrina with the LR04 global benthic §'%0 stack
in intervals where there the sedimentation rates are relatively high (Lisiecki & Raymo,
2005). Our first magnetic reversal within the existing age model appears at 72.24 meters
(0.781 Ma). The top 80 meters of core 1451A is dominated by terrigenous sand deposits
likely from turbidity currents (Frances-Lanord et al., 2015). The sedimentation rate
during this period was likely episodic, meaning it’s unlikely that sediment was deposited
at a constant rate for ~1 Ma (Frances-Lanord et al., 2015). Deeper in the core (80-180m)
the dominate sediment becomes hemi-pelagic calcareous clay. Within these deeper
sections of the core we see increases in the capturing of magnetic reversals, which

provides an increase in the age model resolution. We are most confident in the relatively
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constant sedimentation from 70-85 and 130- 170m.

Foraminifera Mg/Ca

We use Mg/Ca of T. sacculifer to reconstruct SST. T. sacculifer Mg/Ca values
range from 2.71 — 4.16 mmol/mol (Figure 5) with an average of 3.43 mmol/mol. Despite
the gaps in our record there is no evidence of a long-term trend in the Mg/Ca ratios

(Figure 5).

A potential source of bias when using the Mg/Ca ratio of shell calcite is
magnesium contamination from organics, clays, and metal oxides. Magnesium
contamination would lead to higher Mg/Ca values and an overestimate of SSTs, so it is
essential to test for a contamination prior to converting to SSTs (Barker et al., 2003;
Boyle, 1983). The Mn/Ca ratio is a common test for exposure to magnesium
contamination as increased levels of Mn/Ca values are a good indicator of magnesium
contamination from organics and clays (Boyle and Keigwin, 1985; Barker et al., 2003).
Additionally, the Mn/Ca analysis addresses the issue of manganese carbonate overcoating
that may not have been entirely removed during the cleaning process (Boyle, 1983;
Barker et al., 2003). Our cleaning methods included a reductive step that is designed to

remove the manganese carbonate overcoating (Barker et al., 2003).
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The Mn/Ca values of our samples range from 0.007 - 1.472 with an average of
0.96 mmol/mol (Figure 6). These Mn/Ca values are higher than the typical range for
oxidative-reductive cleaning methodology (Barker et al., 2003). However, there is no
correlation between Mn/Ca and Mg/Ca (12 = ~0.2; Figure 6) indicating the higher Mn/Ca
values were not a result of manganese carbonate overcoatings. Other studies focusing on
the Pliocene and using similar methodology noted high Mn/Ca values (>100 pmol) in
their samples (Wara et al., 2005; White & Ravelo, 2020; Barker et al., 2003). These
studies reported an average Mn/Ca values greater than 1 mmol/mol, significantly greater
than 100 umol, and in both cases their data showed little to no correlation between
Mn/Ca and Mg/Ca values (Wara et al., 2005; White & Ravelo, 2020). We conclude that
samples with high Mn/Ca values (>100 umol) from Site U1451 accurately represent the

Mg/Ca signal and can used to reconstruct SST.

Mg/Ca calibrations

We converted Mg/Ca values to SST estimates using published calibrations that
convert Mg/Ca to SST based on an exponential relationship between the Mg/Ca ratio of
shell calcite and the temperature of the water in which it was formed (Anand et al., 2003;
Dekens et al., 2002; Regenberg et al., 2006). The widely used Anand et al., 2003,
calibration is based on twelve species of planktonic foraminifera collected from sediment

traps where the samples were not subject to dissolution. The calibration is species
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specific, and we used the calibration for 7. sacculifer samples the350-500 pm size

fraction,

Mg/Ca = 0.38 exp (0.090T)

SST estimates using the Anand et al., 2003 calibration range from ~22-26°C with an
average temperature of 24.4°C, which is significantly lower than the modern average SST

of 29 £ 0.8°C (Levitus, 1982).

Three dissolution corrected calibrations were used to convert Mg/Ca values to
SSTs. These calibrations were all based on analyses of core top samples, which have
undergone varying amounts of dissolution. Using modern core tops, these studies
developed relationships between Mg/Ca, SST, and preservation. The Dekens et al., 2002
used core top samples from both the tropical Pacific and Atlantic basins. Two approaches
were used in the species-specific calibrations. One dissolution correction uses the core
depth as a proxy for preservation, but this requires an offset between Atlantic and Pacific
core tops because Pacific deep water is older and therefore has lower CO3*concentration.
Although Site U1451 is in the Indian Ocean the calibration for the Pacific basin was

chosen:

Mg/Ca=0.37 exp 0.09[T -0.36(core depth km)]

There is no core-depth corrected calibration for the Indian Ocean, and although the Indian
Ocean and Pacific basin exchange waters and have relatively old deep water in

comparison to the Atlantic, this lack of core tops from the Indian Ocean could lead to a
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less accurate dissolution correction. However, the ACO3?" at the western equatorial
Pacific (ODP Site 806) site used in the calibration study is 10.5 pumol (Wara et al., 2005),
which is similar to Site U1451 (0.24 pmol). The dissolution corrected calibration that
uses ACOs?" (Dekens et al., 2002) may be more accurate. The ACOs* calibration corrects
the Mg/Ca value using ACOs?" as a measure of dissolution at the deep water
sediment/water interface (or as close as possible given data limitations) and

simultaneously converts to Mg/Ca to SST (Dekens et al., 2002):

Mg/Ca = 0.31 exp 0.084[SST + 0.048(ACOs2)]

We calculated the modern ACOs?* at Site U1451, ACO3> = 0.24 umol, using seawater
temperature, salinity, and depth from the WOCE cruises. We used the modern ACO3*
value as an estimate for the ACO3?" at Site U1451 throughout the record which assumes
that the carbonate ion concentration at this location has not changed significantly through
the last 3.5 Ma. We know in the central equatorial Pacific that there have been variations
in carbonate preservation since the early Pleistocene (Farrell & Prell, 1989; Broecker and
Peng, 1982). However, we are assuming that the modern value of ACO3? is appropriate

for the ACO3% downcore.

Finally, the Regenberg et al., 2006, provides an additional dissolution correction
approach using core top samples from the Caribbean and the adjacent tropical Atlantic
Ocean with a variety of water depths ranging from ~900 — 4700 m. The calibration

equation corrects Mg/Ca ratios for dissolution using species specific critical levels of
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ACOs* (Regenberg et al., 2006). The study was performed in a region where
temperature-induced variability on Mg/Ca ratios were small, allowing for the isolation of
the impact of calcite dissolution (Regenberg et al., 2006). This dissolution corrected

Mg/Ca is then converted to SST using the Anand et al., 2003, SST calibration.

Mg/Ca (A — corrected) = Mg/Ca+ (A-A) /b

After converting Mg/Ca to SSTs, the dissolution corrected calibrations all yield
similar SST estimates (~27°C to ~29°C long term average SST; Figure 7), while the non-
dissolution corrected calibration yields unrealistically low SST estimates (~25°C) (Table
2). The Anand et al., 2003 and Regenberg et al., 2006 approach yield a smaller SST
variance (0.47°C) compared to the other dissolution corrections (0.92°C). The Dekens et
al., 2002 ACO;3* corrected calibration was selected because core top samples most

closely reflect modern SSTs (Table 2).

DISCUSSION

Generating paleoceanographic records in the Bengal Fan depositional
environment is challenging, yet doing so provides an opportunity to further understand
the role of the Indian Ocean during climate transitions. Our low-resolution SST record at
Site U1451 shows no long-term trend in the southern Bay of Bengal since the Pliocene.

SSTs at Site U1451 are stable and warm, mirroring what is seen in the western Equatorial
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Pacific (Wara et al., 2005; Federov et al., 2013). These warm SSTs remain well within
the range needed to create peak atmospheric convections that help support the AMS,
which supports previous work that indicates the AMS has existed since the early

Miocene.

Paleoceanographic reconstruction in sediment fan environments

The Bay of Bengal is a submarine fan (underwater alluvial fan) which is a
challenging depositional environment to generate paleoceanographic records. Weathered
terrestrial sediment from the Himalayan mountain range is transported by the Ganges-
Brahmaputra-Meghna rivers (Subramanyam et al., 2008). The sediment laden rivers feed
into the Bay of Bengal through the Ganges Delta, where a third of the sediment
transported by the river system is deposited (Kuehl et al. 2007). The sediment is
episodically transported from the continental shelf through a submarine canyon by
turbidity currents which are responsible for the majority of sedimentation in the Bay of
Bengal (Curray et al., 2003; Weber et al., 2003). Sedimentation resulting from these
currents are referred to as turbidite deposits and are mostly comprised of sand. The
foraminifera abundance within turbidite deposits are quite low (Frances-Lanord et al.,
2015). However, core 1451A contains several hemipelagic sections comprised of a
calcareous clay where the foraminifera abundance is much greater than that of the sandy

turbidites.
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Recent studies indicate that foraminifera within a levee deposit could have been
transported from further north in the Bay of Bengal, where SST has a larger seasonal
signal (Fritz-Endres et al., 2019; Figure 2). A levee is an area of high turbidity activity
and the pelagic material from the overlying water column is mixed with the transported
sediment (Frances-Lanord et al., 2015). This sediment could also have been reworked by
further turbidity activity. The turbidite deposits at Site U1451 are likely from overspill or

migration of an active channel (Curray et al., 2003).

Single foraminifera Mg/Ca and 8'%0 analysis from core-tops at Sites U1454 and
U1449 (both the same latitude as U1451) suggests that although foraminifera do record
overlying water column conditions in hemipelagic sediments, caution must be taken
when downcore lithologies indicate turbidite deposits (Fritz-Endres et al., 2019). The
study showed that at Site U1454, which is located on the levee of the modern active
channel, the foraminifera population represents a mixture of foraminifer transported from
the northern Bay of Bengal (where SST and SSS have much larger seasonal variability)
and from the overlying water column (Fritz-Endres & Dekens, 2019). In addition, the
study demonstrated that foraminifera at Site U1449, which is 249 km away from Site
U1454 and the modern channel/levee system, contains predominantly pelagic clay and
foraminifera at this site reliably recorded sea surface conditions (Fritz-Endres & Dekens,
2019). This study demonstrates that foraminifera found in downcore hemipelagic
calcareous clay sections not associated with a turbidite deposit reflect periods of time

when pelagic sedimentation dominated, and reflect local conditions. We only sampled
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foraminifera from the hemipelagic sections to avoid bias from transported foraminifera

found in levee and turbidite sediments.

Foraminifera abundance was a critical limitation to the resolution of our
temperature reconstruction. In addition to gaps from turbidite sections, some hemipelagic
sections had too few foraminifera for geochemical analyses, creating further gaps. Gaps
in the record range from 20ky to 500ky. Few long-term records exist in the Bay of
Bengal due to these limitations. Our record therefore fills a data gap in the Indian Ocean
that will further our understanding of tropical dynamics since the Pliocene. Although our
new record is not able to resolve orbital scale climate variability, it does provide insight

into long-term climate trends in the Indian Ocean.

SST records

Our Mg/Ca SST record from Site U1451 is a low resolution, long-term record that
spans from the present through the late Pliocene (3.5 Ma). SST estimates range from ~26-
31°C with a long-term average of 29.1°C. The resolution of our record is ~27ka in the

hemipelagic sections of our core with periodic gaps of 20ky to 500ky.

An additional record from Site U1451 can be used to increase the resolution of
our record. A high-resolution SST record of the Plio-Pleistocene transition (3.2 — 2.6 Ma)
was constructed at Site U1451 from our laboratory (Cowan & Dekens, in progress). The

study used the same paleothermometer and species of foraminifera and can therefore be
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incorporated into our long-term record. The addition of the Plio-Pleistocene Mg/Ca SST
record greatly increases our resolution during a critical climate transition where the

global temperature was decreasing (Rohling et al., 2014).

Two records from Site U1452 (8°N, 87°E; ~3670m depth), ~70km west of Site
U1451, can be used to further increase our SST record resolution. Both studies used the
Mg/Ca ratios of 7. sacculifer to reconstruct SST. Site U1452 experiences the same mean
annual SST and seasonal SST range as Site U1451, indicating the two sites are
experiencing the same sea surface conditions (Levitus, 1982). The proximity and
similarity in ocean depth indicate that the foraminifera preservation is likely to be similar
at the two sites. We therefore add these data to our record. The first SST record at Site
U1452 is a high-resolution, ~2ky, record of SSTs over the last 180ky (Holmes & Dekens,
2017). The second is a high-resolution record that spans the Mid-Pleistocene Transition
(Lagos & Dekens, 2018). The mean Mg/Ca values from Site 1451 and Site 1452 are
almost indistinguishable, with a difference of ~0.02 mmol/mol. The distribution of both

data sets appears normal and have a difference in standard deviation of ~0.02.

The age model for Sites U1451 is based predominantly on low-resolution
magnetic reversals and biostratigraphy (France-Lanord et al., 2016). There are post-cruise
efforts to improve the existing age model using a lithostratigraphy and sediment physical
properties that vary on orbital timescales (Weber et al, 2018). For our purposes, the
existing low-resolution age models constrain age well enough to preform long-term trend

analysis. The Mg/Ca records from Site 1452 (Lagos & Dekens, 2018; Holmes & Dekents,
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2017) were converted to SST using Dekens et al, 2002 ACO3?" calibration (Figure 8). The

SST estimates from Sites U1451 and U1452 are consistent (Table 3; Figure 8).

Implications for the presence of AMS

The modern AMS is responsible for 1-4 meters of precipitation across east Asia
and affects approximately one-third of the global population (Burbank et al, 2003).
Differential heating of the Himalayan mountain range and the southern Indian Ocean
creates an atmospheric pressure gradient. This pressure gradient generates a seasonal
southwesterly wind (Schott et al., 2009; Zhisheng et al., 2015), which forces the summer
monsoon current (Schott et al., 2009). The seasonal influx of warm SSTs, along with
other atmospheric processes, create and sustain the AMS (Burbank et al, 2003). The
modern monsoonal winds are upwelling favorable winds in the Arabian Sea & northern

Bay of Bengal.

The AMS most likely existed in some form through the Pliocene and into the late-
Miocene (Kroon et al.,1991; Zhisheng et al., 2001). Monsoonal winds force upwelling in
the Arabian Sea. Therefore, variance in upwelling in the Arabian Sea would mean
variance in the monsoonal wind patterns (Kroon et al., 1991). Kroon et al. (1991) were
able to identify the onset or intensification of the AMS between 9-8 Ma by examining the
increase in relative abundance of Globigerina bulliodes in the Arabian Sea. G. bulliodes

is a planktonic species of foraminifera that prefers productive environments, and
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therefore increases in abundance during periods of upwelling (Hemleben et al., 1989).
The increase observed from 9-8 Ma in G. bulliodes abundance is an indication that

greater upwelling had taken place meaning the onset or intensification of the AMS

(Kroon et al., 1991).

A variety of studies from both oceanic and terrestrial paleoclimate data indicate
that monsoons exists through the Pliocene and likely into the Miocene/Eocene (Kroon et
al.,1991; Quan et al., 2012; Igarashi et al., 2018). The precipitation patterns indicated by
fossil plant proxies displayed a strong seasonal signal, indicating the presence of a
monsoonal system as early as the late Eocene (Quan et al., 2012). Plant assemblages from
37 locations across China indicate that mean annual precipitation was >735mm during
the Eocene (Quan et al., 2012). A humid climate in East Asia would be associated with a
monsoonal system (Igarashi et al., 2018). Pollen assemblages from the Japan Sea during
the mid-Pliocene (~4.3 Ma) demonstrate a humid climate was present during this period

(Igarashi et al., 2018).

Fully coupled global climate models indicate that the AMS could have existed as
early as the Eocene, regardless of the Tibetan Plateau height (Huber & Goldner, 2012).
The interaction between tectonics in East Asia (uplift of the Tibetan Plateau and
Himalayas) and global climate change is the focal point of a host of different scientific
research communities (Clemens et al., 2015; France-Lanord et al., 2016). Some studies
indicate the uplift of the Tibetan Plateau and Himalayan mountain range could have

strengthened the AMS or lead to the onset of the AMS (Zhisheng et al., 2001; Zheng et
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al., 2004). Other studies using fully coupled global climate models have shown that the
AMS would have existed regardless of the height of the Tibetan Plateau (Huber &
Goldner, 2012; Ma et al., 2014). One such modeling study demonstrated the distribution
of global monsoon precipitation existed as early as 45 Ma (Huber & Goldner, 2012).
Using a combination of paleoclimate data as well as regional and global modeling know
that the AMS has existed to some degree since the early Pliocene. Our data from the
southern Bay of Bengal provides further evidence of the AMS existence during this

period.

In the modern Bay of Bengal warm tropical waters are brought north into the Bay
by the summer monsoon current. These waters travel past the location of Site U1451.
These warm SSTs are responsible for increased atmospheric convection as well as latent
heat, further fueling the AMS. Models indicate that modern SSTs need to be 26-30°C to
create the atmospheric convection required to support the AMS (Tompkins, 2001). SSTs
at our sites remain within this range throughout the past 3.5 Ma. Our SST record is

further evidence that the AMS likely existed through the Pliocene.

Implications for the Indo-Pacific Warm Pool dynamics

The Indo-Pacific Warm Pool (IPWP) is a warm (~29°C year-round), stable pool
of water that spans the western equatorial Pacific and the tropical Indian Ocean. The

persistent warmth in the IPWP has a critical control on the regional and global climate.
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The eastern equatorial Pacific is 4-5C cooler, which creates a zonal SST gradient across
the equatorial Pacific and drives the Walker Cell, an atmospheric convection cell across
the equatorial Pacific. Fluctuations in the Walker Cell’s strength are responsible for the
El Nifio Southern Oscillation (ENSO). El Nifio events have a dramatic effect on regional
climates, shifting precipitation patterns and warmth across the Pacific, and El Nifio years

are some of the warmest years on record with respect to the global average.

During the early Pliocene the climate of the tropical Pacific resembled that of an
El Nifio with a reduced zonal gradient and an increase in global average temperatures
(Ford et al., 2015). The IPWP remained warm and stable while the eastern equatorial
Pacific was 5-7°C warmer than modern values (Ford et al., 2015). Changes in SSTs
patterns from the Pliocene to present establishes dramatically different regional climates,

namely those in the eastern equatorial Pacific, and global climate (Ford et al., 2015).

We analyzed whether the southern Bay of Bengal, and more broadly the tropical
Indian Ocean, exhibit characteristics seen in the tropical Pacific Ocean since the Pliocene.
The closest record in proximity to Site U1451 is a Mg/Ca SST from ODP site 758 (5°N,
90°E in 2923m water depth), which has an average SST of 28.3°C since the early
Pliocene (Dekens et al., 2008; Figure 9). The variance in SSTs at Site 758 (£1.3°C) is
greater than that of Site U1451 (£0.93°C). Overall, the SSTs at Site U1451 track those of
Site 758 quite well (Figure 9). Despite relatively stable SSTs through the last 5 Ma, there
are brief periods of variability at Site 758. One of these periods occurs during the Plio-

Pleistocene transition where it’s believed that North Hemisphere glaciation began to
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increase (Shackleton et al., 1988; Zachos et al., 2001). The SSTs at Site 758 cooled ~2°C
during this time period. Additionally, it appears there is a small peak in SSTs during the
Mid-Pleistocene Transition at Site 758. The SSTs at Site U1451/52 exhibited a similar
range of temperature and variance to those of Site 758 during these key climate

transitions.

ODP Site 806 (0°N, 159°E in 2520m water depth) is in the western equatorial
Pacific (Table 3), and has a similarly stable SST pattern since the Pliocene (Wara et al.,
2005; Figure 9). Similar to Site 758, there are brief periods of variability at Site 806
during climate transitions that are well matched by Site U1451/52 in mean temperature
and variance. In stark contrast to the IPWP, the eastern equatorial Pacific exhibits a more
pronounced cooling during climate transitions (Wara et al., 2005; Liu et al., 2004). These
cooler mean temperatures are a result of upwelling and the more pronounced cooling

during climate transitions could be the result of the intensification upwelling.

The SST pattern in the Bay of Bengal through the last 3.5 Ma closely tracks other
records in the IPWP. This tells us that the [IPWP stretched as far north as Site U1451 &
U1452 (8°N) through the Pliocene. These results support the previous observations of a
stable IPWP through the Pliocene even as the Eastern Equatorial Pacific and global
temperatures cool (Fedorov et al., 2013; Rohling et al., 2014). These warm SSTs would
have sustained atmospheric convection and provide the fuel for monsoonal events such as
the seasonal AMS. It should be noted that Site U1451 & U1452 are too far south in the

Bay of Bengal to record any direct indications of monsoon activity. Future work in
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collaboration with records from Expedition 353 with sites in the northern Bay of Bengal

would provide a greater understanding of the AMS and its evolution since the Pliocene.

CONCLUSIONS

In this study we reconstructed oceanographic conditions at site U1451 through the
Pliocene despite limitations related to a sediment fan environment. These conditions did,
however, limited our data to a low-resolution record that include gaps of 20-500ky. The
T. sacculifer Mg/Ca successfully and reliably recorded SST (Figures 7). A calibration
that includes a dissolution correction is clearly needed for the southern Bay of Bengal
(Table 2). There is no long-term SST trend at Site U1451/52 through the last 3 Ma; SST
remains relatively stable with an average SST of ~29°C (Figure 8). This is consistent
with other SST reconstructions from the [IPWP (Figure 9). This indicates that the [PWP
spread as far north as Site 1451/52 (8°N) through the Pliocene and demonstrates
agreement with previous studies that show a warm and stable IPWP through the Pliocene.

SSTs remain within the range (26-30°C) required to support the modern AMS.
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FUTURE WORK

More Mg/Ca data are needed to complete the SST record into the early Pliocene
(to 5 Ma); 65 samples from the early Pliocene remain to be analyzed. However, gaps will
remain in the record due to lithology and preservation. We hypothesize the consistency
with the IPWP continues through the early Pliocene. Additionally, we plan to use 5'%0
analysis of T. sacculifer to provide a record of the evolution of 8'%0 of seawater through
this time period and provide insight into the role of AMS or the IPWP air-sea interactions
through the Pliocene. Future work will include the reconstruction of the subsurface
conditions at Site U1451 using G. tumida Mg/Ca. Mg/Ca analysis of G. tumida will
reconstruct temperatures at ~100m water depth at Site U1451 through the Pliocene,
providing an opportunity to compare the structure of the thermocline in the Bay of
Bengal to those in the IPWP that demonstrate a shoaling since the early Pliocene.
Additionally, the implications of stable SSTs at Site U1451/52 will need to be examined
in relation to the results of IODP Expedition 353 whose intentions were to study the

evolution of the AMS in the northern Bay of Bengal.
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APPENDICES

Appendix 1 — 7. sacculifer taxonomic identification

T. sacculifer were identified by its three near spherical chambers with a single,
primary aperature (Kennett & Srinivasan, 1983). T. sacculifer wall texture is coarsely
cancellate (sugary, or honeycomb in appearance) (Kennett & Srinivasan, 1983). T.
sacculifer is distinguished from similarly taxonomic foraminifera (e.g. rrilobatus
immaturus and Trilobatus quadrilobatus) by its fourth flattened, sac-like chamber (Poole
& Wade, 2019). However, juvenile 7. sacculifer were preferentially selected because
during the adult stage 7. sacculifer migrate deeper, grow the fourth characteristic sac-like
chamber as well as gametogenic calcite, inhibiting the shells use as a geochemical proxy
(Bé et al., 1982; Brummer et al., 1986). We used the T. sacculifer’s distinctive lip
bordering the primary aperture to distinguish from similar foraminifera (Poole & Wade,

2019).

Appendix 2— Cleaning Procedures

Each sample received three rinses with ultra-pure (Milli-Q) deionized water, two
rinses with methanol, followed by three additional rinses with ultra-pure (Milli-Q)
deionized water. Samples receive 30 seconds of ultra-sonication in-between each rinse.
It’s important to be particularly rigorous during the initial rinses as silicate removal has
the greatest influence on sample Mg/Ca ratio during the cleaning process (Barker et al.,

2003). These clays can contain 1-10% Mg by weight. (Deer et al., 1992).
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During the reductive step, designed to remove manganese oxides, 100ul of a
solution of 10ml ammonium citrate, 10ml ammonium hydroxide, and 1ml 85%
anhydrous aqueous hydrazine was added to each sample. Outgassing requires the caps to
each sample’s vial be securely closed. A flat, acrylic plate is fastened atop the caps of the
samples to prevent opening of the vials during a 30-minute hot water bath (180-200°F).
Samples were inverted and received five second ultra-sonication at two-minute intervals
during the 30-minute hot water bath. The reaction was stopped with a quick rinse of ultra-
pure deionized water, followed by three ultra-pure water rinses with 30 second ultra-

sonication between each before proceeding to the oxidation step.

Organic material was removed during the oxidation step by adding 250ul of a
solution of 50ul 30% hydrogen peroxide and 30ml of 0.1N sodium hydroxide to each
sample (Barker et al., 2003). The samples were then placed in a 10-minute hot water bath
with a 5 second ultra-sonication after 5 and 10 minutes. The reaction was stopped, and
the solution removed with a quick rinse of ultra-pure deionized water, followed by two
ultra-pure water rinses with no ultra-sonication between each. The samples were then
placed in a 5-minute hot water bath with a 5 second ultra-sonication both before and after
the bath. Then samples underwent another rinse with ultra-pure water including a 30

second ultra-sonication.

Samples were covered with ultra-pure water and transferred from 0.5 mL vials to
1.5 mL vials where they received a weak acid leach to remove any reabsorb authigenic

contaminants (Martin & Lea, 2002). Ultra-pure water was added to each sample and the
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acid was siphoned away, followed by two additional rinses of ultra-pure water to remove
any remaining acid. The cleaned samples were run on an Inductively Coupled Plasma
Optical Emission Spectrometer (ICP-OES) at the at the UC Santa Cruz Marine Analytical

Lab.

Appendix 3 — Mn/Ca

Included in my sampling were 28 replicates that were cleaned at a separate
facility, University of California Santa Cruz Marine Analytical Laboratory. The average
difference in Mg/Ca values between replicates is 0.024 mmol/mol. The average
difference in Mn/Ca values between replicates is 0.013 mmol/mol. The Shapiro Wilks
test showed that the Mg/Ca and the Mn/Ca of the replicates were all normally distributed
with all p values greater than my alpha level of 0.5. A parametric matched pairs test and a
nonparametric Wilcoxon sign ranked test of both Mg/Ca and Mn/Ca resulted in
significantly higher than alpha (0.05) p values indicating there is no statistical difference
between the replicates. Density ellipse were used on pairs of data to determine their
correlation. Mn/Ca values demonstrated a statistically significant (p-value = <0.0001;
alpha level = 0.05) correlation of 0.83. However, the correlation between paired Mg/Ca

values was low (r = 0.33) and not statistically significant (p-value = 0.089).
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TABLES
Pliocene Age Model
Sedimentation Stratigraphic Tie

Site Depth CSF-A (m) Age (Ma) rate (cm/ka) Point
U1451A 72.24 0.781 9.25 Bruhnes / Matuyama
U1451A 80.35 0.998 3.74 Jaramillo
U1451A 81.78 1.072 1.93 Matuyama
U1451A 83.1 1.173 1.31 Cobb Mountain
U1451A 83.44 1.185 2.83 Matuyama
U1451A 130.06 2.58 3.34
U1451A 143 3.596 1.27 Gilbert
U1451A 152.99 4.493 1.11 Nunivak
U1451A 155.8 4.631 2.04 Gilbert
U1451A 161.1 4.896 2.00 Gilbert
U1451A 163.07 4.997 1.95 Thvera

Average Sedimentation

rate 2.80

Table 1



Mg/Ca Calibrated SSTs at Site U1451

39

Calibration Method Range (°C) Mean (°C)
Anand et al., 2003 21.8-26.6 24.4
Dekens et al., 2002 (WD) 25.4 - 30.2 27.9
Dekens et al., 2002 (ACOs%) 25.8-30.9 29.1
Regenberg et al., 2006 25.5-29.1 271
Modern SSTs at Site U1451A 27.6 — 30.0 28.5

Table 2



Pliocene — Present Tropical SSTs
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Site Location Range (°C) Mean (°C)
IODP U1451 S. Bay of Bengal 25.8-30.9 29.1
I0ODP U1452 S. Bay of Bengal 249 -31.2 28.6
ODP 806 W. Equatorial Pacific 25.0 - 329 29.2
ODP 758 Equatorial Indian 23.6 -31.1 28.1
ODP 847 E. Equatorial Pacific 21.3-29.9 26.6

Table 3



FIGURES

Figure 1 A map highlighting IODP Expedition 354 transect (red box) along 8°N where
drilled 7 sites in the southern Bay of Bengal (France-Lanord et al., 2016). Blue contour
lines represent fan thickness (km).
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Temperature (°C)

Figure 2 Modern SSTs in the Bay of Bengal during the months of January and June
(Levitus, 1982). Black arrows highlight the seasonal currents in the Bay of Bengal, the
Northern Monsoon Current (NMC) and Southern Monsoon Current (SMC) (Schott et al.,
2009). Expedition 354 is located in the path of the SMC, which transports warm water
from the tropics to the northern Bay of Bengal during summer (Schott et al., 2009).
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Hole U1451A

Core Graphic Nannofossil Foraminiferal
recovery lithology biozone biozone Polarity

PT1b
FO Emiliania huxleyi (0.29 Ma, 27.35 m)
LO Globorotalia tosaensis (0.61 Ma, 29.52 m)
LO Pseudoemiliania lacunosa (0.44 Ma, 64.23 m)
C1in-Ci1r.1r (0.781 Ma, 72.24 m)
C1r.Ar-C1r.1n (0.998 Ma, 80.35 m)
PT1a C1ir.in - C1r.2r (1.072 Ma, 81.78 m;
C1ir.2r-C1r.2n (1.173 Ma, 83.10 m
C1r.2n - C1r.3r (1.185 Ma, 83.44 m)
LO Discoaster brouweri (1.93 Ma, 109.83 m)
/—w LO Globigerinoides fistulosus (1.88 Ma, 109.93 m)
v LO Discoaster pentaradiatus (2.39 Ma, 115.22 m)
PL6 /v LO Dentoglobigerina altispira (3.47 Ma, 134.23 m)
C2An.3n - C2Ar (3.596 Ma, 143.00 m)
—w LO Discoaster surculus (2.49 Ma, 144.27 m) h— A
\ﬁ LO Reticulofenestra pseudoumbilicus (3.70 Ma, 144.27 m)| .
\ LCO Sphaeroidinellopsis seminulina (3.59 Ma, 147.53 m) 9
C3n.1r-C3n.2n }4.493 Ma, 152.99 m

C3n.2n - C3n.2r (4.631 Ma, 155.80 m
C3n.3n-C3n.3r

|Midd|e and Late

Pleistocene

early

PL5 - PL4

Plio.

NN15 - NN13

NN13 - NN12 PL3 - PL1
4.896 Ma, 161.10 m
C3n.3r-C3n.4n (4.997 Ma, 163.07 m
LO Ceratholithus acutus (5.04 Ma, 164.17 m)

=

. Foraminifers ¥ Last occurrence (LO) 4 Last common occurrence (LCO) . Nannofossils _a First occurrence (FO) . Paleomag. ~- Paleomag. reversal

! Calcareous clay Clay Nannofossil rich Sand Silt

Figure 3 Hole U1451A chronostratigraphic and biostratigraphic markers within the top
200 m of the core. Biomarkers were calculated as midpoints. The boundaries of the
paleomagnetic reversals are the lower depth of the reversal. (Frances-Lanord et al., 2016)
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Figure 5 T. sacculifer Mg/Ca at Site U1451. Mg/Ca values range from 2.7 — 4.1

mmol/mol.
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Figure 6 Scatter plot of 7. sacculifer Mn/Ca & Mg/Ca ratios to determine if there is any
correlation. A correlation between Mn/Ca & Mg/Ca values would indicate biased Mg/Ca
due to insufficient cleaning or the existence of a Mn-overcoat.
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Figure 7 A comparison four SST calibration equation. One calibration that is created
using cultures studies (light green; Anand et al., 2003) and three calibrations based on
core top studies that include a dissolution correction (Dekens et al., 2002; Regenberg et
al., 2006) used to generate the Site 1451 SST record.
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Figure 8 SSTs at Site U1451& U1452 using the Dekens et al., 2002, ACOs calibration.
We include data from IOPD Site U1452, which is only ~70km west and at a similar depth
to that of Site U1451 and therefore records the same sea surface conditions and
dissolution effect.
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Figure 9 SSTs of our southern Bay of Bengal records compared with those in the tropical
Indian Ocean (ODP Site 758; green triangles) and the western equatorial Pacific (ODP
806; purple diamonds). SSTs patterns at Site U1451 are similar to those of ODP Site 758
in the Indian Ocean, and ODP Site 806 in the western Pacific warm pool over the past 3
Ma with average SSTs of 29.1°C, 28.3°C, & 29.6°C respectively.
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Figure 10 SSTs of our southern Bay of Bengal records compared with those in the
tropical Indian Ocean (ODP Site 758; green triangles), the western equatorial Pacific
(ODP 806; purple diamonds), and eastern equatorial Pacific (ODP 847; blue squares).
SSTs patterns at Site U1451 are similar to those of ODP Site 758 in the Indian Ocean,
and ODP Site 806 in the western Pacific warm pool over the past 3 Ma. The eastern
equatorial Pacific cools significantly over the past 5 Ma compared to those in the Indo-
Pacific Warm Pool.
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