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Maria Luisa Sanchez Montes

Climate-ice sheet-ocean interactions in the Gulf of Alaska through
the Pliocene and Pleistocene

Global climate is characterised by a long term cooling trend since the Pliocene.
However, we lack climate records from the North Pacific to confirm this. The
proximity of the GOA to the Mount St. Elias, the highest mountain in the world
uplifted during the Plio-Pleistocene, makes the location a target to study the Pacific
climate evolution towards present climate, the influence over the growth of large
ice sheets over North America as well as the tectonic-ice sheet-climate
interactions. This is important as the mid-Pliocene and MIS 5e have been identified
as potential analogues for current climate. This thesis focuses on the Pliocene and
Pleistocene study of Site U1417 (~700km away from the coast) and U1418
(~150km away from the coast) from the Gulf of Alaska, recovered during I0ODP
Expedition 341. Biomarker extraction and analyses are used for sea surface
temperature (SSTs from UX3; and UK3;' indices), sea surface salinity (C37.4),
terrestrial and aquatic organic carbon inputs (long, short chain n-alkanes, TAR
index, TOC, TON, 613C and 6!°N), marine productivity (alkenone, [B-sitosterol,
brassicasterol, dinosterol, TOC, TON, 6&13C and &N concentrations)
reconstructions at both sites. We conclude that SST during the early Pleistocene in
the GOA was an average of 1°C warmer than during the late Pliocene, the last
500kyr and at modern. The Cordilleran Ice-Sheet developed since 2.8 Ma due to St.
Elias tectonic uplift. The Cordilleran Ice-Sheet growth is fed by the humidity of a
relatively warm and stratified surface ocean and orographic precipitation since the
Pliocene. During the last 500 kyr, warmer SST intervals are associated with a
decrease in ocean stratification. Nutrient availability in the GOA is the main control
for coccolithophore productivity export reduction since the early Pleistocene.
Modern ocean circulation across the North Pacific was established during the LGM

and possibly since MIS 4.
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Chapter 1: Introduction

1.1.Rationale Overview

Since the Pliocene (5.3 to 2.6 Ma), global climate history is characterised by the
transition into a colder world (Figure 1.1), dominated by the onset and
intensification of major Northern Hemisphere glaciations which have changed in
their duration and intensity. It has been argued that cooling in the surface ocean
could be considered one of the driving mechanisms behind increased extent of
continental ice sheets (i.e. McClymont et al, 2013). Alternative proposals consider
the influences of progressive sub-glacial erosion and feedbacks to explain changing
ice-sheet extent and dynamics and/or the potential regional climate impacts of
tectonic uplift (Enkelmann et al., 2015) both of which may occur independently of
climate change. At present, isolating climate as the driver of evolving continental
ice volume since the Pliocene is hindered by the limited long term data sets which
directly link climate changes to evidence for ice-sheet advance/retreat, erosion,
and tectonic evolution over million year timescales. Data constraining glacial-
interglacial cycles from the northeast Pacific is also lacking in comparison to the
North Atlantic despite its proximity to the major ice sheets of North America (Otto-

Bliesner et al., 2005; Past Interglacials Working Group of PAGES, 2015).

In understanding the global climate history there is a general dominance of
research from the North Atlantic region. The role of the North Pacific in the carbon
cycle, for instance, remains under explored. It has been suggested that iron limits
the marine productivity in the subarctic Pacific at the present day (Martin and
Fitzwater, 1988; Martin et al., 1991) but whether this theory holds for the Pliocene
is unclear. It is unknown if the east subarctic Pacific was a high productivity region
before the Cordilleran Ice Sheet developed (NHG), as it has been recorded in the
west (Haug et al, 2005). A detailed understanding of the main controls on marine
productivity before the development of modern marine conditions is also lacking.
The study of marine productivity could help in the understanding of the role of
ocean changes in the North Pacific and its possible influence on the Cordilleran Ice

Sheet and the broader development of NHG. Marine productivity and its impact on
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past atmospheric COz are important for understanding present day climate change

and the impacts of this on future climate.

Age (Ma)
0 0.5 1 1.5 2 2.5 3 3.5 4
22 H Pleistocene Pliocene
3 {MIS5
;9 3.5 - l
w0
M2
L g
<
c NHG
245 -l
°LGM
- Chapter 7 . Chapters 5and 6 '

Figure 1.1: Global climate cooling trough the Pliocene to present. The global benthic
6180 stack, “LR04” (Lisiecki and Raymo, 2005) which represents the global ice volume trend
from the Pliocene until the present. Higher 6180 values indicate increased global ice volume

and colder climate. Annotations of some key climatic events: the cool M2, onset and
intensification of the North Hemisphere Glaciation (NHG), the warm interglacial MIS 5 and
the Last Glacial Maximum (LGM). The Chapters of this thesis that study specific time periods
are also shown, as well as the main geological epochs involved with each Chapter (Pliocene,

Pleistocene and Holocene, indicated with a H).

1.2.Aim

The overall aim of this PhD is to assess the ice sheet-ocean-climate interactions in
the Gulf of Alaska (GOA) over the last 4 million years (Ma). These interactions are
important to study the characteristics of climate settings that allow the
development of an ice sheet and how the development of the ice sheet can affect
climate and marine environments. Newly recovered marine sediment cores from
IODP Expedition 341 in the Gulf of Alaska are analysed. The core sites U1417 and
U1418 lie close to the north-western Cordilleran ice sheet, whose evolution is not
well understood through the Pliocene and Pleistocene (Jaeger et al., 2011). This
research will focus on three time windows of climate change: (1) the Pliocene, a
climate state considered to be warmer than present and that precedes the major

expansion of the northern hemisphere ice sheets, (2) the Pliocene-Pleistocene
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Transition (PPT) during which northern hemisphere ice sheets are argued to have
expanded, and (3) the last 500,000 years (ka) when large and pronounced glacial-
interglacial cycles mark the global climate record (Lisiecki and Raymo, 2005)

(Figure 1.1).

1.3.Research Questions and objectives
In order to meet the above aim, this thesis will focus on 3 main research questions

(RQ) that constitute its three main discussion chapters (Chapters 5-7):

RQ1: What is the magnitude and timing of surface ocean changes during the
Pliocene and early Pleistocene, and what impact do they have on ice sheet

development in the GOA? Chapter 5

Objective 1.1: To reconstruct site U1417 sea surface temperatures (SST) and sea

surface salinity (SSS) during the period from 4 to 1.5 million years ago (Ma).

Objective 1.2: To compare surface ocean changes from Ob 1.1 to a proxy for ice
sheet development (Ice Rafted Debris, IRD) to investigate potential links between

the Northeast Pacific Ocean and the Cordilleran ice sheet.

This study has important implications. The warm Pliocene has been proposed as
an analogue for future climate scenarios (Hansen et al, 2006). However, our
understanding of the North Pacific Ocean from this period of time is lacking
(LaRiviere et al., 2012). The Pliocene-Pleistocene transition is the shift towards a
world with extensive northern hemisphere glaciation with cycles of major mid and

high latitude ice-sheets, as we see periodically in the recent past (last 500 kyr).

RQ2: Did productivity change in the GOA during the Pliocene and early
Pleistocene, and how does it relate to the timing of climate changes,

terrestrial input into the ocean, and circulation changes? Chapter 6.

Objective 2.1: To reconstruct site U1417 organic matter provenance (e.g. marine vs

terrestrial source) between 4 to 1.5 Ma.

Objective 2.2: To reconstruct Site U1417 mass accumulation rates of marine

phytoplankton.
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Objective 2.3: To compare this new reconstruction of organic matter inputs to the

sediments with diatom evidence for changing productivity.

It is thought that the North Pacific could act as a major carbon storage basin during
glacials (Galbraith et al., 2007). This study would help provide a longer term
perspective by assessing relative carbon storage in North Pacific sediments before
and after the NHG. A study from the northwest subarctic Pacific (Haug et al, 2005)
shows a dramatic decrease in marine productivity after the NHG. It has been
suggested that the role of North Atlantic deep water was an important factor for
worldwide marine productivity and atmospheric CO; decrease during the Pliocene-

Pleistocene transition (Lawrence et al., 2013).

RQ3: What is the response of the GOA to the glacial-interglacial cycles of the
last 500 kyr?

Objective 3.1: To reconstruct site U1418 and U1417 sea surface temperatures

(SST) and sea surface salinity (SSS) during the last 500 kyr.

Objective 3.2: To reconstruct site U1418 and U1417 organic matter provenance

during the last 500 kyr.

Objective 3.3: To compare results from Objective 3.1 and 3.2 with IRD data for site
U1417 during the last 500 kyr and oxygen isotopes for glacial-interglacial cycle
timing for both sites during the last 500 kyr.

By studying the last glacial-interglacial cycles we can assess the ice-ocean-climate
interactions that regulate the growing and decaying of ice-sheets. The knowledge
of glacial-interglacial cycles for the North Pacific Ocean is limited to only a few data
sets (Past Interglacials Working Group of PAGES, 2015), yet the region is important
as a potential source region for the moisture which is provided to the larger north

America ice sheets (Haug et al., 2005).

Previous research in the GOA has indicated that the first appearance of tidewater
glaciation related to the Cordilleran Ice Sheet occurred at 3.5 Ma (Krissek et
al,1995), but we lack detailed reconstructions of ice sheet history and the
oceanographic changes which may be related to these is poorly understood. The

methods to be used in this thesis will focus on reconstructing SSTs, marine and
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terrestrial organic matter inputs and productivity export from biomarkers, using
marine sediments recovered by Integrated Ocean Drilling Program (IODP)
Expedition 341.Complementary data from other members of the IODP Expedition
341 science party is also presented, including ice rafted debris (IRD) analysis for
iceberg/sea-ice presence (by Dr. Ellen Cowan, Appalachian State University, North
Carolina, U.S.), oxygen isotopes of surface dwelling foraminifera Neogloboquadrina
pachyderma (sinistral) for glacial-interglacial timing (by Dr. Hirofumi Asahi, Korea
Polar Research Institute, Seoul, South Korea) and diatom counts for diatom
productivity export (by Dr. Oscar Romero, MARUM, Bremen, Germany). Organic
nitrogen and carbon bulk and isotope studies were carried out in partnership with
Dr. Christopher Moy, Otago University, Dunedin, New Zealand. The combined
results will allow us to understand the regional relationship between ocean-ice
sheets-climate in the North Pacific Ocean and make comparisons to global climatic

events.

1.4 IODP Expedition 341

The IODP Expedition 341 (May-July 2013) drilled a cross-margin transect from ice-
proximal sites on the continental shelf to distal sites in the deep Pacific (Figure
1.2). This study focuses on the most distal site, (Site U1417, 56° 57" N 147° 6.5 W
c. 4190 m water depth) which extends through the Pleistocene, Pliocene and
Miocene with average sedimentation rates of 8 cm Kyr-! for the Pliocene and Early
Pleistocene and 13cm cm Kyr-! for the last 1 Myr. Our second site of interest, Site
U1418, lies closer to shore (58°46’ N 144° 29.5’ W, c. 4218m water depth) with a
sedimentation rate averaging 80 cm cm Kyr! throughout the sediment sequence
(Figure 1.3). Preliminary shipboard analyses indicate that a rich history of climate
change, glaciation and tectonics has been recorded, including variable biogenic and
terrigenous contributions, and evidence for deposition through pelagic, mass
movement and glacial processes (Expedition 341 Scientists, 2014). The analyses
undertaken for this thesis will focus on generating a detailed understanding of the
interaction between Northeast Pacific palaeoceanography and the history of the
north-west Cordilleran Ice Sheet, neither of which are fully understood given

limited data which pre-dates the Last Glacial Maximum (LGM).
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Figure 1.2: Location of Gulf of Alaska IODP Expedition 341 drill sites. Location of Site

U1417 to U1421 overlaid on a physical and tectonic map of the Gulf of Alaska (Gulick et al,
2015). Site U1417 and U1418 will be the focus of this study.
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Figure 1.3: IODP Expedition 341 stratigraphic logs. Major lithofacies, location, resolution

and shipboard age models according to magnetostratigraphy (Gulick et al, 2015). Site
U1417 is the focus of thesis Chapters 5 and 6 and Site U1418 is the focus of thesis Chapter 7.
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Chapter 2: Research Background

2.1 The Gulf of Alaska (GOA) at present

The Gulf of Alaska is the sea located in the Northeast Pacific Ocean, from 50° to
60°N and 130° to 170° W. It extends from the Alaska Peninsula in the west to the
Alexander Archipelago in the east (Hogan, 2013) and it is delimited by the Bering
Sea on the west and the Alaska coast in the north and east, which is, in turn,
bounded to the north by the Pacific Mountain System (Molnia, 2008) (Figure 2.1a).
The highest peaks of the Pacific Mountain System are Mt. McKinley, Mt. St. Elias
and Mt Logan in Canada, of 6,195, 5,489 and 5745 m height respectively (Molnia,
2008). Glaciers cover 20% of the Gulf of Alaska watershed (Spies, 2007). The major
rivers draining the St. Elias and Chugach mountains towards the GOA are the Alsek
River and the Copper River, fed by glacier discharge which is maximum in August
(Figure 2.3b) (Weingartner, 2007). The fluvial discharge into the Gulf of Alaska
exceeds 40 % of the discharge of the Mississippi River, and the discharge per unit
of area (or yield) is higher than the great equatorial watersheds such as the
Amazon River (Spies, 2007). The GOA mean annual freshwater discharge derives
from high precipitation, runoff and snow melt from Prince William Sound streams
and other river discharges along the SE Alaskan coast (Spies, 2007). High
precipitation is due in part to the proximity of the North Pacific Ocean which is a
source of moisture, and the high topography of the Pacific Mountain System
driving orographic precipitation. Freshwater discharge into the GOA is important
because it affects the water column regime by driving density gradients (Spies,
2007). However, wind stress can modify these density gradients through mixing
and advection of waters from other locations (Spies, 2007). In the following
sections, the main ocean and atmospheric circulation systems of the GOA will be

outlined, including their links to wider climate teleconnections.

2.1.1 Ocean and atmospheric circulation

The GOA ocean circulation at present is dominated by the Alaska Gyre which
controls the strength and behaviour of the Alaska Current (AC) (Figure 2.1a). The
AC flows from offshore of the Alexander Archipelago (SE GOA) to the Kodiak Island
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with a northwest component, from where it converts into the Alaskan Stream
when exiting the Gulf of Alaska (Figure 2.1a), before flowing towards the Chukchi
Sea through the Bering Sea (Kato et al, 2016). The Alaskan Coastal Current (ACC)
flows along the GOA coastline and flows westward to the Bering Sea (Figure 1a).
The properties of the ACC are characterised by the nutrient and meltwater supply
from the coastal Alaskan glaciers. During the 21st century, the ACC has freshened
due to enhanced glacial melting rates and increased inland precipitation (Chan et
al, 2011). From the start of the melting season (May) and during the rainy season
(September to November) (Royer, 1981a, 1982), the AS and the ACC can be easily
identified in the Gulf of Alaska (Figure 1b).

The Alaskan Gyre and the western subarctic gyre form the subarctic gyre system of
the North Pacific Ocean (Yamamoto and Kobayashi, 2016), which is influenced by
atmospheric circulation via the Aleutian Low (AL) and the Pacific High Pressure
Systems, which are coupled in an annual cycle: high pressures dominate during the
summer season and low pressures dominate during autumn to spring (Hogan,
2013). Over the annual cycle, the AL migrates from the west to the east North
Pacific Ocean, and is most intense when it is located in the GOA during winter
(Pickart et al, 2009). The AL creates a storm front that travels with it, and the coast
of Alaska receives high winter precipitation because of the AL winter position and
strength, (Rodinov et al, 2007) but also due to Alaska’s high topography which
drives orographic precipitation. The GOA can locally receive an annual
precipitation of ~800 cm (Powell and Molnia, 1989). During summer, the AL is less
intense and almost disappears when it is located in the Bering Sea. A weaker AL is

translated into a reduced precipitation over the GOA.

A strong winter AL creates a strong zonal SST gradient in the North Pacific Ocean
(Figure 2.2) which is translated into more intense oceanic currents. When the AL is
more intense during winter, the ocean responds through southward movement of
the cold Arctic waters, and the mid-latitude warm waters sourced in the Kuroshio
Current (offshore Japan) flow towards the east through the North Pacific Current
and then northwards to the Gulf of Alaska through the AC in a cyclonic anti-
clockwise direction. The strong winds associated with the winter AL conditions

enhance ocean mixing and lead to a small temperature and salinity gradient
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between the surface and subsurface ocean. During summer migration of the AL
northwards, the GOA registers higher SSTs due to higher insolation on the North
Pacific Ocean, and as the zonal SST gradient is reduced, the storms diminish and

the water column stratifies (Pickart et al., 2009).
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Figure 2.1: GOA oceanic currents. (a) Modern ocean circulation in the Gulf of Alaska and
annual precipitation rates (Weingartner et al, 2016) and (b) boundary between coastal
waters influenced by glacial weathering (light blue) and offshore waters of the Gulf of Alaska
(darker blue). Photograph by Ken Bruland (Schroth and Crusius, 2008).

between the surface and subsurface ocean. During summer migration of the AL
northwards, the GOA registers higher SSTs due to higher insolation on the North
Pacific Ocean, and as the zonal SST gradient is reduced, the storms diminish and

the water column stratifies (Pickart et al, 2009).
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Figure 2.2: North Pacific seasonal atmospheric and ocean circulation. Monthly average
SST (colour) from AVRR and 850-mb air temperature (contours) from NCEP for fall 2002
(Pickart et al., 2009).

Current GOA temperature and salinity data taken from the hydrographic station
GAK 1 offshore Resurrection Bay (Figure 2.3) shows the ACC annual cycle.
Temperatures through the water column are higher during August to October and
lower during February to April (Figure 2.3a), and salinities are highest in April and
freshest in August (Figure 2.3b) (Weingartner, 2007). Surface waters are the most
variable of the water column with SST oscillations of up to 10°C over an annual
cycle, and salinity oscillations of 3 psu (Figure 2.3b). The warmest months are late
summer (August-September) followed by lower salinities during early fall
(October-November), associated with increased glacier meltwater. In contrast,
deep water properties at 250 m below the water surface (bottom of the permanent
halocline) only vary by 1 °C and 1 salinity unit over an annual cycle (Figure 2.3).
During winter, the strong winds enhance ocean mixing and downwelling and the
temperature and salinity gradients through the water column are minimal (Figure
2.3b) (Weingartner, 2007). Most of the sea ice in the GOA is formed by the freezing
of snow accumulated in the sea surface near fjords during winter (Powell and
Molnia, 1989). This process of freezing rejects the seawater salts (“brine
rejection”), increasing the salinity of the surface water below the sea ice, which
may lead to sinking due to increased density, further enhancing the water column
mixing. During summer, downwelling is weak and salinity increases at low water
depths. The warm SSTs enhance glacier melting and lead to enhanced cold, fresh
melt-water discharge into the GOA, which enhances water column stratification

(Powell and Molnia, 1989). The overall low salinity of the North Pacific Ocean is
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explained by the low evaporation/high precipitation relationship and the low
mixing between the salty subtropical gyre waters and the fresher subpolar gyre
systems (Emile-Geay et al, 2003; Stommel, 1961). Humidity is delivered to the
subpolar gyre from low latitudes and the East Asian monsoon (Emile-Geay et al,

2003).

The GOA has a CO; sink into the deep ocean of 34 and 14 Tg C yr-! annual mean in
the coastal ocean and the continental margin, respectively (Evans and Mathis,
2013). COz sink in the GOA occurs specially in the spring and autumn seasons
along the coastal margin, as the surface ocean is under-saturated in CO2 compared
to the atmosphere during these months, and the strong winds help to ventilate the
ocean (Evans and Mathis, 2013). The North Pacific ventilation is optimum reaching
the intermediate waters (~300-800 m) (Talley, 1993) and the modern surface to
deep age difference is ~350 14C years as waters from the Southern Ocean and the
North Atlantic decrease their density, upwell and travel southward at the mid-
depths of the Pacific (Rae et al, 2014). It has been hypothesised that the surface
North Pacific could be a source of CO: instead of a site of deep ocean carbon
storage (Ronge, et al, 2016). The deep North Pacific Ocean is proposed to be a
large store of CO: during glacial stages, due to enhanced water column

stratification (Galbraith et al, 2007).

28N oa

] e25m
1 ®5m
2] ®100m
1 150 m
/ ] 200m
2 ®250m
271 ‘ T T T T T T
DJFMAMJ JASONDJIJFMAMJ JASONDUJIFM DJFMAMJ JASONDJFMAMJ JASONDUJFM
2000 2001 2002 2000 2001 2002

TEMPERATURE (°C)

W e N ~N®©

Figure 2.3: GOAK 1 hydrographic data. 2.5 year record of hourly a) temperature and b)
salinity profiles through the water column collected at the hydrographic station GAK 1 at the
Resurrection Bay offshore of Seward, Gulf of Alaska (Weingartner, 2007).

2.1.2 Regional teleconnections

The GOA shares longer-term climatic signals (i.e. inter-annual and decadal) with
other parts of the world, such as the North Atlantic Ocean (Hogan, 2013) or the
tropics (Figure 2.4). The AL and North Pacific Oscillation (NPO) mode are
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connected to the tropical climatic variability by the El Nifio Southern Oscillation
(ENSO) (Figure 2.6) and to the North Atlantic circulation by the Arctic Oscillation
(AO) and the North Atlantic Oscillation (NAO) (Figure 2.4) (Yamamoto and
Kobayashi, 2016). It has been suggested that on millennial timescales, comparable
teleconnections can account for similarities in the climate events recorded across

different basins (i.e. Ravelo et al, 2007).
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Figure 2.4: Synthesis of Pacific climate dynamics and teleconnections. The PDO (red
path) and North Pacific Gyre Oscillation (NPGO) (blue path) outline teleconnections at low-
frequency (decadal) time scales. The grey path shows sources of high-frequency stochastic
variability in the atmosphere energize the AL, NPO and ENSO systems. In the schematic, the

North Pacific Oscillation (NPO) low-frequency variability is linked to the Central Pacific (CP)-
El Nino, however, processes internal to the North Pacific atmosphere appear to drive its high-

frequency variability (grey path) (Di Lorenzo et al., 2011).

2.1.2.1 PDO

The AL is not only an important factor for the GOA climate but is also tightly linked
to the overall North Hemisphere climate due to its influence in the Pacific Decadal
Oscillation (PDO) and the North Pacific Gyre Oscillation (NPGO). The PDO and
NPGO describe the two leading modes of the North Pacific SST and Sea Level
Pressure (SLP) records, which act on decadal time scales. The PDO and the NPGO
are the oceanic expressions of the AL and the North Pacific Oscillation (NPO),

respectively (Di Lorenzo et al, 2008).
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The PDO is the leading mode of the North Pacific SST anomalies and has a
periodicity of 20-30 years (Figure 2.5) (Furtado et al, 2011). The positive
(negative) phase of the PDO is characterized by negative (positive) SST anomalies
in the central North Pacific and surrounded by positive (negative) SSTs along the
North American coast and positive (negative) SSTs in the east equatorial Pacific.
The surface wind stress reverses from the positive phase (cyclonic) to the negative
phase (anticyclonic). During the 1980s, it was observed that a positive PDO and the
intensification of the AL triggered a more intense phytoplankton bloom associated
with an intensification of the Alaska Gyre, upwelling, and subsequently the

enrichment of surface waters in nutrients (Harwell et al., 2010).
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Figure 2.5: Positive and negative PDO and SST across the North Pacific. (a) Wintertime
SST (colours), SLP (curves) and surface wind stress (arrows); (b) monthly PDO index from
1925 to 2006 (Lead and Evans, 2011).

The NPGO is the second leading mode of the northeast Pacific sea surface height
anomalies (Di Lorenzo et al, 2008; Furtado et al, 2011). The NPGO is associated
with changes in the Kuroshio-Oyashio Extension current (Furtado et al., 2011). The
SLP from 55 °N 155 °W and 65 °N 170 °E is characterised by a positive correlation
from eastern Alaska and western Canada and negative correlations in the Hawaiian

latitudes and Japan (Linkin and Nigam, 2008). The NPGO pattern is characterized
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by changes in the strength of the sub-tropical and subpolar gyres in the North
Pacific which derives to decadal changes in salinity and nutrients in the central and

eastern North Pacific (Di Lorenzo et al, 2009).

2.1.2.2 ENSO

ENSO describes a shift in SST anomalies in the equatorial Pacific. During a
positive/negative phase or El Nifo/La Nifia, weaker/stronger winds and
warmer/colder equatorial east Pacific results in higher/lower precipitation in the
east Pacific compared to the west Pacific. Despite ENSO’s characteristic variability
of 2-7 years, an ENSO phase can be more predominant during a certain period.
Over millennial timescales, the climate in the Pacific can be predominantly El Nifio
or La Nifia-like. This occurs when one of the ENSO phases is evident in SST over the
Pacific or through global ENSO teleconnections (i.e. during the Pliocene (Ravelo et
al, 2007). In addition, tropical and high latitude climatic modes are tightly linked
i.e. ENSO drives the PDO and is strongly linked to the trade winds (Newman et al,
2003). According to climatic models (Furtado et al, 2011), during El Nifio phases,
the AL shifts towards the GOA and the SSTs in GOA become slightly positive. Under

Regression on EC-21rpu st (OBS) OBS cEOF-1(23%) OBS cEOF-2 (15%)

SLPa

Figure 2.6: Atmospheric and ocean circulation during ENSO and NPGO. (Left)
Regression of the observed DJF monthly expansion coefficient time series associated with the
leading (1) and second leading (2) mode of variability of the tropical Pacific boreal winter
SLPa (top) and SSTa (bottom) and (right) the spatial representation of the leading (1) and
second leading (2) mode of variability of North Pacific boreal winter SLPa (top) SSTa
(bottom) from observations. Percent covariance explained by the mode in the title (Furtado

etal,2011).

La Nifia conditions, the AL shifts towards the central North Pacific and the SST in

GOA show a stronger positive anomaly. During El Nifio Modoki (when tropical
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convection shifts to the central Pacific), the AL is weaker and shifts towards the
south of the central North Pacific Ocean, which warms the SSTs of most parts of the
North Pacific but the coastal SST of GOA experience slightly negative anomalies

(Furtado et al, 2011) (Figure 2.6).

2.1.2.3 The Arctic Oscillation and North Atlantic Oscillation

The Arctic Oscillation (AO) and the North Atlantic Oscillation (NAO) describe
changes in pressure systems that result in temperature and storm track changes in
the Arctic and North Atlantic regions, respectively. A positive AO phase is
characterized by a negative Geopotential Height anomaly associated with a strong
polar vortex. This also intensifies the westerly winds, so that the cold air is limited
to Scandinavian latitudes. During the negative phase, there is a weaker polar
vortex due to the positive anomaly of Geopotential Heights. Westerly winds are
also weaker which is translated into a more southerly influence of the polar air

which brings storm tracks to the Mediterranean latitudes (Hill et al., 2011).

SLP North Pacific Oscillation/West Pacific Pattern North Atlantic Oscillation SLP

Figure 2.7: PDO, AO and NAO SLP from the N pole view. North Pacific Oscillation/West
Pacific Pattern compared with the North Atlantic Oscillation sea level pressure (SLP)
(Modified from Linkin and Nigam, 2008).

The NAO tracks relative changes between pressure systems over the Azores (high)
and Iceland (low) (Figure 2.7) and is associated with changes in the alignment of
the jet stream, especially around the North America. During a positive NAO phase
the Icelandic Low and the Azores High are intensified. This causes a higher
pressure gradient over the North Atlantic which intensifies the westerly winds

which move dry Arctic cold air from Northern Canada gain humidity while
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travelling across the North Atlantic, so is converted into wetter air masses when
they arrive to Northern Europe. The opposite is characteristic during the negative
phase of NAO, where the pressure systems and therefore the westerlies get weak,
cold air masses accumulate and bring cold and dry air further south in North
America. Therefore, positive (negative) NAO phases correlate with a positive
(negative) AO phases. The positive NAO affects the GOA with stronger negative
surface temperature anomalies than during the negative NAO phase (Linkin and
Nigam, 2008). Positive NAO and AO could then mean higher storm occurrence and

precipitation rates over the GOA.

2.1.3 Marine Productivity in the GOA

Iron bioavailability in the North Pacific is a limiting factor to marine productivity,
and more dramatically affects the subpolar NE Pacific (Takeda, 2011; Martin and
Fitzwater, 1988). The GOA can be split into two separate regions with regard to

nutrient availability and productivity: one at the centre and another on the coast.

2.1.3.1 Central GOA

The central GOA is characterized by iron limited, nitrate-rich and low chlorophyll
waters, as part of the wider North Pacific “High Nutrient Low Chlorophyll” (HNLC)
region (Hinckley et al, 2009). In other words, the nutrients that are available in
the water column in the central GOA are not entirely utilised by primary
productivity, as there is the need for light and availability of minor nutrients such
as iron to the surface waters to be able to feed phytoplankton growth (Harwell et

al, 2010, Martin et al, 1991; Rae et al, 2014).

High concentrations of nitrate are available in the deep waters of the GOA, and so
the deep GOA can be the supply of nitrate to the surface if advection of deep-water
masses occurs (Stabeno et al, 2004). Despite dissolved iron is more abundant
between 250 and 1,000m deep, it is not as abundant as nitrate in the deep ocean
and little amount becomes available in the photic zone during upwelling (Boyd and
Ellwood, 2010). Iron sources to the photic zone in the Pacific are coastal
sediments, atmospheric dust, hydrothermal inputs (Boyd and Ellwood, 2010).
Winter water column mixing in the Oyashio-Kuroshio zone has been also observed
to increase iron to the photic zone (Nishioka et al, 2011). Other possible processes

of iron sources studied in the Southern Ocean include sediment re-suspension,
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iceberg melting, se-ice retreat, dust, eddy transport, island wakes, vertical diffusive
flux, volcanism and bottom pressure torque (Boyd and Ellwood, 2010). When iron
is available, the particulate organic matter C:N ratio doubles and C:P ratios
increase by three times (Martin et al, 1991), which are indicative of big response

to iron fertilization in the phytoplankton boom.

In the northeast Pacific, there is a double silica maxima at depths between 2000
and 2500m and at the ocean bottom, attributed to mechanisms such as bio-silica
dissolution, bottom sediment dissolution, hydrothermal activity and slope
sediment advection (Talley, 1992). Lowest silica is found in the western North

Pacific (Talley, 1992).

The marine productivity in the subarctic Pacific has been suggested to respond to
mechanisms such as rapid deep ocean circulation and upwelling during
interglacials, rather than dust and regional runoff inputs (Rea et al., 1995; Brodeur
and Ware, 1995). Wind-induced upwelling occurs in the central GOA during
autumn to spring (Stabeno et al.,, 2004) (Figure 2.8). During summer, upwelling
conditions occasionally develop due to the intensifying westerly winds and water
column mixing, which helps bringing the nutrients stored in the deep ocean to the
surface, increasing productivity (Powell and Molnia, 1989; Harwell et al., 2010)
(Figure 2.8). In contrast, during the rest of the year, several factors may explain the
lower productivity offshore in the GOA than expected for the abundant nitrate
content of the region. One factor could be the reduction of the productivity during
the glacier melting season and the subsequent stratification of the water column
due to fresh water input into the ocean, limiting the nutrients to the deep ocean
(Sarmiento et al., 2004; Stabeno et al., 2004). However, glacier meltwater contains
nutrients (Stanley, 2016) which could act as surface ocean fertilisers (Smith et al,,
2007). Estimations of river discharge and evapotranspiration makes a total of
849+121 km3 yr! into GOA at present (Hill et al, 2015). However, at modern,
meltwater is transported along the southwest coastal Alaska and the Aleutian Arch
until the Unimak pass through the ACC (Kipphut, 1990) and evidence for the
extension of the meltwater to central GOA has not been published. Positive
precipitation/evaporation could drive water stratification in the GOA as

precipitation rates are extreme (Hill et al., 2015). During summer, offshore Ekman
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forcing could be another potential contributor to nutrient export to the deeper

ocean during weaker wind strength (Feely et al., 1979).
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Figure 2.8: GOA atmosphere and ocean circulation. (Top) Major features of the Gulf of
Alaska Gyre: upwelling at mid-gyre, Ekman flow away from the centre and currents at the
shelf edge; (bottom) schematic circulation in fall, winter and spring (left) and summer
(right) over the shelf and slope of the norther Gulf of Alaska (the north is on the right of the
figures) (Weingartner, 2007).

2.1.3.2 Coastal GOA

The coastal GOA is characterized by high iron availability, nitrate poor and high
chlorophyll waters (LNHC) (Hinckley et al, 2009). Ekman forcing causes
downwelling conditions near the coast during most of the year (Stabeno et al,
2004) (Figure 2.8). Downwelling relaxation and eddy propagation along the shelf-
break have also been suggested as mechanisms for increasing nutrient availability
(Stabeno et al, 2004). However, a number of nutrient sources and mechanisms

that contribute to the high productivity along the coastal GOA make this region one
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of the richest marine ecosystems on Earth (Ladd et al, 2005). During storms, the
sediments on the edge of the shelf are re-suspended and transported due to the
disturbance and the wave intensity (Feely et al, 1979) and bathymetric steering in
the canyons occur along the GOA shelf (Stabeno et al, 2004). Katabatic winds
blowing off the coast can also contribute to increase the terrigenous nutrient
delivery to the surface ocean, contributing to nutrient transport to the ocean and
enhancing productivity (Bullard et al, 2016). However, the increase of suspended
material into the ocean can decrease the sunlight threshold penetration, which is
typically the top 50m (Harwell et al, 2010), and so could reduce primary

production despite potential higher nutrient availability.

The mechanisms to enhance nutrient availability for marine productivity in the
coastal GOA tend to be local. For example, over the nearshore region of the Copper
River Delta, the ocean circulation responds to local forcing by wind and river
discharge and at the shelf edge, to the Alaska Current (Hill et al, 2015; Kipphut,
1990). Suspended material from Bering, Guyot and Malaspina glaciers are
transported via rivers (including the Copper River) to the sea, then directed
westward along the coastline and deposited in near-shore environments by the
ACC (Feely et al., 1979). Bottom sediments near the shelf edge can be re-suspended
by tidal and storm-induced bottom currents during storm events, cold dense near
shore water during winters and wind-driven downwelling offshore the Copper
River Delta (Feely et al, 1979). Another local example is the region between the
Kayak, Middleton Islands and the Copper River. Two gyres: the inner gyre, a
cyclonic gyre that creates upwelling on the west of the Kayak Island and the outer
gyre, an anticyclonic gyre that creates downwelling in the shelf-edge area both are
almost permanent increasing and reducing productivity, respectively (Feely et al,
1979). In Prince William Sound, in contrast, salinity is the most important control
for water density, nutrient supply and productivity (Harwell et al., 2010). In
summer, rich nutrient deep waters are connected to Prince William Sound by the
Hinchinbrook Canyon and their advection causes marine phytoplankton increase
(Harwell et al, 2010). During winter, Ekman forcing could be a potential
contributor to nutrient export to the deeper ocean during strong wind conditions,

as the movement of wind on the water-atmosphere interface creates motion in the
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ocean that propagates through the shallow water column and forms downwelling

along the coast of GOA (Feely et al, 1979).

The climatic teleconnections discussed above also affect the GOA productivity
(Stabeno et al, 2004). During a positive PDO, the Alaskan Gyre strengthens and the
California Current weakens (DiLorenzo et al, 2008). The GOA’s central upwelling
and coastal downwelling zones intensify during positive PDO so that marine
productivity increases in central GOA and has been suggested to also increase
nutrient availability in coastal regions such as Prince William Sound through GOA
water entering the Sound (Harwell et al, 2010). During positive NGPO, the
geostrophic circulation intensifies and the North Pacific Current, which travels
across the North Pacific and bifurcates to the Alaskan Coastal Current and the
California Current, strengthen (see above). Warming in the GOA is associated with
positive PDO and NGPO and correlates with negative NAO and positive AO and El
Nifio events through GOA’s climate teleconnections to the North Atlantic and the
Arctic (see climate section above). Although general climate teleconnections can be
established between the Pacific and the Atlantic Oceans, climate teleconnections
are under studied through proxy and model studies (Di Lorenzo et al, 2011;
Furtado et al., 2011) and different relationship between climate modes within the
Pacific and between oceans can arise through different time scales. As an example,
during the late 1970s higher frequency in ENSO events coupled with increase in
positive PDO occurrence has been suggested to increase dramatically fish stocks in

the North Pacific (Peterson and Schwing, 2003).

2.1.4 Climate of the GOA Summary

The GOA is a contained water body within the North Pacific Ocean that is limited to
the east and north with the southeast Alaska coast. The main currents in the GOA
are the AC and the ACC. The Alaska Current is sourced in warm mid-latitude
currents in the North Pacific travelling eastwards or North Pacific Current. The
ACC is characterised by its low salinity content and it is fuelled by glacier and river
discharge into the GOA. The ACC travels along the coast of southwest Alaska
towards the Aleutian Arch and to the Bering Sea. The Alaska Stream (AS) is a
derived current from the AC when travelling along the Aleutian Trench towards

the northwestern Pacific. The North Pacific Ocean circulation is influenced by the
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Arctic Oyashio Current on the west, which travel southward from the Bering Sea
into the Norwest Pacific closing the subpolar Pacific circulation in what is called

the Subpolar Gyre.

The climate in the GOA is dominated by the AL pressure system, which travels
across the North Pacific in an annual cycle. During winter the AL occupies the
centre of the GOA and translates into strong winter wind strength increasing SST
gradients in the North Pacific and precipitation over the GOA. During summer, the
AL is situated in the Bering Sea and translates to a warmer North Pacific SST and
reduced SST gradient between east and west North Pacific. The AL is translated
into the PDO over decades. Positive PDO is translated into positive SST anomalies
due to advection of warm mid-latitude North Pacific water into the GOA due to a
higher frequency of AL presence at the centre of the gyre. Positive PDO is
associated with a positive North Pacific Gyre Oscillation and El Nifio Southern
Oscillation through climate teleconnections leading to a warmer east than west
equatorial and North Pacific. Positive PDO climatic teleconnections is associated
with positive AO and negative NAO in which the precipitation is increased in east

Pacific and reduced in the Atlantic.

The ocean in the GOA is dominated by a water stratification regime at the present
day during summer due to increase in glacier meltwater from Alaskan and
Canadian glaciers. Two nutrient regimes are established: a high nutrient low
chlorophyll (HNLC) region at the centre of the Alaska Gyre circulation offshore of
GOA; and a low nutrient high chlorophyll (LNHC) regime under the influence of
the Alaska Coastal Current travelling northwards near the north west American
coastline diverging to the northwest along the Aleutian Arch. The two nutrient
regimes require specific climate conditions and different nutrient supplies for
marine productivity. The HNLC region requires advection of deep nutrient rich
waters to the surface and micronutrient availability (i.e. iron) from land while the
LNHC region requires downwelling relaxation and advection of deep nutrient rich
waters for macronutrient availability (i.e. nitrate) in the surface ocean. Upwelling
in central GOA associated with strong winds has been suggested to meet nutrient
demands to increase marine productivity in both offshore and nearshore GOA,

which is associated with a positive PDO, El Nifio, positive NGPO, negative NAO and
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positive AO by climate teleconnections. However, there are many regional factors
that could lead to nutrient supply to the HNLC and LNHC regions during both
positive and negative PDO. Similarly, PDO climate teleconnections in the equatorial
Pacific, Arctic and Atlantic are under studied through climatic models and are not

yet very well understood.

2.2 Geology and Tectonics

Over the Pliocene-Pleistocene timescales examined in this thesis, the tectonically
active regional setting of the GOA must be considered. The GOA lies within a
tectonically active Pacific belt commonly denominated as the “Ring of Fire”. The
GOA is situated over a subduction zone, since the late Eocene-early Oligocene, the
Pacific plate has been pushed under the north American plate, with a current rate
of ~5.5cm yr! (Finzel et al., 2011). Alaska was built up through progressive plate
convergence and terrain accretion (Powell and Molnia, 1989) building the geology
of the South of Alaska with Mesozoic and Cenozoic igneous, metamorphic rocks
and alluvial sedimentation (Plafker et al., 1994). The main potential sources of
sediments transported to the GOA during the Cenozoic are the Wrangellia,

Alexander, Chugach and Yukon-Tanana terrains (Gulick et al., 2015).

Continuous terrain accretion increased the topography (Gulick et al., 2015; Plafker
et al, 1994) which is hypothesised to have enhanced glaciation and constituted a
source of glacially eroded debris for the GOA (Enkelmann et al, 2015). Evidence
for uplift can be found in the deposition of 5 km thick turbidites in the Chugach
Terrain of Upper Cretaceous age (Perch-Nilsen, 1985). Offshore, in the Gulf of
Alaska, the eroded sediments from the St. Elias Mountain range formed the

Surveyor Fan (Figure 1.2).

The Surveyor Fan was deposited from 20 Ma to the present and has been referred
to as one of the most unique systems in the world (Reece et al., 2013, Gulick et al,,
2015). It is 700 km-long, up to 945m CSF-A deep and late Oligocene oldest
approximate basal age system. The Surveyor Fan has no major fluvial or shelf
canyon input and has been constructed by glacial erosion (Reece et al, 2013;
Gulick et al, 2015; Jaeger et al., 2014). The Chugach-St. Elias orogeny is the highest

coastal mountain range in the world and it is still tectonically active (Enkelmann et
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al., 2009; Reece et al,, 2011). Chugach-St. Elias orogen uplift has been estimated to
have a starting age of 30 Myr or younger (Lagoe et al, 1993) and new research has
enabled to narrow the exhumation age to 4 Ma, which shifted to lower latitudes of
the GOA after the Northern Hemisphere Glaciation (NHG) (2.6 to 2 Ma)
(Enkelmann et al., 2015).

The potential link between the NHG and exhumation is proposed to confirm the
hypothesis that local climate had an effect on tectonics. For the GOA, it has been
proposed that climate changes over the Pleistocene (2.6 Ma-present), in particular
the shift towards increased magnitude of cooling (Figure 1.1) could have affected
the kinematics of the deformation of St. Elias. Specifically, the shift towards
increased glaciation in response to climate cooling is hypothesised to have
intensified exhumation of the area in response to increasing erosion rates
(Enkelmann et al, 2008). The elevation of Mount St. Elias at 5.5 Ma has been
speculated to be able to trap precipitation from storms in the form of snow,
initiating glaciation (Lagoe et al, 1993). An intensification of glaciation during the
late Pliocene has been hypothesised to have occurred around 2.8 Ma, with a
doubling of sedimentation rates in the GOA Surveyor Fan and onset of IRD (Gulick

etal, 2015).

Glacial erosion can determine topographic elevation and therefore, snow
accumulation in the GOA (Molnar and England, 1990). The opposite is also
possible, when topographic elevation can determine glaciation. Local precipitation
in GOA can reach up to 800cm/a (Powel and Molnia, 1989). High precipitation in
tectonically active mountains creates extremely erosive and well fed cool-
temperate glaciation, with sedimentation rates the order of 1.5m thick of high
basal debris and glacial flow of more than 300m/a (Powell and Molnia, 1989). This
has important links to the ocean, delivering low salinity waters into the ocean and
favouring column stratification. However, there is little detailed information about
when and how the glaciation intensified in the Northwestern Cordilleran Ice Sheet
from the Gulf of Alaska, especially since there are no proximal climate records
against which to test the hypothesis that cooling was associated with ice sheet

expansion. This thesis will focus on this hypothesis and will examine the role of
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Pliocene-Pleistocene climate changes in the Northwest Cordilleran ice-sheet

evolution.

2.3 Plio-Pleistocene Climate Evolution

The focus of this thesis is to reconstruct the climate history of the GOA, using
marine sediment records which extend from the present day back to the globally
warmer state of the Pliocene epoch (from 5.3 to 2.6 Ma) and from the late
Pleistocene (from 0.5 Ma to the present). In this section, knowledge of the global
pattern of climate changes over these time intervals is reviewed, before the links
between this knowledge and our limited understanding of the North Pacific (and

the GOA in particular) is outlined.
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Figure 2.9: Surface temperature reconstruction for the past 65.5 Myr (a), expanded
Pliocene-Pleistocene timescale (b) and the last 800.000 years (c). The red curve has a 500 Kyr
resolution (Hansen et al., 2013). Note the gradual cooling trend during the Cenozoic, the
difference of glacial-interglacial frequency between the Pliocene and early Pleistocene (41
Kyr) and the middle and late-Pleistocene (100 Kyr) and the detail of large glacial-
interglacials during the last 0.8 Myr in the last plot.
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The climate through the Cenozoic era is known to show a general cooling trend
from 65 Ma until the modern time (Figure 2.9a). Within this cooling trend a
distinct change in climate called the onset of the North Hemisphere glaciation
(oNHG) occurred (Figure 2.9b), which then intensified (iNHG). On a global scale
(Figure 2.9) the oNHG occurred in the late Pliocene and early Pleistocene but there
are regional differences in the timing of these patterns (note: oNHG and iNHG
terms are often used interchangeably). In the Early-Middle Pleistocene there was a
transition from the 41 kyr cyclicity that dominated the climate variability of the
late Pliocene and Early Pleistocene to the 100 kyr cyclicity called the Mid-
Pleistocene Transition (Figure 2.9c) (Lisiecki and Raymo, 2005).

The benthic LR04 stack (Figure 1.1) compiles oxygen isotope data (§180) from
benthic foraminifera from 54 sites around the world, and generates a globally
averaged signal of ocean temperature and global ice volume for the last 5.2 Ma
(Lisiecki and Raymo, 2005). The glacial-interglacial cycles of the LR04 curve are
tuned to orbital insolation changes (which provide energy input to the climate
system), recognising the overall pacing of the climate system by the Milankovitch
orbital cycles of eccentricity (100 kyr), obliquity (41 kyr) and precession (19 to 23
kyr) (Hays et al., 1976). Eccentricity refers to the proximity of Earth’s orbit shape
around the sun to a circle, obliquity refers to the degree of tilt of the Earth’s axis,
and precession refers to the position of the north and south poles with respect to
the sun (north or south pole facing the sun in different seasons) (Milankovitch,
1941). The eccentricity cycles can, in turn, be gathered into 400 Kyr cycles
(Milankovitch, 1941). The Milankovitch astronomical configurations can alter
climate by regulating the solar radiation entering the Earth’s atmosphere. This
alters the heat that is distributed to the Earth’s surface and can therefore impact
how the Earth re-organizes the heat by changing ocean and atmospheric

circulation (Imbrie et al,, 1993).

Fluctuations between warm/cold and less/more continental ice can also be
identified from Marine Isotope Stages (MIS). The LR04 stack is argued to reflect
the global pattern of glacial-interglacial cycles and general climate cooling since
the Pliocene. However, due to the very limited data available from the Pacific

Ocean in the LRO4 stack, this curve has largely been generated from Atlantic
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climatic records (Elderfield et al, 2012). There is the need to generate new records
to understand local and regional climate changes, to better understand the

important mechanisms driving the climate system.

It has been suggested (Maslin et al, 1996) that the onset and expansion of the NHG
in the late Pliocene and early Pleistocene responded to orbital changes such as a
gradual increase in the amplitude of obliquity between 3.5 and 2.5 Ma and a sharp
increase in the amplitude of precession between 2.8 and 2.55 Ma (Maslin et al,
1996). Insolation increase could lead to warmer surface ocean and increased ocean
evaporation, which could increase orogenic precipitation in the GOA. Among other
suggested climatic drivers are decreasing atmospheric COz concentrations, ocean
and atmospheric circulation and tectonics (e.g. Kent and Muttoni, 2008; Beerling
and Royer, 2011; De Schepper et al, 2013; Martinez-Boti et al., 2015). In the
following sections, the patterns of major climate transitions since the Pliocene will

be discussed, and their potential causes outlined.

2.3.1 The Pliocene (5.3 to 2.6 Ma)

The Pliocene epoch comprises a time window that contains a change in climate
from globally warm to cold conditions (Figure 2.9b). Due to the warmer-than-
modern climate, it has been proposed that the Pliocene had a climate wetter than
today, with larger than modern extension of tropical savannas and forests in
southwestern Africa and northwestern Australia (Leroy and Dupont, 1994; Dodson
and Macphail, 2004). It has been also argued that the Pliocene had permanent El
Nifio-like condition based on palaeo-precipitation and SST modelling studies
(Bonham et al., 2009) but this is not supported by coral data studies (Watanabe et
al., 2011).

2.3.1.1 The Early Pliocene (5.3 to 3.6 Ma)

In the early Pliocene (5.3-3.6 Ma) the Earth had a warm, temperate climate with
suggested permanent El Nifio-like (Wara et al, 2005) or “El Padre” (Ford et al,
2015) conditions. There were lower zonal and meridional SST gradients than the
present time (Fedorov et al, 2015; Wara et al,, 2005), which intensified around 3.3
Ma in the Nordic Seas (DeSchepper et al, 2013). The eastern Pacific thermocline
was deeper (Wara et al, 2005), however, maximum ocean temperatures were

similar to present (Fedorov et al, 2013). Modelling the meridional and zonal SST
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gradients of the tropics showed a 1:1 relationship and revealed a meridional
temperature gradient control over the upper-ocean stratification over the tropics,
which controls the zonal gradient along the equator and heat export from the
tropical oceans (Fedorov et al, 2015). The intensification of the East Asian winter
monsoon from 4.1 Ma increased the aeolian dust accumulation in the North Pacific
Ocean (Sites 885 and 996) and lowered the SSTs in the South China Sea
(Yamamoto and Kobayashi, 2016; Zhang et al., 2009).

Gateway changes have been proposed to play a key role in the early Pliocene
climate (De Schepper et al, 2015). The open central American Seaway has been
linked to increased flow from the Pacific to the Atlantic, and a weaker North
Atlantic current, causing reduced heat transport to the northern latitudes
(DeSchepper et al., 2013). Furthermore, the flow from the Pacific to the Atlantic
through the Bering Strait has been suggested to have started between 4.5 and 4 Ma
through the opening of the Bering Sea, which started by 5.5-5.4 Ma (Maier-Reimer
et al., 1990; Sarthein et al, 2009; De Schepper et al, 2015). Atmospheric CO;
concentration reconstructions fall within the range 280 to 450 ppm (Pagani et al,
2010; Seki et al, 2010). The warm early Pliocene climate is explained through
climatic models by changes in ocean mixing, cloud albedo, and high atmospheric
CO2 (Fedorov et al, 2013; Fedorov et al., 2015). Changes in cloud albedo affects the
solar radiation impacting the ocean and ice sheets, and ocean mixing limits the

extent of heat exchange between the atmosphere and the deep ocean.

Despite the overall global warmth of the early Pliocene, ice rafted debris (IRD) pre-
dating the Pliocene has been found at 14 Ma on the East Greenland margins (Fram
Strait and Yermak Plateau) (Wolf-Welling et al, 1996), at ~8 Ma at the West
Greenland margin (Baffin Bay) (Thiebault et al, 1989), at 7.3 Ma offshore of
southeast Greenland (St. John and Krissek, 2002), and at 5.5 Ma in the Nordic Seas
(Jansen and Sjoholm, 1991) and the North Pacific Ocean (Krissek, 1995, Figure
2.10). The appearance of IRD in the Nordic Seas (Bachem et al, 2017), central
Arctic Ocean (e.g. Herman, 1970) and North Atlantic (Schaeffer and Spiegler, 1986)
started at 5.3 and 4.5 and 10.2 Ma respectively. IRD appearance is interpreted as
indicating the onset of the oNHG (Yamamoto and Kobayashi, 2016) and its age has
been re-located to 3.6 Ma through globally distributed increase in planktonic and
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benthic foraminifera oxygen isotope records (Mudelsee and Raymo, 2005). Despite
the evidence for tidewater glaciation to explain the IRD appearance, it has been
suggested that these regional glacial events did not expand into a glaciation
covering a large part of the Northern Hemisphere, and some of them were not

sustained until the late Pliocene (Mudelsee and Raymo, 2005).

2.3.1.2 The mid (3.3 to 3.1 Ma) and late (3.6 to 2.58 Ma) Pliocene

Within the Pliocene, the period from 4 Ma to the present is characterized by a
general cooling trend of SST (Fedorov et al, 2014) (Figure 2.9b). Much attention
has focussed on the time period during the general cooling trend, the mid Pliocene
warm period at 3.3-3.1 Ma, when the climate was globally warm (Hansen et al,
2006), with interglacials 2 or 3°C warmer than pre-industrial levels (Haywood et
al, 2010). However, data is lacking from the GOA despite its proximity to the
Cordilleran Ice Sheet (Figure 2.10).

The late Pliocene or Piacenzian (3.6-2.58 Ma) is the most recent stage of the
Pliocene epoch. During the late Pliocene, the climate is marked by a more dramatic

cooling than during the early Pliocene; the climate shifts from a warm climate with
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Figure 2.10: Mean annual SSTs anomalies Pliocene localities with at 95% confidence

assessment from PRISM dataset (Dowsett et al,, 2012). Note the gap in data from the GOA.
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little glaciation to repeated glaciations extending across large parts of the Northern
Hemisphere by the end of this period at 2.58 Ma (Figure 1.1). The late-Pliocene
overall cooling trend is matched by the long-term sea level drop, however within
these trends there are significant climatic variations which are also evidenced by
changes in atmospheric CO2 concentration and changes in the Atlantic Meridional
Ocean Circulation (AMOC) strength (Figure 2.11) (De Schepper et al, 2013). The
most studied windows of the Piacenzian are the mid-Piacenzian warm period
(MPWP) (3.29-2.97 Ma) (Dowsett et al., 2012) and the cold M2 event (~3.3-3.26
Ma) (De Schepper et al., 2013).

Climate analogues are important for end of century climate projections. Climate
analogues are selected based on the similarity with present climate characteristics.
One of the key characteristics is a similar to present atmospheric CO:
concentration (i.e. Martinez-Boti et al, 2015). There are many past climates in
Earth history that could potentially be good analog of present-future climate, but
the mid-Pliocene offers a major advantage compared to older time-periods by
having a continental configuration close to the present (Salzmann et al, 2011;

Raymo et al,, 1996).

The MPWP has gained much interest due to the similarity with projections for the
end of this century in relation to the current climate change and the global
temperatures above pre-industrial levels (Dowsett et al, 2013; Hansen et al,
2006). The MPWP was characterized by average global temperatures 2-3 °C
warmer than present, amplified in polar regions (7 to 8’'C warmer and 400 mm
wetter than today), and more specifically in the Northern Hemisphere (Burckle et
al, 1996 ; Barron, 1996; Robinson, 2009; Ballantyne et al,, 2010). The MPWP been
argued to be due to an increase of atmospheric COz compared with the early
Pliocene (Brigham-Grette et al, 2013; Lunt et al, 2012). Due to the higher
concentration of CO; during the MPWP, the size of the ice sheets were reduced, and
the global mean sea level was 25+20 m above the current values (Dowsett et al,
2010; Raymo et al, 2009). However, there are some disparities between CO:
records, which are based on different producers e.g. tree species for stomata and
different foraminifera species used to analyse 6!'B for CO: reconstructions

(Martinez-Boti et al, 2015).
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The PRISM project has reconstructed the palaeoenvironmental conditions of the
MPWP window (Dowsett et al, 2012). They conclude that the global climatic
models and sea surface temperature data agree very well in most regions except in
the North Atlantic, where models underestimate warming (Dowsett et al, 2012).
The limited data from some regions (Figure 2.10) and the use of data averages to
characterize conditions over a wide time window (~200 kyr) which includes
multiple glacial-interglacial cycles, is a potential limitation of PRISM. Differences
between data-model simulations of Pliocene permanent warm climate intervals
also present a challenge for climate models (Haywood et al., 2013a). For example,
the North Atlantic Ocean data sets present an increase in the amplitude of the
warm SST anomaly with latitude, but the models do not show such a strong
gradient (Dowsett et al, 2012). This disagreement could be due to a reduction in
sea-ice in the Northern Hemisphere and the positive feedbacks or differences in
the position of the Gulf Stream-North Atlantic Drift in the models compared with
the geological reconstruction (Dowsett et al, 2012) and enhanced thermohaline
circulation during the Pliocene, in turn enhancing the heat transport to the poles
(Raymo et al, 1996). Furthermore, an enhanced thermohaline circulation
disagrees with the estimations of future scenarios of the current “global warming”,
where the thermohaline circulation is expected to weaken in a warming climate
(Lin et al, 2006). Models of future climate are focussing on a regional scale, a
greater number of high resolution proxies, and a finer window of time (a ‘time
slice’) to try to narrow down the reasons for data-model discrepancy and better
understand the controls on Pliocene climate (Dowsett et al, 2013; Dowsett et al,,

2016).

Despite continental configurations during the MPWP being closer to the present
day in comparison to the early Pliocene (Salzmann et al, 2011; Raymo et al,, 1996),
there were still some differences. Uplift and modified present-day orography due
to erosion (Salzmann et al, 2011) could have modified circulation patterns and
SST during a warm interval (Rind and Chandler, 1991) in relation to the present.
As an example, it has been suggested that during the MPWP, the Antarctic Bottom
Water became weaker in the Pacific rather than in the Atlantic Ocean (Haywood

and Valdes, 2004) perhaps as a consequence of the closure of the Panama seaway
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since the early Pliocene (Haug et al, 2005). It has also been suggested that the
closure of Bering and Canadian Arctic Archipelago Straits reduced the connection
of less salty waters from the subarctic Pacific through the Arctic Ocean and to the
North Atlantic, resulting in a warmer climate in the North Atlantic during the
MPWP (Otto-Bliesner et al, 2016) which could have led to a fresher and more
stratified northern Pacific Ocean. Lunt et al. (2012) attribute the MPWP warmth to
orographic changes in the northern hemisphere, including the Rockies; to changes
in ice cover in the Arctic; and to changes in precipitation in the southern
hemisphere. Regional cooling of 1 to 3°C due to changes in orography during the
MPWP in the west Canadian Rockies is driven by a reduction in ascending air over
the mountains and decrease in cloud cover and precipitation (Lunt et al., 2012).
Lunt et al. (2012) also suggests a warming in the Arctic and in the Barents Sea due
to a reduced ice cover and an increase ice cover in Antarctica due to a warmer
climate and increased precipitation. A potential similar response could be expected
in the Cordilleran Ice Sheet. However, Haywood and Valdes (2004) attribute the

warmth of the MPWP to the reduction of the ice-sheets and the sea ice cover and
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Figure 2.11: LR04 Stack compared with sea level, pCO; and sand (%). The latter is used
to represent water flow from the Pacific into the Atlantic through the Central American

Seaway and AMOC strength (De Schepper et al., 2013).
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the associated ice-albedo feedback in a 400 ppm atmospheric CO2 world. Another
difference from present is that the climate sensitivity, or global temperature
response to doubling of CO; forcing, during the warm Pliocene was half as strong
as for the colder late Pleistocene epoch (Martinez-Boti et al, 2015). Martinez-Boti
et al. (2015) explained this difference in the radiative impacts of the continental
ice-albedo feedback during the late Pleistocene that was not present with more
restricted glaciation during the warm Pliocene. A long term similar to present
equatorial Pacific state “El Padre” (Ford et al, 2015), could have caused some
variations in the SSTs of the western equatorial Pacific and broken the normal
pCO2 equilibrium between the atmosphere and the surface ocean (Raymo et al,
1996). Some uncertainty in the CO2 reconstructions during the MPWP also relates
to the SST data which is used in the CO2 calculations: a 1.5°C error in reconstructed
SST results in a 25 ppm error in atmospheric CO2 (Raymo et al, 1996), although
Martinez-Boti et al. (2015) minimisesthe error by considering the average SST
between 4 kyr time intervals. However, not many sediment sequences can extract

this level of temporal resolution in the data.

Within the overall warmth of the mid Pliocene there is a pronounced glacial stage
termed MIS M2. During MIS M2, it has been proposed that the climate was colder
than present and sea level dropped around 64 m with respect to present day,
although the exact size of the M2 ice sheets is still under debate (Dolan et al,
2015). Despite the M2 cooling event, the climate was unable to develop a full
glacial stage (Haug and Tiedemann, 1998). Prior to M2 (~3.3 Ma), the Atlantic and
Pacific Oceans (and their circulation systems) were connected through the Panama
Seaway, weakening the heat transport to the Arctic and driving colder climate in
higher latitudes. This Arctic cooling and the climate evolution towards a glaciation
stage are difficult to reconcile with high atmospheric CO: levels (Lunt et al., 2008;
De Schepper et al., 2013). A feedback is suggested, whereby the expansion of the
North Hemisphere ice sheets during MIS M2 led to a drop in global sea level which
is argued to have stopped the inflow of Pacific waters into the Atlantic across the
resulting shallow Panama seaway, in turn developing the present Pacific Warm
Pool, enhancing the North Atlantic circulation and heat transport to the North

Atlantic, and thus terminating the glaciation (De Schepper et al,, 2013).
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Figure 2.12: Pliocene-Pleistocene transition over the North Pacific and equatorial
Pacific and Atlantic Oceans. Shifts in summer and winter insolation at 55°N during 3.1 to
2.5 Ma, UK3;, UK37, SST, 6180 from diatoms and planktonic foraminifera, biogenic opal MA and
magnetic susceptibility from ODP 882; benthic 5§80 from ODP 846 (equatorial Pacific) during
3.2 to 2.4 Ma, zoom in biogenic opal and magnetic susceptibility from ODP 882 and benthic
6180 from ODP 659 (equatorial Atlantic). The Northern Hemisphere Glaciation is highlighted
in grey (Haug et al.,, 2005).

For the North Pacific Ocean, the only sites analysed to identify glacial-interglacial

cycles in the Pliocene climate are ODP 882 (northwest Pacific; Haug et al., 2005)
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Figure 2.13: Freshening in the Bering Sea during a global increase in ice volume.

Bering Sea climatic records (Horikawa et al., 2015).

and ODP 887 (northeast Pacific; Rea et al., 1995). From 3.5 to 2.5 Ma, a climatic
linkage has been observed between the Northwest Pacific (Site 882), equatorial
Pacific (ODP 846) and the North Atlantic Ocean (Site 659), both describing a
cooling SST trend (Figure 2.12). In comparison with the North Atlantic Ocean, the

SST in the Pacific Ocean has experienced stronger variations, which could be
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consistent with the suggestion that the SSTs of the North Pacific could have been
sensitive to CO; and orography (Lunt et al, 2012; LaRiviere et al, 2012) with
changes in the Panama Seaway configuration (Haug et al, 2005). New studies from
the Bering Sea (Horikawa et al., 2015) suggest that glaciers of Alaska were present
as far back as 4.2 Ma and a long term trend towards fresher waters (revealed from
%0C37.4 analysis) started since MIS M2 (3.3 Ma). During the M2 event the Bering Sea
surface became colder and fresher, due to an input of low-salinity water from the
Arctic Ocean (Horikawa et al, 2015). The Bering Sea oceanography suggest a
disruption in the North Atlantic Deep Water formation and has been argued as a
trigger for long term global climate cooling (Horikawa et al., 2015)(Figure 2.13).
East Asian summer monsoon intensification and the co-occurrence of climate
cooling during the late Pliocene suggest that a joint closure of Panama Seaway,
surface water freshening across the equatorial and North Pacific and ice volume
increase culminated in the oNHG, with possible contributions from the Tibetan

plateau uplift (Nie et al, 2014).

Modern salinity differences between east equatorial Pacific and Caribbean Sea
were established around 4.2 Ma (Nie et al., 2014). In the North Pacific, late
Pliocene intensification of the East Asian summer monsoon and change in Panama
Seaway was translated into fresher surface North Pacific waters and enhanced sea
ice formation (Nie et al, 2014). The closure of the CAS has also been associated
with an enhanced North Atlantic Thermohaline Circulation (Bartoli et al, 2005).
Models suggest that sea ice formation would have driven an enhanced atmospheric
circulation and east Asian monsoon increasing moisture transport and meridional
and high latitude (Nie et al, 2014). As a result, the GOA could have developed
warmer sea surface due to increase ocean circulation and increase heat supply
from lower latitudes as well as and fresher surface waters due to the restriction
from the modern saltier North Atlantic waters. A cooling climate and an enhanced
moisture supply to the GOA could have played an important role in the
development of the Cordilleran Ice Sheet (Haug et al, 2005). However, there is a
lack of data in the GOA to be able to assess the paucity of this theory (Figure 2.10).
In addition, the timing of the Panama Seaway closure has been extensively debated

in the science community, with studies arguing its occurrence as a cause or pre-
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condition for the intensification of the NHG (i.e. Haug et al, 2005) and other
studies do not consider the CAS a necessary mechanism for glaciation (De
Schepper et al,, 2015). Some other studies have re-defined the timing of this event

as far as the mid-Miocene (Montes et al., 2015).

2.3.2 The Plio-Pleistocene Transition and early Pleistocene (2.6 to 1.5 Ma)

The Plio-Pleistocene transition involves the onset/intensification of the NHG,
which refers to the first evidence of an expanded glaciation in the Northern
Hemisphere after the warm Pliocene epoch. The onset of the NHG is measured by
the increase in frequency and abundance of ice rafted debris (IRD) pulses which
are more or less synchronous in the polar and subpolar oceans of the Northern
Hemisphere. The widespread increase in IRD indicates the expansion of tide-water
glaciers across several regions of the Earth, and therefore, a globally cooler
climate. The timing of the NHG is generally set around 2.64 Ma (Bailey et al,, 2013)
or 2.7 Ma (Haug et al,, 2005), but varies slightly from region to region. For instance,
IRD from the North Atlantic shows that the onset of the NHG happened first in
Greenland and Europe (2.72 Ma) and then North America (2.64 Ma) (Bailey et al,,
2013), whereas in the Nordic Seas there is evidence for small inputs of IRD
developing from 5.3 Ma (Bachem et al, 2017). The intensification of the NHG is
most often referred to as occurring at 2.7Ma based on a pronounced cooling period
in the LRO4 stack (Liesecki and Raymo, 2005) and the abrupt increase of IRD in the
Nordic Seas and the North Pacific (Yamamoto and Kobayashi, 2016; Bailey et al.,
2013). However, Mudelsee and Raymo (2005) discuss an earlier onset of the NHG
from 3.6 Ma to 2.4 Ma. The timing of the intensification of the NHG thus lies close

to the Plio-Pleistocene transition and can be attributed from 2.6 to 2.4 Ma.

Before the Plio-Pleistocene transition, various regional cooling events took place
(Figure 2.12 and 2.13) but overall SSTs were still warmer than present for Arctic
summers until 2.7 Ma (Haug et al,, 2005). Two possible explanations for the global-
scale cooling associated with NHG could be tectonic changes such as the closure of
the Indonesian and Panamanian/Central American seaways (CAS) during 3-2.5 Ma
(Bartoli et al., 2005; De Schepper et al,, 2013) and the uplift of the Tibetan plateau
during the late Pliocene (although this is still controversial) (Nie et al, 2014).

Regardless of the exact timing of the Panama seaway closure, it has been argued

64



Durham University PhD thesis Maria Luisa Sanchez Montes

that isolation would not be sufficient in explaining the occurrence of the NHG (Lunt
et al., 2008). Orogenic uplift and an increase in erosion can increase weathering on
land and has been proposed to decrease atmospheric CO2 concentrations during
the Phanerozoic (Otto-Bliesner, 1995). The NHG is associated with a drop of CO; to
pre-industrial levels around 2.8 Ma (Seki et al, 2010; Fedorov et al, 2013;
Martinez-Boti et al., 2015). Orogenic changes have been proposed to lead to an
increase in heat transport to the North Atlantic region during the Pliocene, and
may have increased precipitation in higher latitudes and led to the glacial
development during the Plio-Pleistocene transition (Haug et al, 2005; Lawrence et

al, 2010; Bringham-Grette et al, 2013; Fedorov et al., 2013; Sarnthein et al., 2013).

In regions where there is an absence of IRD, other proxies can also record a
dramatic change across the Pliocene-Pleistocene boundary, which can be
indicative of the NHG development. As an example, in the subarctic Northwest
Pacific (Haug et al, 2005) the alkenone SST warming at 2.7 Ma is indicative of
strong-high latitudinal feedback mechanism during autumn and enhanced
moisture supply to the north American Ice Sheet. Global ocean reorganization and
restriction of North Pacific-North Atlantic waters through the Bering Sea prior to
the intensification of the Northern Hemisphere glaciation (Yamamoto and
Kobayashi, 2016) translated in a southward shift of the North Atlantic Drift at 2.7
Ma (Kamikuri et al, 2007). Radiolarian assemblages from the subpolar Northwest
Pacific also revealed a severe glacial stage at 2.7 Ma that impacted radiolarian
sedimentation rates and assemblage composition (Kamikuri et al., 2007). The
intensification of the East Asian Monsoon and the re-organization of the
atmospheric circulation are suggested to have contributed to the decrease in
atmospheric COz by increased sediment erosion and weathering and have
triggered the onset of the NHG (Zhang et al.,, 2009; Yamamoto and Kobayashi,
2016). However, the global ocean reorganization with an increase in stratification
and decrease in water exchange between oceans is suggested to have decreased
marine productivity affecting the opal content in the sediments in the Pacific,
Atlantic and Southern Oceans above latitudes of 50°N and 50°S (Sikes et al, 1991;
Raymo et al., 1992; Lawrence et al., 2013; Yamamoto and Kobayashi, 2016). The

dust record from ODP 885 in the Northeast Pacific shows an increase in aeolian
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mass accumulation rate (MAR) input from <100 cm?/kyr (from 4 to 2.67 Ma) to
~100 to 150 cm?/kyr during the last 2.6 Ma (Snoeckz et al, 1995). Dust input into
the middle extratropical North Pacific (Site 885) peaks with the onset of the NHG
(2.6-2 Ma) (Snoeckx et al,, 1995) which could locally increase marine productivity.
A permanent halocline was established since the NHG (~2.7 Ma) and it iscurrently
reset at depths of 100 and 200 m in the subarctic Pacific Ocean (Yamamoto and
Kobayashi, 2016). The establishment of the halocline derived in a drop in
macronutrients to the surface ocean and decrease in opal accumulation at ODP 882
(Haug et al, 2005). However, whether comparable changes in ocean circulation
were also observed in the NE Pacific, and in proximity to the ice sheets (i.e. in the
GOA) remains unclear. A sea surface temperature record from the Gulf of Alaska is

needed in order to access more proximal ice-ocean-climate interactions.

2.3.3 The mid and late Pleistocene (500 to 0 Ka).

Between the PPT and the late Pleistocene (1.5 to 0.5 Ma), global climate is defined
by the development of glacial and interglacial cycles which are dominated by 41
kyr cyclicity. The Mid Pleistocene Transition (MPT; 1.2 Ma to 700 ka) marks the
transition from a world of 41 kyr cycles to 100 kyr cycles (Elderfield et al., 2012).
Since the MPT, glacial-interglacial cycles have a cyclicity of 100 Kyr, with a
distinctive ‘saw-tooth’ shape (Figure 2.9c). Although comparable in time to
eccentricity forcing, the 100 kyr climate cycles are not solely explained by
astronomical configurations (Abe-Ouchi et al., 2013, Imbrie et al., 2011, Imbrie et
al, 1993). Feedbacks between climate, ice sheets and the carbon cycle must be
considered in order to explain the 100 Kyr cycles, since the forcing from
eccentricity is insufficient to explain their dominance in the climate record (Imbrie
et al, 1993). Whilst much research has focussed on explaining the feedbacks
during glacial stages, the length and timing of interglacials can vary between
regions, as well as the intensity and response to regional or global climatic
feedbacks (Wolff, 2015). Little information is known about the role of the
Northeast Pacific regional climate and impact on global climate during late
Pleistocene glacial and interglacials (e.g. Lang and Wolff, 2011; Candy and
McClymont, 2013; Wolff et al, 2015).
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[ron input into in the GOA has been observed from higher sea level and rapid
inundation of the continental shelves (Davies et al, 2010). The potential for
increased iron input into in the GOA poses the question whether iron limited
waters offshore the GOA (Martin et al, 1991) could allow enhanced marine
productivity during deglacials, as it has been discovered during the warm
Holocene in coastal GOA (Addison et al, 2012; Davies et al, 2010). Another
hypothesis focusses in iron fertilization as key trigger of enhanced marine
productivity in the GOA (Martin et al, 1988) during glacial stages, especially if
helped by increased glacial dust (Naafs et al, 2012). The dynamics of the
Cordilleran Ice Sheet could regulate regional sea level changes and so the flooding
of the continental shelves of south Alaska, which could be a source of iron supply

and fertilization of GOA waters.

Two of the most debated yet best studied time intervals during the last 500 ka are
MIS 5e and the Last Glacial Maximum (LGM).

2.3.3.1 MIS 6 and MIS 5 (MIS 5: 130 to 80 Ka)

The transition from MIS 6 to MIS 5 is evidenced by a sharp rise in SST of 5°C in the
Bering Sea (Max et al, 2014) and in some other records from marine coastal
records and Arctic lakes which show an abrupt warming of 4 to 10 'C (Kienast et
al, 2011; Melles et al., 2012). MIS 5e peak SST in the subarctic Pacific is similar
North Atlantic SST and less intense as at El'gygytgyn lake in Arctic Russia (Max et
al, 2014). Glacial stages in Arctic Russia, Greenland and the North Atlantic share
similar characteristics during the last 140 ka with increase in IRD and sea ice in the
Bering Sea and weaker AMOC strength (Max et al, 2014). During MIS 6, IRD peaks
become more abundant around Antarctica and it is linked to a weaker of the North
Atlantic Deep Water formation leading to enhanced Southern Ocean water
stratification (Broecker and Henderson, 1998). Marine iron fertilization due to
dust transport around Antarctica leading to changes in productivity has been
proposed to play a key role (Broecker and Henderson, 1998). Millennial scale
oscillations during cold periods follow certain steps: an increase of subpolar
species, an increase in IRD synchronous with a cooling in SSTs of 3-5 °C and finally

an abrupt warming which sets them to their initial state (Kandiano et al, 2004).
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Similar Arctic and Antarctic glacial-interglacial feedbacks could characterise the

GOA record during the last 500 kyr.

SST in the subarctic Pacific and Atlantic were at a maximum and 2 °C warmer than
present during the substadial MIS 5e (128-126 Ka) (Max et al., 2014; Kandiano et
al., 2004). MIS 5e climate in the Arctic and subarctic is characterised by weakening
in the subpolar gyre circulation, absence of IRD and active AMOC (Max et al., 2014).
Millennial scale climate variability involves important mechanisms to explain
climate transitions between glacial and interglacials. Millennial scale climate
variability during MIS 5e has been suggested to be caused by changes in the
Atlantic Meridional Overturning Circulation (AMOC) (Galaasen et al, 2014) and
rapid atmospheric propagation from the North Atlantic to the subarctic Pacific
climate, such as via the East Asian winter monsoon teleconnection (Max et al,
2014; Sun et al, 2012). Other model simulations attribute freshwater in the
Northern Hemisphere and reduced AMOC as an important player in the evolution
of the colder than present North Atlantic during early Last deglacial climate (130
ka) and warmer than present Southern Ocean by bipolar seesaw mechanisms
(Stone et al., 2016). However, there is currently very limited data availability for
the NE Pacific, and specifically in the GOA, to test some of these hypotheses to
explain climate fluctuations within MIS 5e. As with the Pliocene, MIS 5e has been
proposed to be a good target to better understand current and future climate
change. However, it is important to consider that the different climatic forcings
such as seasonal astronomical changes and greenhouse gas concentrations does
not make MIS 5e a good modern climate analogue (Stone et al., 2016). Rather, it is
a useful time period to study mechanisms of climate and environmental change

that operate under warm climates (Stone et al., 2016).

2.3.3.2 The Last Glacial Maximum (LGM) (24 to 21 Ka)

Global SSTs record a large longitudinal gradient in all oceans during the LGM
(MARGO, 2009). The Nordic Seas were ice free and, based on alkenone studies, the
North Atlantic was colder than present during the LGM, whereassome areas of the
Northwest Pacific were warmer during the LGM than at present (MARGO, 2009). A
study from the California Current concludes that the increase in wind stress during

the LGM increased ocean upwelling at 42°N (Ortiz et al., 1997). Atmospheric CO;
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levels dropped to 180 ppm during the LGM (Anklin et al., 1997). The North Pacific
has been suggested as a location of deep carbon storage during the LGM due to
ocean stratification (Rae et al., 2014). High North Pacific pH could be associated
with shoaling of the AMOC and increase in deep water alkalinity and CaCO3
preservation or changes in marine phytoplankton (Rae et al, 2014). Ocean
stratification is often associated with low marine productivity as nutrients are
normally reduced in the surface ocean and an additional nutrient supply is
required e.g. Asian desert dust. In the subarctic Pacific, Asian dust and drifting
icebergs were higher during MIS 2 than during the last interglacial, which might be
expected to stimulate productivity (Jaccard et al., 2009). Marine productivity was
lower in the northwest Pacific but higher in the northeast Pacific in the California
margin (McManues et al., 1998) (Jaccard et al, 2009). Data from the north Pacific
(e.g. LaRiviere et al., 2012) and the GOA (Rea et al.,, 1995) is scarce and the above

questions remains unanswered for the Northeastern Pacific.
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Figure 2.14: CLIMAP (1981) SST reconstruction of the LGM annual SST (left) and LGM

minus PI reconstructed annual surface temperature change (Otto-Bliesner et al.,, 2005)

(right).
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CLIMAP data show SST across the GOA during the LGM of about 4-5 °C, which is
around 1°C colder than annual modern SST (Figure 2.14) (Locarnini, 2006).
Climate models suggest that the air temperature was in fact warmer over central
Alaska and the GOA in comparison with the pre-industrial climate (Figure 2.15)
(Otto-Bliesner et al.,, 2005), but were warmer in east Alaska and colder in west
Alaska and the GOA compared with modern which can be associated with changes

in AL position (Kim et al., 2008).

The role of the North Pacific as a source of deep water formation has been
suggested to play an important role in CO2 rise during the Holocene, due to
changes in ocean surface salinity and enhanced intermediate water ventilation and
climate change (Rae et al, 2014). The North Pacific does not form deep water
today, thus, mechanisms proposed for glacial stage deep water formation suggest
an increase in surface salinity due to a reduction in monsoonal freshwater flux

(Rae etal., 2014).

2.4 Cordilleran Ice Sheet History

The reconstruction of the Laurentide Ice Sheet has been given much attention to
date (e.g Naafs et al., 2013; Bailey et al., 2013; Rabassa and Ponce, 2013), but less
attention has been paid to its northwestern component, the Cordilleran Ice Sheet.
The Gulf of Alaska has been previously drilled (Figure 2.15) in two expeditions:
Deep Sea Drilling Project (DSDP) Leg 18 (Leg 145 Scientific Party, 1992) and Ocean
Drilling Program (ODP) Leg 145 (Von Huene et al., 197143, b, ¢, d and e). DSDP Leg
19 and 18 recovered sediments from the Lower Eocene to the upper Pleistocene
(Scholl and Creager, 1973; Leg 145 Scientific Party, 1992), ODP Leg 145 Site 887
recovered sediments from lower Miocene to Quaternary (Leg 145 Scientific Party,
1992). Despite these drilling sites adding valuable information about the climate in
the GOA undertaking studies that determined that coarse sand had an IRD origin
and revealed glacial duration, the timing of the increase in IRD was an aim that was
not met during Leg 18 (Von Huene et al.,, 19714, b, c, and e) and the biostratigraphy
palaeoceanography and palaeoclimatology were the scientific objectives of Leg 18
(Creager et al., 1971). Both drilling expeditions were limited to low sediment

recovery, low sediment accumulation (25mm/yr during the Pliocene and lower
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Pleistocene, Site 887) and age constrain difficulties (Zahn et al, 1991; McDonald et
al., 1999; Galbraith et al, 2007; Gebhardt et al., 2008).

& 10DP

Google Earth

Figure 2.15: Location of DSDP Leg 18 and ODP Leg 145 Pacific drilling sites. DSDP in
green and ODP in yellow (Image source: Google Earth and IODP, 2016). Yellow and green
dots were drilled sites in the GOA during 1992 and 1971, respectively.
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Figure 2.16: Gulf of Alaska glaciation. Sites 881 (A), 883 (B) and 887 (C) IRDs
(g/cm?/kyr) (Krissek et al., 1995).

Dust input into the middle extratropical North Pacific (Site 885) peaks with the
onset of the NHG (2.6-2 Ma) (Snoeckx et al, 1995). The first sustained IRD
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appearance across the North Pacific is at 2.8 Ma during the late Pliocene (Rea et al,
1995), which suggests tidewater glaciers were present in the GOA during the onset
of the Pleistocene due to the proximity of the Alaska coast to the drilling sites

(Figure 2.16).

Seismic-reflection profiles of the Surveyor Fan in the GOA prior to Expedition 341
revealed important changes in sedimentation rates (which were interpreted
responses to climatic events) preserved in three sequences, which started during
the Miocene (Jaeger et al, 2011). It is argued that glacial-interglacial cycles and sea
valley formation controlled the variations in the sedimentation of the Surveyor
Fan. Thus, the model of the evolution of the Surveyor Fan sedimentation and
onshore glaciation prior to the drilling of Expedition 341 was interpreted as

comprising 4 stages (Figure 2.17):

1- Glacial Interval A (~5.5 Ma). First evidence of tide-water glaciation in the

Gulf of Alaska.

2- Warm mid-Pliocene with diminished glacial activity

3- Glacial interval B: Return to glaciation associated with the ONHG (~2.9-

2.4 Ma).

4- Glacial Interval C: Intensification of the glacial activity at ~1 Ma

associated with the MPT.
However, the direct links between stages 1-4 and our understanding of Neogene
climate change are poorly understood due to the lack of climate data and well-
constrained glacial chronologies for the GOA. Since the climate of the GOA is
important for modern glacial advance/retreat and meltwater supply, it was argued
that the stratigraphy of the Surveyor Fan could provide important new insights
into climate-glaciation interactions from an ice-proximal location (Reece et al.,

2011). This was part of the rationale for the activities of Expedition 341.

The sedimentation of the Surveyor Fan has been interpreted as a product of fluvial
and then glacial erosion from the Chugach-St Elias ranges, and records of
exhumation and uplift, as well as evidence for glaciation and climatic changes
within the GOA (Reece et al,, 2013, Gulick et al., 2015). The timing of the glaciation

was not well constrained, and before Expedition 341 a major seismic reflector had
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been interpreted as evidence for glacial advance either related to the onset of NHG
or as a result of the MPT (Gulick et al, 2015). Previous analysis of a site further
offshore (ODP 887) had revealed that the terrigenous sedimentation doubled at
the NHG and again at the MPT (Krissek et al., 1995; Reece et al, 2011). This two-
step pattern of increasing sedimentation rates associated with the NHG and MPT
was confirmed at Sites U1417 and U1418 during Expedition 341 (Gulick et al,
2015).

Chugach-St.
Elias Mts.

First terrigenous sedimen
depostion ~20 Ma
Glacial Interval A ~5.5 Ma

Glacial Interval A:
tidewater glaciation ~5.5 Ma

Chugach-St.
Elias Mts.

Glacial Interval C:
glacial intensification ~1 Ma

Interglacial:
LGM - present day

Figure 2.17: Glacial Intervals in the development of the Surveyor Fan from 20 Ma until

the present day (Reece et al., 2013).

What remains unclear is whether these times of increased glaciation are climatic
or tectonically-driven (Gulick et al., 2015), because there is no local climate history
for the region, and nor is the precise timing of the glaciation well-constrained. This
uncertainty provides the rationale for generating histories of climate and ice-sheet

history for the GOA over the Pliocene and Pleistocene, the focus of this project.
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2.4.1 Summary

Previous drilling expeditions to the GOA, DSDP Leg 18 and ODP Leg 145 have failed
to produce a continuous Pliocene and Pleistocene climate record due to poor
sediment recovery and sedimentation rates and age model constrains. A new
drilling expedition (IODP Expedition 341) offers the opportunity to complement
the scarce existing data on the timing and intensity of different glacial periods
during the Pliocene and Pleistocene and to assess climate-ocean interactions as

well as study the role of St. Elias mountain uplift in the climate changes.

2.5 Reconstructing climate and glaciated environments

In this thesis, the palaeoceanography and palaeoenvironmental history of the GOA
will be reconstructed using proxy evidence preserved in the marine sediments
collected by IODP Expedition 341. Climatic proxies are indirect records of past
climates preserved in various sequences, including trees, ice sheets, corals and
sediments. This thesis will focus on a specific set of proxies: called ‘biomarkers’.
Biomarkers are organic molecules that are preserved in sediments, are produced
by known organisms, and preserve signatures of Earth’s climate or environmental
conditions over millions of years (Rosell-Melé and McClymont, 2007). Organic
components need to fulfil a number of characteristics to be biomarkers: these
include having good preservation over time; to be indicative of a determined
environment; to be related to a natural producer; and to be widely found in global

sediments (Rosell-Melé and McClymont, 2007).

Several organic biomarker proxies preserve a climatic and environmental record
in marine sediments and so they represent an appropriate methodology to
reconstruct past ocean temperatures, salinity, organic terrestrial and marine
inputs, and marine productivity changes (Rosell-Melé and McClymont, 2007).
Therefore, biomarker studies are a good approach to study climate-ocean-ice-
sheet interactions. One of the advantages of biomarkers is that they are often
identifiable to one type of environment or biological source, narrowing down the
window of speculation in the interpretation of the results in comparison with
other non-biomarker proxies and especially those analysing bulk sediments (i.e. C
and N). Another advantage is that some of the biomarkers show relative resistance

to degradation (Kim et al,, 2006; Rosell-Melé and McClymont, 2007). However, it
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has been shown that, as organic molecules, biomarkers can be affected by
processes of preservation and advection of fine-grained sediment under certain
environmental settings (Ohkouchi et al. 2002). This thesis will utilise biomarkers
for palaeotemperature, palaeosalinity, marine productivity and terrestrial organic
matter provenance. Additional proxy information which has been provided by
other members of the IODP Expedition 341 science party include diatom counts,

IRD and foraminifera §180.

2.5.1 Palaeotemperature proxy: the UX3;and UX37 indices

SSTs provide important climate information which includes the ocean response to
radiative forcing and changes in ocean circulation. The UX37; and UX3;' index uses
the relative abundance of the alkenone biomarkers to reconstruct past SSTs.
Alkenones are long chain ketones synthesised by algae of the division Haptophyta
and class Prymnesiophyceae (Marlowe et al, 1984). In the case of Emiliania
huxleyi, the most common coccolithophore of the world’s oceans at modern,
alkenones constitute 8.0 £ 2.9% of the total organic carbon present on the living
cells (Prahl et al.,, 1988). Alkenones can serve as palaeothermometers, since C37
alkenones have 2, 3, or 4 unsaturations depending on the water temperature in
which the haptophytes grew (Brassell et al, 1986; Rosell-Mel¢, 1998). Two indices
are used depending on the latitude of the sediment core location: UX3; or UK3;’
(Equation 2.1) for polar and sub-polar locations, because the C37.4 alkenone is
generally only found in cold environments, and UX3;" (Equation 2.2) for temperate

locations in the absence of C37.4:
Equation 2.1: UX37= (C37.2- C37.4) / (C37:2 + C37:3+ C37.4) (Brassell et al., 1986)
Equation 2.2: UX 37°= C37.2 / (C37:2 + C37:3) (Prahl and Wakeham, 1987)

It has been shown that the inclusion of the C37.4 alkenone does not strengthen the
temperature calibration using UX3; calibration, but, instead, it leads to increased
scatter in the correlation between UX3; and SSTs (Sikes and Sicre, 2002). As a
result, it is recommended that the UX3;’ index is used to reconstruct SSTs in most
oceanographic regimes (Rosell-Melé and McClymont, 2007) and considering the
abundance of %Cs7.4 (Bendle et al, 2005). The SST calibration of Miiller et al.
(1998) (Equation 2.3) was generated by analysing the UX3;" index from core tops
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from 370 sites spanning 60°S to 60°N around the world (Atlantic, Indian and
Pacific Oceans) and correlating these to the annual mean SST from Om water
depth (Figure 2.18).

Equation 2.3: UX 37'= 0.033SST + 0.044 (Miiller et al,, 1998)

The Miiller et al. (1998) SST calibration has been used for SST between 0 to 29°C, it
is within the error limits of other SST calibrations such as Prahl and Wakeham
(1987) and Prahl et al. (1988) and offers a SST with a 1.5 °C error confidence
(Miller et al., 1998).

Calibration of Miiller et al. (1998)
1 -
0.8 -

0.6 -

K 1
U%s,

0 5 10 15 20 25 30
Annual mean SST

Figure 2.18: Calibration of UX3;’ into annual mean sea surface temperatures based
on core tops across 60 S to 60 N in the Atlantic, Indian and Pacific Oceans (Miiller et al.,

1998).

In a core-top study for the central North Pacific, the UX3;" SST calibration of Miiller
et al. (1998) offers a 2°C SST interval of confidence for the region in waters
between 4 and 9°C and led to overestimations of the mean annual SST (Meheust et
al, 2013). The Sikes et al. (1997) SST calibration from the Southern Ocean
(Equation 2.4) has been suggested to be more reliable for the Northeast Pacific and
Bering Sea, and is calibrated to summer temperatures (Meheust et al, 2013). This
calibration has a similar slope as the calibration from Sikes and Volkman (1993)
(Equation 2.5) also from the Southern Ocean and for temperature ranges of 4 to 25
°C (Sikes and Volkman, 1993). However, below that value, the calibration fits

better with an exponential regression (Sikes and Volkman, 1993).
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Equation 2.4: UK 37’= 0.038T - 0.082 (r = 0.960, r 2=0.921)
Equation 2.5: UX 37°= 0.0414T - 0.156

Global core top analysis shows that UX37’ correlates best with the annual sea
surface temperatures following the calibration of Miiller et al. (1998) rather than
with seasonal SSTs in the 0-10m water depth (Herbert, 2001). UX3;" has been
widely used to reconstruct sea surface temperatures over the Pliocene and
Pleistocene (e.g. McClymont et al, 2005a; Petrick et al., 2015a; Bachem et al., 2016;
Lawrence et al, 2013; Naafs et al, 2012), including in the Pacific (McClymont et al,
2008; McClymont et al, 2012; Herbert et al, 2010; La Riviere et al, 2012)
However, Pliocene alkenone SST data from the subarctic Pacific is limited to ODP
Site 882 in the Northwest (Martinez-Garcia et al., 2010; McClymont et al, 2008). At
Site 882, a seasonality signal in the UK3;’ index due to water stratification regime
was used to explain a signature of warming across the Pliocene-Pleistocene

transition and cooling in other temperature proxies (Haug et al,, 2005).

In a study of prymnesiphyte algae productivity, a consistent late spring seasonal
maximum was shown between three sites on a transit of the northeast Pacific, yet
despite this seasonality in production a constant integrated annual flux of
alkenones was observed (Prahl et al., 1993). Walinsky et al. (2009) quantified the
C37 alkenones on the continental shelf in the Gulf of Alaska and discovered a
decrease in abundance relative to organic carbon with increasing latitude above

58.5 °N, especially sites proximal to land.

The UX37" index does not show significant differences in its calibration to SST when
the species of Haptophyte algae that synthesises the alkenones changes (Miiller et
al, 1998; McClymont et al, 2005). Zooplankton herbivory does not alter the index,
which would invalidate the alkenones as palaeotemperature proxies (Grice et al,
1998). Similarly, algae growth rate and nutrient availability does not influence
UK37" in open oceans (Miiller et al., 1998). Alkenone degradation within the water
column and sediments does not significantly change the UX3; index, as all 3 Csz7
alkenones appear to have similar susceptibility to degradation, and the index
remains unaltered after diagenesis (Rosell-Melé and McClymont, 2007; Prahl and

Muehlhausen, 1989). As an example, in a culture study under oxic conditions
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(which are the most aggressive conditions for organic matter degradation), the
UK37" increased only by 0.03 units which is equivalent to less than a 1°C
temperature change (Teece et al,, 1998). Alkenones thus provide a robust method

for reconstructing GOA SSTs.

2.5.2 The %C37.4 proxy

The C37.4 alkenone has been identified in its highest concentrations within cold and
fresh subpolar waters (Bendle et al., 2005). The relative abundance of C37. is
expressed as a percentage of the total C37 alkenones (%C37:4). C37.4 is present in
oceans with salinities from 33.8 to 35.1 %o and temperatures colder than 13°C
(Sikes and Sicre, 2002; Liu et al., 2007) which corresponds to polar and sub-polar
waters, but it is not found in temperatures above 15°C (Brassell and Englinton,,

1986).

Although there is a temperature control over the abundance of C37.4 (it is most
abundant at low temperatures), it has also been shown that it may also be
influenced by salinity (Bendle et al, 2005). At low salinities the %C37.4 was shown
to increase, and could comprise up to 77% of the C37 alkenones (Bendle et al,
2005). In the open ocean it has been discussed to be dependent on changes in
growth rate, light or nutrient input (Sikes and Sicre, 2002) based on culture works
(e.g. Conte et al, 1998). Bendle et al. (2005) suggested that alkenone temperature
calibrations should include Cs7.4, but the lack of data on Cs7.4 abundance from the
subarctic Pacific limits the calibration of UX37 in this region (McClymont et al,
2008). In a study from the Nordic seas, Bendle et al. (2005) established a threshold
to discriminate between coastal and subpolar/subarctic water masses (>5% C37.4)
and open marine settings in mid to low latitudes (<5% C37.4). In the subarctic
Pacific, high C37.4is associated with cooler and fresher water masses (Harada et al.,
2006), but there are few UK 37" data and widely spread around this region (i.e.
McClymont et al., 2008) which limits the creation of a regional calibration for the
Northern Pacific. The use of the C37.4 alkenone as a proxy for freshwater inputs has
been previously suggested (e.g. Bendle et al, 2009; Martrat et al, 2007). In these
examples, Martrat et al. (2007) interpreted their C37.4 in the Iberian margin as
evidence for freshwater inputs to the North Atlantic driven by high inputs of

iceberg discharges to the North Atlantic, perhaps driven by ice-sheet surging
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Bendle et al. (2009) further applied the %Cs7.4 proxy to determine the transition
from marine to brackish waters in response to sea level change, from sediments in

northwest Scotland.

2.5.3 Productivity proxies
Marine export production is the term used to quantify plankton deposition in the
deep ocean sediment. In this section, we will outline the alkenones, sterols, carbon

and nitrogen stable isotopes as productivity export proxies.

2.5.3.1 Alkenones

It has been observed (Prahl et al, 1988) that there is a correlation between the
amount of alkenones synthesised and the number of synthesiser cells present.
Higher C37 alkenone abundance in marine sediments could then be used as an
indicator of higher marine production, specifically from the haptophytes which
include the coccolithophores. Yet only a small portion (35%) of alkenones which
are produced in the surface water reaches the sea floor and about 1% of alkenones
are present in the total OC (Goni et al, 2004, Cariaco Basin). Total alkenone
concentrations are more representative of the overall export production of the
coccolithophores (Rosell-Melé and McClymont, 2007). There is also the potential
for the alkenone signal to be diluted when sedimentation rates increase. The
alkenone mass accumulation rate (MAR) eliminates the sedimentation rate factor
that can mask the “real” alkenone export signal when expressed by alkenone per
gram of sediment analysed. When used in conjunction with SST, alkenone
concentrations/MAR has been used to provide indications of changing haptophyte
production due to upwelling or water column stratification (Herbert, 2003). For
example, high (low) obliquity has been linked to El Nifio (La Nifia)-like conditions
and lower (higher) productivity in the tropical Pacific during the MPWP (e.g.
Lawrence et al., 2006).

In addition to the C37 alkenones, the haptophytes also synthesise a suite of C3s
alkenones which can have an ethyl or methyl alkylation as well as 2 or 3
unsaturations (Marlowe et al, 1984a). The C37 alkenones to Czg alkenones ratio
(K37/K3g) increase in growth temperature (Prahl and Muehlhausen, 1989). Due to a
distinct range of alkenone distributions during their synthesis (Prahl et al, 1988),

the K37/Kszs has been suggested to indicate different relative contributions of
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Emiliania huxleyi to Gephyrocapsa oceanica at the time of alkenone production
(Yamamoto et al, 2000). Sikes et al. (1997) showed that in the South Pacific,
K37/Ksg between the values of 0.6 to 0.8 show a provenance of G. oceanica and
values between 0.8 to 2 show syntheses by E. huxleyi. Another study from core top
material (Herbert, 2001) also shows a similar provenance of alkenones using
K37/Ksg. Alkenone production by G. oceanica differs in their growth water
temperature in comparison with the alkenone production of E. huxleyi (Herbert,
2003). McClymont and Rosell-Melé (2005) shows that despite evolutionary events
in coccolithophores, the stability in alkenone based ratios (e.g. K37/Ksg) suggested
that the process of alkenone synthesis appeared to have been unaffected and so

modern calibrations could be applied.

2.5.3.2 Sterols

Sterols are lipids synthesised by a variety of eukaryotic organisms. Brassicasterol
is a biomarker synthesised by diatoms and haptophytes (Volkman, 2006; Volkman,
1986; Kanazawa et al, 1971). It has been used as an open-water proxy (Miiller et
al, 2011) and as a diatom export productivity proxy (Lei et al, 2012).
Brassicasterol is sourced from marine and freshwater phytoplankton (Stein et al,
2003). The marine or terrigenous environment provenance of brassicasterol
(Kanazawa et al, 1971; Stein and McDonald, 2004) needs to be carefully argued to
avoid proxy misinterpretation. Dinosterol is a biomarker synthesised by
dinoflagellates (Boon et al, 1979) and it is used as a dinoflagellate marine export
proxy (D’Anjou et al, 2013). Dinosterol is absent from terrestrial environments
(Volkman, 1986). However, dinosterol is not synthesized by all dinoflagellate
species (Rampem et al., 2010) and has been found in cultured diatoms (Volkman et
al, 1993). Still, it can be a useful biomarker to assess dinoflagellate productivity
(Castaneda et al.,, 2011). Dinosterol is more abundant in glacial sediments of the
eastern tropical Pacific and it peaks prior to or synchronously with the alkenones
during glacial maxima (Brassell, 1993). In southern California, the downcore
profile of dinosterol corresponds to dinoflagellate blooms recorded in marine
sediments (Brassell, 1993). Comparing dinosterol and brassicasterol inputs to a
sediment sequence can be used to determine the broad shifts in phytoplankton

community structure (Lei et al, 2012).
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The advantages of these sterols as proxies is their wide distribution that covers a
range of different environments (Brassell and Eglinton, 1983a,b) and ages, despite
their vulnerability to degradation due to the hydroxyl group (Gaskell et al, 1974).
Caveats of sterol proxies include their higher susceptibility to degradation in
comparison with the alkenones, which are very resistant to degradation

(Wakeham et al, 2002).

2.5.3.3 Carbon and Nitrogen stable isotopes as productivity proxies

Carbon and nitrogen have naturally occurring isotopic forms: the lighter 12C and
14N and the heavier 13C and 1°N. Lighter isotopes are more frequent in nature
12C=98.9% and 1*N=99.6%) than heavy ones (13C=1.1% and 1°N=0.4%) (CIAAW,
2007-2015). Relative carbon and nitrogen isotopic composition is often
represented as the heavier vs. the lighter form and written as §13C and 61°N. The
613C and 815N values can vary between reservoirs. For example, in a process called
isotope fractionation, photosynthesis from plants and phytoplankton preferably
uptakes the lighter isotopes 12C and 4N from air or water masses, as it requires
less energy consumption to generate food (e.g. Galbraith et al., 2004). In the ocean,
when phytoplankton die they are transported into the deep ocean leaving the
surface water enriched in the heavy isotopes (e.g. Ryabenco, 2013; Galbraith et al,
2004). Early diagenetic alterations have been considered in sedimentary §13C and
615N of organic carbon, but these processes have been suggested to act uniformly
not altering the ratio (De Lange et al, 1994). However, changes in dominant
phytoplankton producers have been suggested to drive changes in organic 613C
and 61°N (Zohary et al, 1994; Gu et al, 1999; Syvaranta et al, 2006). The 613C and
615N of organic carbon is a useful analysis to determine the chemistry of the water
according to the fractionation of §13C and &§ 15N from biota (Knudson and Ravelo,

2015).

A second process called denitrification accounts from N fractionation loses in the
water column (20 to 60%) and deep sediments (60 to 100%). Denitrification is the
process of converting nitrate molecules into N2 by bacterial reduction. The
ineffective denitrification leaves a residue of heavy 815N organic carbon in the

water column of 9 to 18% heavier than the global average. This heavy §1°N organic
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carbon signature can be advected to the surface ocean and be incorporated into

marine organic structure (Galbraith et al,, 2004; Addison et al., 2012).

2.5.3.4 N-alkanes and sterols

The presence of terrestrial biomarkers in marine sediments can give valuable
information on environmental change onshore and/or the processes that might
have transported those biomarkers from land, through wind-blown dust, or
sediments eroded and transported within rivers or by glaciers (Ikehara et al,
2000). These terrestrial biomarkers include n-alkanes (leaf waxes) and more
complex lipids derived from soils and peats (e.g. branched glycerol dialkyl glycerol
tetraether (Walsh et al, 2008). This thesis focusses upon the terrigenous

biomarkers (n-alkanes and sterols) found within the GOA sediments.

The n-alkanes are termed ‘long chain’ or ‘short chain’, which are synthesised by
dominantly terrestrial or marine plants and algae, respectively. Terrestrial Cz7, C29
and C31 alkanes are synthesized by vascular plants (Rieley et al., 1991). The C31/C29
n-alkane ratio has been previously used to reconstruct terrestrial vegetation and
therefore, climate (Lei et al, 2013), because woody plants typically display n-
alkane distributions of C27 or C29 and indicate humid climate whereas grass typical
n-alkane distribution is C31, which is associated with dry climate. Aquatic C1s, C17
and C19 alkanes are synthesised by algae (Bourbonniere and Meyers, 1996) and C17
to Czo alkanes are also synthesized by cyanobacteria (Han and Calvin, 1969). Both
cyanobacteria and microalgae (i.e. diatoms, coccolithophores and dinoflagellates)
are included in the term “phytoplankton”. Therefore, n-alkanes are an indicator of
both the production and/or preservation of organic matter from terrestrial and
marine sources (Lei et al., 2012). However, short chain n-alkanes have been also

interpreted as terrigenous source OM (Stein et al., 2003).

The n-alkanes serve as tracers for marine or terrestrial organic matter and are
often presented as a “terrestrial to aquatic” ratio (TAR) Cranwell (1973). High TAR
values indicates a higher accumulation of long chain n-alkanes in relation to short
chain n-alkanes, typically attributed to increase in higher plant contribution to the
sediment in detriment of marine productivity export production. The opposite is

indicative of low TAR values.
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Equation 2.6: TAR = ([C27]+[C29]+[C31])/([C15]+[C17]+[C19])

Different degradation rates from terrestrial and marine biomarkers make the use
of n-alkanes difficult (Damsté et al, 2002a). Longer chain n-alkanes are more
resistant to degradation than short chain n-alkanes (Pancost and Boot, 2004) and
the n-alkanes are more resistant overall than other compounds of plant waxes

such as n-alkanoic acids and n-alkanols (Cranwell, 1981).

In the GOA, there are several petrogenic organic matter sources i.e. coal (Walinsky
et al, 2009; Jaeger et al, 2014), that can complicate the TAR index, since older
organic matter containing long chain n-alkanes may be transported to the marine
sediments (Walinsky et al,, 2009). However, the carbon preference index (CPI) can
also be used to determine the organic matter maturity (Bray and Evans, 1961).
High CPI indicates low maturity and predominantly land-plant input, and low CPI
(below 1) indicates low maturity carbonates and/or hypersaline environments
(Peters et al, 2005). In the GOA, CPI values are between 1.2 to 2.9, showing a
mixture of terrestrial plants (CPI~ 3-10) and fossil hydrocarbons (CPI~1)
(Walinsky et al.,, 2009), which may complicate interpretations of provenance or

changing transport pathway to the core sites examined here.

{3-sitosterol is a sterol that has been previously used as terrigenous source
biomarker in near shore Siberia Arctic marine environments (Xiao et al., 2013). 3-
sitosterol can have both terrestrial and marine sources from phytoplankton
(Huang and Meinschein, 1976; Volkman, 1986) and bacteria but have been
interpreted as dominantly terrestrial in Russian Arctic rivers (van Dongen et al.,

2008).

2.5.3.5 BulkCand N

The sedimentary content of Carbon (C) and nitrogen (N) and their relative
abundance (C/N ratio), can all be used as indicators of source of OM and
productivity. Because of the different OM constituents, terrestrial plant contains a
higher C/N ratio than marine algae (Killops and Killops, 2005).This difference
resides in the function of C chains to the vertical growth of plants. Low C/N ration
suggests increased abundance of marine algae (e.g. Walisky et al, 2009) or

terrigenous aquatic plant material, high C/N ratio indicates increased abundance
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of more complex plants (terrestrial source) (Nasir et al, 2016). Some of the
problems with using bulk C and N ratio for determining the terrestrial or marine
source of sediments is that C and N are elements present in many substances as
they are very common chemical elements. TOC and TON records can be used as
overall marine productivity and terrestrial OM export to the deep ocean
(Hopkinson and Vanillo, 2005). As an example, one of the difficulties with TOC and
TON widespread occurrence is the erosion of older records of TOC and TON
unlocked in the bedrock (i.e. erosion of coal from land) into the ocean (Stein and
McDonald, 2003). The TOC and TON are susceptible to degradation and changing
sedimentation rates. Therefore, it is often represented as mass accumulation rates.

The differential TOC and TON degradation can alter the TOC/TON ratio.

2.5.4 Additional data sets to this study

In addition to the biomarker and bulk elemental composition data produced in this
thesis, the assessment of ocean and ice sheet history in the GOA benefits from
collaboration with a number of scientists from Expedition 341, who have provided

their data for comparison here.

2.5.4.1 Ice Rafted Debris (IRD)

Dr Ellen Cowan has provided IRD data for Site U1417 in order to examine ice sheet
behaviour since the Pliocene. IRD (>125um) transport to the distal ocean and lakes
can only be explained by iceberg or sea ice transport, as they are too heavy to be
transported by wind (Jansen et al, 2000). Glaciers are highly erosive agents that
incorporate eroded material into the ice at the ice-rock interface as the glacier
advances. Once the glacier has reached the sea and begins calving, the sediment
incorporated within the ice can be transported in icebergs, before melting out and
being deposited on the seafloor (e. g. Kuijpers et al, 2014). An alternative
transport mechanism for IRD is via sea ice, which originates at the sea surface, but
in shallow and coastal areas sea ice can thicken to freeze onto the sea floor or the
coastline thus incorporating material into the sea ice itself (e .g. Turner et al, 2015;
Cowan et al, 2008; Kuijpers et al, 2014). IRD has been widely used to track re-
advance of glaciers around the world (e.g. Bailey et al, 2012) and there is debate

regarding how the IRD iceberg delivery is related to glacier advance or retreat (e.g.
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Bohaty and Harwood, 1998; Bachem et al, 2016; Kandiano et al, 2004; Krissek et
al., 1995).

2.5.4.2 Diatoms

Dr. Oscar Romero has provided counts of diatoms identified in Site U1417 for the
Pliocene and early Pleistocene. Total diatom count is a valuable record to assess
changes in diatom productivity and/or diatom preservation, the latter dependent
on changes in water column and sediment chemistry, which can be aggressive for
silica preservation (Crosta and Koc, 2007). Diatom production is very dependent
upon Si nutrient supply into the ocean which can be delivered by glacier runoff and
river input (Dugdale and Wilkerson, 2001). The concentration of silicic acid with
respect to other macronutrients explains the dominance of calcareous or siliceous
productivity (Ragueneau et al, 2000). In the northeast Pacific, a maximum in silica
concentrations is found in intermediate and deep waters, due to dissolution of

sinking particles (Talley, 1992).

2.5.4.3 Oxygen isotopes

Planktonic foraminiferal shells are the most common material used for climate
reconstruction (Kucera, 2007). Planktonic foraminifera are single-cell calcium
carbonate shelled marine phytoplankon algae. Their preservation in the sediment
record and organic and inorganic molecular structure provide numerous chemical
studies of the environment from nutrient availability and marine isotope
fractionation (e.g. Walinsky et al, 2009) and water temperature and salinity
(Mg/Ca, 6180). Dr. Hirofumi Asahi has provided the 680 record from
Neogloboquadrina pachyderma (sin) 150-250um, a planktonic foraminifera from
high latitudes. Benthic foraminifera 6180 is an indicator of global ice volume (e.g.
Lisieki and Raymo, 2005), however, planktonic §180 can be influenced by changes
in surface water temperature and/or dominance of evaporation/precipitation

during glacial and interglacials as well as global volume (Tiedeman et al, 1994).

2.6 Summary

The evolution of the North Pacific Ocean over the Pliocene and Pleistocene still
remains largely unknown. However, there is potential to advance our
understanding of both how the North Pacific Ocean evolved as well as the

development of the Cordilleran Ice Sheet, with implications also for the tectonic
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history of the region. Understanding the North Atlantic and North Pacific linkages
during past warm intervals similar to the present climate are important to resolve
climatic equations about the functioning of the Earth in order to simulate future
climate scenarios, key for a current changing climate and uncertain future. The
mid-Pliocene period constitutes a potential analogue of future climatic scenarios,
yet data is lacking from the North Pacific to understand the patterns and causes of
climate change in this region. Our understanding of the development and later
expansion of the northern hemisphere ice sheets over the Pliocene-Pleistocene is
also dominated by evidence from the North Atlantic region. In this thesis, newly
recovered marine sediment cores from the Gulf of Alaska offer an outstanding
opportunity to address these Pliocene and Pleistocene climate questions. A suite of
biomarker analyses are undertaken in order to reconstruct changes to GOA
oceanography and links to environmental changes onshore. In the following
Chapters, the detailed methodology applied in this thesis will be outlined (Chapter
3), before presenting (Chapter 4) and discussing (Chapters 5-7) the results which
have been obtained and their implications for the research questions posed in

Chapter 1.
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Chapter 3: Methods

3.1 Site U1417

3.1.1. Sediment lithology

Site U1417 (56° 57.38'N, 147° 7.86 'W, 4218m water depth) recovered 700 m of
marine sediments during IODP Expedition 341 (29t May to 29t July 2013). Site
U1417 extends through the Miocene until the Holocene (Figure 3.1; Jaeger et al,
2014). Throughout this thesis, the depths of sediment recovered will always be
referred to using the initial shipboard composite depth model, also known as “the
splice” and termed CCSF-A (Jaeger et al, 2014), which allows correlation across the

different holes drilled at each site (Figure 3.2; Figure 3.3).

Site U1417 can be divided in six lithostratigraphic units. Litholostratigraphic unit
VI consists of dark grey mud interbedded with dark sandy mud and silt. It also
contains non-glaciated but gravity flow related thin diamict beds (Jaeger et al,
2014). Lithostratigraphic unit VH consists of greenish grey biosiliceous ooze
(Jaeger et al, 2014). Lithostratigraphic unit VF consists mainly of greenish grey
diatom ooze (Jaeger et al, 2014). Lithostratigraphic unit VE consists of grey and
dark greenish grey banded mud with diamict and silt beds. It contains traces of
organic matter and wood detritus (Jaeger et al, 2014). Lithostratigraphic unit VD
consists of diatom ooze and mud (Jaeger et al., 2014). Lithographic unit VC and
consists of a dark grey diamict with variable abundance of clasts of variable sizes
and sources (i.e. mud and coal), interbeds of mud and plant debris (Jaeger et al,
2014). Lithostratigraphic unit VB and consists of dark grey to greenish diatom with
mud and diatom ooze intervals. Bioturbation occurs at different degrees (Jaeger et
al, 2014). Lithostratigraphic unit VA consists of dark grey bioturbated mud with
diamict, sand and diatom ooze intervals and possible coal content (Jaeger et al,
2014). Lithostratigraphic unit IV consists of dark grey to greenish bioturbated mud
with diatom intervals (Jaeger et al, 2014). Lithostratigraphic unit III consists of a
diamict with variable abundance of clasts and with bioturbated grey mud (Jaeger

et al, 2014). Lithostratigraphic unit II consists of grey to greenish-grey mid with
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Figure 3.1: Site U1417 Hole D. From left to right: CSF-A depth, sample label, core recovery,
graphic lithology, volcanic grain abundance, lithostratigraphic units, age, unit descriptions,

magnetic susceptivility, GRA bulk density and color reflectance (Jaeger et al,, 2014).
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Figure 3.3: U1417 UX3;’ data and core break. U1417 UKz, vs Age (Ma) and CCSF-A depth
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Figure 3.4: Site U1417’s shipboard age model. Red and blue curves represent the

minimum and maximum age, the dashed curve represents the maximum age and the red

curve represent the average age. Diamonds, squares and triangles represent ages obtained

by biostratigraphy, paleomagnetism and Site 178 basement, respectively (Jaeger et al,

2014).

sand and silt beds with lonestones, volcanic ash and diatom intervals (Jaeger et al,

2014). Lithostratigraphic unit IA consists of dark grey mud with volcanic ash,

lonestones, diatom mud, ooze and mud intervals (Jaeger et al, 2014). Figure 3.1

shows some of these lithostratigraphic units contained in Core U1417D.

Site U1417 contains several magnetic reversals such as the Gauss/Matuyama

Boundary, the Upper Jaramillo and the Brunhes/Matuyama, and a radiolarian age

of 0.4 +0.1 Ma at 60.24 +3.07 m CCSF-A, which have been used to reconstruct this

site’s age model (Figure 3.4 and Table 3.1). Poor carbonate preservation across the

Pliocene and early Pleistocene prevents production of a stable isotope stratigraphy

using foraminifera. Shipboard magneto- and bio-stratigraphy indicates that, at Site

U1417, average sedimentation rates varied as shown in Figure 3.5 (Jaeger et al,

2014).

3.1.2 Sedimentrecovery and sampling

IODP 341 Exp. was able recover 70% of the sediment after drilling Site U1417

(Expedition 341 Scientists, 2014). However, for the Pliocene sections this led to a

number of core breaks, preventing a continuous sequence. Overall, 27 samples
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Table 3.1: Polarity Zone interpretation for U1417 (Jaeger et al., 2014).

Depth

CCSF-B
Polarity zone interpretation Age +(Ma) (m) * (m)
Cln (B) Matuyama/Brunhes 0.781 0.02 111 1
Clr.1n (T) Jaramillo 0.988 0.02 133 1.5
Clr.1n (B) Jaramillo 1.072 0.02 140 1
Clr.2n (M) Cobb Mountain 1.179 0.02 150.5 1.5
C2n (T) Olduvai 1.778 0.02 186 2
C2n (B) Olduvai 1.945 0.02 205.5 1
C2r.1n (T) Reunion 2.128 0.02 220.5 2
C2r.1n (B) Reunion 2.148 0.02 224.5 4
C2r.2r (B) Gauss/Matuyama 2.581 0.02 287.5 1
C2An.3n (B) Gilbert/Gauss 3.596 0.02 365 5
C3n.1n (T)  Cochiti 4.187 0.02 375 5
Middle of C3n.3n (B) Sidufjal to C3n.4n (B)
Thvera 5.017 0.218 419 5
C3An.1n (M 6.033 0.1 475 10
C3Bn (T 7.14 0.1 585 20

Average sed. rates
(m/Myr)

6. .8 10 12 14 16 18 20
Preliminary Age (Ma)

Figure 3.5: Site U1417 shipboard sedimentation rates detailed for the last 20 Ma (Jaeger
etal,2014).

were analysed for the 20 to 4 Myr record, which makes a sampling resolution of

1.68 samples/Myr, 173 samples were analysed for the 4 to 1.5 Ma, which

corresponds to a sampling resolution of 69,2 samples/Myr and 28 samples were

analysed for the last 0.5 Myr, which corresponds of a sampling resolution of 56

samples/Myr. Samples collected for biomarker analysis were around 4 cm thick,

and taken every 44 cm between 700-420 m CCSF-A (1.6 to 4 Ma) and every 21 cm

91



Durham University PhD thesis Maria Luisa Sanchez Montes

along the top 200 m CCSF-A. Based on shipboard sedimentation rates (Figure 3.5),
Table 3.2 outlines temporal average, minimum and maximum represented in

U1417 samples and their sample spacing.

Samples from Site U1417 analysed in this study span cores U1417E to U1417A
from bottom to top of the record (U1417E 37R-1 to U1417E 7R-2; U147D 59X-2 to
U1417D 1H-1W 44-48; U1417C 25H-3 to U1417C 2H-2W 49-53; U1417B 22H-4W
45-46 to U1417B 20H-2W 83-87; U1417A 16H-3 to U1417A 4H-5) (Figure 3.2;
Figure 3.3).

The oldest sample analysed for this study from Site U1417, U1417E 37R-1 (733.7
m CCSF-A, ca.20 Ma) (Figure 3.2), belongs to lithostratigraphic unit VI (Jaeger et al,
2014). The next oldest sample, U1417E 32R-2 (694.7 m CCSF-A and 12.9 Ma),
belongs to lithostratigraphic unit VH (Jaeger et al.,, 2014). U1417E 29R-5 (668.6 m
CCSF-A and 9 Ma) belongs to lithostratigraphic unit VF. U1417E 26R-1 to 20R-1
(midpoint CCSF-A depth of 635.3 to 527.5 m and 6.3 to 6.1 Ma) belongs to
lithostratigraphic unit VE. U1417E 15R-4 (of 525.7 m CCSF-A and 6 Ma) belongs to
lithostratigraphic unit VD. U1417E 14R-1 to U1417E 13R-1 (516.3 m to 501.9 m
CCSF-A and 6 to 5.7 Ma) belong to lithographic unit VC. U1417E 10R-2 to 7R-2
(474.3 to 449.6 m CCSF-A and 5.2 to 4.7 Ma) belongs to lithostratigraphic unit VB.
U147D 59X-2 to 57X-1 (464.5 to 446.6 m CCSF-A and 5.0 to 4.7 Ma) belong to
lithostratigraphic unit VB. U1417D 54X-4W 70-74 to U1417D 50X-1W 55-59
(421.4 to 378.3 m CCSF-A and 4.0 to 3.2 Myr old) belong to lithostratigraphic unit
VA. U1417D 49X-3W 49-53 to U1417D 46X-1W 0-4 (371.1 to 336.6 m CCSF-A and
3 to 2.7 Ma) belong to lithostratigraphic unit IV. U1417D 45X-2W 70-74 to U1417D
43X-1W 10-14 (332.2 to 315.8 m CCSF-A and 2.6 to 2.4 Ma) belongs to
lithostratigraphic unit III. U1417D 42X-CCW 23-27 to U1417D 24H2W 9-13 (311
to 203.2 m CCSF-A and 2.4 to 1.6 Ma) belongs to lithostratigraphic unit II. U1417D-
9H 5-10 to U1417D 1H-1W 44-48 (83.6 to 2.1 m CCSF-A and 0.5 to 0.02 Ma) belong
to lithostratigraphic unit IA. U1417B 20H-7W 12-16 to U1417B 20H-2W 113-117
(202.9 to 196.6m CCSF-A and 1.6 to 1.5 Ma) that belongs to lithostratigraphic unit
II. U1417A 9H-3 to U1417A 2H-6 (72.4 to 19.5 m CCSF-A and 0.5 to 0.1 Ma)
belongs to lithostratigraphic unit IA.
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Table 3.2: Site U1417 sample ID, age range, average, minimum and maximum sedimentation rates (Jaeger et al, 2014) and temporal

resolution (kyr) of the sediment samples analysed in this PhD.

Section | Aver.sed rates | Min sed. rates Max sed. Aver. Min. Max. Aver. Min. Sample | Max Sample
Sample ID age (m/Myr) (m/Myr) rates Temp. temp.res. | temp.res. Sample Spacing(kyr) | Spacing(kyr)
(Ma) (m/Myr) res. (kyr) (kyr) (kyr) Spacing
(kyr)
U1417E 37R-1 20 5.5 53 5.7 7.3 7.5 7.0 80 83.0 77.2
U1417E 32R-2 12.9 5.5 5.3 5.7 7.3 7.5 7.0 80 83.0 77.2
U1417E 29R-5 9 10.0 0.0 24.7 4 N/A 1.6 44 N/A 17.8
U1417E 26R-1 - | 7-6.5 95 44.4 140.2 0.4 0.9 0.3 4.6 9.9 3.1
U1417E 24R-1
U1417E 20R-1 - | 6.5-6 110 68.9 149.2 0.4 0.6 0.3 4.0 6.4 2.9
U1417E 14R-1
U1417E 13R-1 6-5.5 55 35.6 74.3 0.7 1.1 0.5 8.0 12.4 5.9
U1417E 10R-2 - | 5.5-5 55 34.5 72.5 0.7 1.2 0.5 8.0 12.7 6.1
U1417D 59X-2
U1417E 8R-3 - | 5-45 45.0 23.5 66.9 0.8 1.7 0.6 9.8 18.7 6.6

U1417D 57X-1
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3.2 Site U1418

3.2.2 Sediment lithology

Site U1418 (58°46.60’ N, 144° 29.55’ W, 3667 m water depth) recovered 950 m of
marine sediments, during IODP Expedition 341. Site U1418 extends back to the
early Pleistocene to the Holocene. Lithostratigraphic unit IIB which consists of
dark grey to dark greenish grey mud with laminations, clasts, diamict with low
abundance of clasts of iceberg rafting or sea-ice origin, bioturbated volcanic ash
and lonestones (Jaeger et al, 2014). Lithostratigraphic unit IIA which consists of
dark grey to dark greenish grey muddy diamict with low abundance of clasts of
iceberg rafting or sea-ice origin and dark grey mud with clasts, sand, lonestones
and granules (Jaeger et al, 2014). Lithostratigraphic unit [, which consists of dark
grey to dark greenish grey silt and mud intervals with intermittent diatom

abundances, sand, volcanic sediments and lonestones (Jaeger et al., 2014).

Site U1418’s age is constrained by the Upper Jaramillo and the Brunhes/Matuyama
Boundary (Figure 3.6 and Table 3.3). Site U1418 average sedimentation rates
varies from 575 m/Myr from 0.5 to 0.4 Ma, 825 m/Myr from 0.4 to 0.2 to 1275
m/Myr from 0.2 to 0.0 Ma (Jaeger et al., 2014) (Figure 3.7).

Age
0.0 0.2 0.4 0.6 0.8 1.0 12

0
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300 A1
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1000

Figure 3.6: Site U1418’s shipboard age model (Jaeger et al,, 2014). Red, black and blue
diamonds are dates obtained from magnetostrigraphy, biostratigraphy and a low-magnetic

susceptibility interval suspected to correspond to MIS 5e, respectively.
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Table 3.3: Polarity Zone interpretation for U1418 (Jaeger et al., 2014).

Depth Depth

Polarity chron Age Core, section, interval CSF-A CCSF-
interpretation (Ma) (cm) (m) B (m)
341-U1418F
Cln (B) 645.43
Matuyama/Brunhes 0.781 Top 41R-5,115 645.43
Base 44R-1,15 668.1 668.1
Clr.1n (T) Jaramillo 0.988 Top 57R-6,55 801.58 801.58
Base 58R-5,75 809.89 809.88
Clr.1n (B) Jaramillo 1.072 Top 62R-2,90 844.25 844.25
Base 62R-4, 35 846.35 846.35
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Figure 3.7: Site U1418 shipboard sedimentation rates (Jaeger et al., 2014).

3.2.3 Sediment recovery and sample resolution for study

Samples from U1418 analysed span core sites U1418A to U1418F from top to
bottom of the record (U1418A 3H-2 145-150 to U1418 32H-1 115-130; U1418B
1H-1 145-150 to U1418B 2H-1W 145-150; U1418C 22H-4W 24-26 to U1418C
30H-3W124-126; U1418D 6H-3W 44-46 to U1418D 36X-4W 59-61; U1418E 2H-
2W 64-66 to U1418E 6H-5W 104-106; U1418F 5R-3W 94-96 to U1418F 22R-5W
104-106) (Figure 3.8 and 3.9). The oldest samples analysed for this study from Site
U1418 are from core Site U1418F. U1418F 22R-5W 104-106 to U1418F 10R-2W
88-90 (94-96 to 471.4 to 303.1 m CCSF-A and 503.1 to 382.1 ka) belong to
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Figure 3.8: Age/depth U1418 core break. Age (ka) and CCSF-A depth (m) showing the core
breaks, U1418A (blue), U1417B, (red), U1417C (green), U1417D (purple diamond), U1417E
(blue square) and U1417F (orange).
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Figure 3.9: UX3;’ vs depth and U1418 core breaks. U1418 Age (Ma) vs U1418 CCSF-A
depth (m). UX3;’ vs vs U1418 CCSF-A mid-point depth (m) showing the core breaks, U1418A
(dark blue), U1418B, (red), U1418C (green), U1418D (purple), U1418E (light blue) and
U1418F (orange).
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Table 3.4: Site U1418 sample ID, age range, average, minimum and maximum sedimentation rates (Jaeger et al., 2014) and temporal

resolution (kyr) of the sediment samples analysed in this PhD thesis.

Section Aver. sed Min sed. rates | Max sed. rates | Aver. Temp. Min. Max temp. Aver. Min. Max Sample
Sample ID age (Ma) rates (m/Myr) (m/Myr) res. (yr) temp. res. (yr) Sample Sample Spacing (yr)
(m/Myr) res. (yr) Spacing Spacing
1) o)

U1418F 22R- 0.5-0.4 575 216 939 34.8 92.6 21.3 111.3 296.3 68.2
5W 104-106-
U1418F 19R-
1W 113-115
U1418F 18R- 0.4-0.2 825 484 1139 24.2 41.3 17.5 77.6 132.2 56.2
2W 135-150-
U1418D 32H-

2W 21-23
U1418D 31H- 0.2-0 1275 1041 1505 15.7 19.2 13.3 50.2 61.5 42.5

2W 97-99-
U1418B 1H-1

145-150
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lithostratigraphic unit IIB. U1418F 9R-5W 14-16 to U1418F 5R-3W (295.8 to 246.1
m CCSF-A and 376.1 to 335.1 ka) belongs to lithostratigraphic unit I1A. U1418D
36X-4W 59-61 to U1418D 34X-1W 4-6 (243.6 to 214.6 m CCSF-A and 333.0 to
309.1 ka) belongs to lithostratigraphic unit II. U1418D 32H-3W 74-76 to U1418D
6H-3W 44-46 (202.5 to 33.8 m CCSF-A and 299.1 to 50.1 ka), U1418C 30H-3W
124-126 to U1418C 22H-4W 24-26 (168.4 to 107.8 m CCSF-A and 240.9 to 160.1
ka), U1418B 2H-1W 145-150 to U1418B 1H-1 145-150 (7.5 to 1.0 m CCSF-A to
11.1 to 1.4 ka) and U1418A 32H-1 115-130 to U1418A 3H-2 145-150 (162.2 to
14.1 m CCSF-A and 240.9 to 21.0 ka) belong to lithostratigraphic unit I.

IODP 341 Exp. was able to recover 86.4% of material drilled at Site U1418 (Jaeger
et al, 2014). Our sample resolution for U1418 is approximately one sample every
6kyr for SST and alkenone abundance analyses. Most the samples are 2 cm thick
with an average separation between samples of 6.4 m. Average, minimum and
maximum sedimentation rates have been used to reconstruct the time represented
in each sediment sample included in this study, as well as the separation between

samples (Table 3.4).

3.3 Sampling protocol and sample storage

The IODP Expedition 341 sampling party minimised the contamination of organic
compounds during the sampling of the marine sediment cores for biomarker
studies. All samples were collected using metal tools, and were wrapped in foil
before being placed in individual plastic bags for posting. Samples arrived to
Durham University on the 12th December 2013. Since arrival samples were kept
stored in a fridge with temperatures below 5°C to control organic matter

decomposition, and freeze dried as soon as possible.
3.4 Organic biomarker laboratory procedure

The organic biomarker laboratory procedure starts with the preparation of
glassware and reagent material needed and the following microwave lipid
extraction, silica columns for flash chromatography, and the silylation of the polar

compounds (Figure 3.10).
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Figure 3.10: Schematic organic biomarker laboratory procedure conducted in this

study.
3.4.1 Glassware and reagent preparation

Contamination minimisation is a key component of biomarker laboratory routine.
In the laboratory, contamination is avoided with various stages of, often repetitive,
cleaning of the different equipment. Glassware was cleaned with a brush and tap
water removing all sediment and ink labels and left overnight in a 1% dilution of
©Decon in deionised water. The following day, glassware was rinsed with tap
water and deionised water and left to dry. The glassware was wrapped in

aluminium foil and heated at 450 °C for 4 hours, then stored in a dry cupboard.

Teflon tubes and lids for the microwave system were cleaned with tap water and
deionized water and left to dry, then stored wrapped in aluminium foil in a dry
cupboard. Before their use, they were rinsed with a mixture of dichloromethane
and methanol (DCM:MeOH) 3:1 and allowed to dry. Plastic tops for screw top test

tubes were soaked overnight in a beaker filled with 1% ©Decon diluted in
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deionized water. The following day they were rinsed with tap water and deionised
water and left to dry. Magnetic stirrers for the microwave are cleaned by
sonicating in a DCM:MeOH (3:1) mix for 5 minutes. Silica (Si) gel high purity grade
pore size 60 A, 220-440 mesh particle size, 35-75 um particle size (©Sigma
Aldrich) was cleaned and activated by heating to 450°C during 4 hours in a beaker
covered with aluminium foil for flash chromatography. After that it was stored in a
desiccator cupboard to avoid humidity. Cotton wool was rinsed with DCM and left
to dry covered with aluminium foil. After that it is also stored in a desiccator

cupboard.

Hexane and DCM wash bottles in the different Gas chromatography (GC)
instruments were cleaned and refilled with “fresh” solvent prior setting a run of
samples. DCM blanks were run before samples and within sample sequences,
alongside extracted standards, to monitor potential contamination and to monitor

performance.

3.4.2 Freeze-dry

To prepare the samples for lipid extraction, sediment samples were freeze-dried to
control organic matter degradation and to eliminate moisture from the sediments.
In contrast with air drying, freeze-drying has been suggested as the best method to
dry sediment samples for SST studies, as choosing freeze-drying as a drying
method has been observed to have no significant impact in altering the UX37" index
up to 0.035, reducing the error distribution of SST up to 0.5 ‘C (McClymont et al.,
2007).

Samples were cooled to -80 °C overnight or longer, then freeze dried over two

days. Samples were stored at room temperature until being analysed.

3.4.3 Lipid extraction

Lipids were extracted from sediment samples using the microwave-assisted
extraction method of Kornilova and Rosell-Melé (2003). Temperature has been the
only determinant factor influencing the yields of the biomarkers and 70°C has
presented a better alkenone extraction recovery (68% higher alkenones per gram
of sediment) than the ultrasonication extraction (Kornilova and Rosell-Melég,

2003). The microwave-assisted biomarker extraction did not show a bias towards
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the determination of the UX37" index in comparison with the traditional ultrasonic
method for biomarker extraction (Kornilova and Rosell-Melé, 2003). To quantify
each fraction from the chromatography, a mixed internal standard contained
similar compounds as the targeted compounds to conduct the analysis of this
study. In this study, we added 5a-cholestane and Cszs n-alkane for n-alkanes
fraction (F1), 2-nonadecanone for the ketone fraction (F2) and 5a-androstan-3f3-ol

for the sterol fraction (F3); Sigma Aldrich).

Microwave extraction involves weighting freeze-dried sediments into microwave
Teflon tubes, adding the internal standard, the solvent DCM:MeOH 3:1 and a
magnetic stirrer. The samples are then microwaved, heating to 70°C during 5
minutes for a total lipid extraction. The sediments are centrifuged at 2500 rpm for
5 minutes and the decanted supernatant solvent is placed into round bottom
flasks. Most of the remaining solvent is removed with the rotary evaporator to
obtain the lipid extracts. Separation of the total lipid extract into three fractions

was undertaken by silica flash chromatograph (Section 3.4.4).

The first “test” batches of “squeeze cakes” (or samples used for pore water
analysis) extracted contained sediment samples across U1417. For these, the
recommended 3.5 g of sediment was extracted with 15 ml of a solution of
dichloromethane: methanol (DCM:MeOH 3:1), including 20ul of a mix standard
containing known concentrations of 5a-cholestane, hexatriacontane and 2-
nonadecanone (Sigma-Aldrich). However, method development was necessary to
adjust to the low organic matter content characteristics of our samples (<1 wt (%);
Jaeger et al,, 2014) and to old organic material found in some samples. The weight
of sediment extracted increased to 5 g, the solvent volume added for extraction to

18 ml and the silica column separation of lipids changed (Section 3.4.4).

3.4.4 Active silica flash chromatography

The active silica flash columns method is used to separate the total lipid extract
into the compounds of interest. Si columns preparation start with the activation of
the Silica gel (high purity grade pore size 60A 220-440 mesh particle size, 35-75
um particle size for flash chromatography, ©Sigma Aldrich) by heating it to 450 °C

during 4 hours. Silica columns are prepared by plugging a clean glass pipette with
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clean cotton wool, then adding 4 cm of active silica above. Two column volumes of
hexane are run through the column to clean and prepare it for chromatography.
For each fraction, a different solvent is used depending on the chemical behaviour
of the compounds due to be collected. During the “test” batches, 4 column volumes
of Hexane, DCM and MeOH were added for the collection of hydrocarbons (F1),
ketones (F2) and the polar fraction (F3). However, the F2 chromatograms
presented a hump in the baseline from the presence of aromatic compounds which
was masking the ketone fraction compounds. A more exhaustive lipid separation to
ensure a clean F2 was developed according to the following: 3 ml of Hexane for
hydrocarbons collection (F1), 1.5 ml of a mixture of Hexane and DCM
(Hexane:DCM 9:1) for aromatics (added to F1), 5.5 ml of DCM for ketones (F2) and
16 ml of a mixture of Ethyl Acetate and Hexane (Ethyl Acetate: Hexane 20:80) for
polars (F3). Once collected, F1 and F2 fractions are transferred to GC vials and run
by gas chromatography analysis (Section 3.5) or stored in the fridge for future

analyses (Killops and Killops, 2005).

3.4.5 Silylation of the polar fraction

The most polar fraction, or F3, is the least volatile fraction and the most retained
on the GC system. To make the polar fraction more volatile and decrease the
reactivity of these compounds with the GC column, we derivatized the F3 of the
samples. Derivatisation involves the modification of a chemical compound into a
more suitable product for analysis. Silylation is a type of derivatization which
involves the replacement of a OH-group of a compound with a trimethylsilyl (-
SiMe3s) group. N,0-Bis(trimethylsilyl)trifluoroacetamide (BSTFA; Sigma Aldrich) is
used to convert the alcohols and sterols into trimethylsilyl derivatives, which

change the properties of the compound to a more volatile nature.

Polar fraction (F3) samples were dried under a stream of N2. Once completely
dried they were silylated using 50 pl of N,O-Bistrifluoroacetamide (BSTFA) and 50
ul of DCM, warmed to 70 °C for 1 hour and then allowed to cool overnight. The
silylated polar fractions were dried under a stream of Nz and and re-dissolved in

25 pl of DCM for analysis by gas chromatography.
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3.5 Organic compound identification and quantification

All lipid fractions were dried using a flux of N2 and re-dissolved in DCM for gas
chromatography mass spectrometer (GC-MS) and gas chromatography flame
ionization detector (GC-FID) and re-dissolved in 25 pl 2,2,4-trimethylpentane for
gas chromatography-chemical ionization mass spectrometry (GC-CIMS) analysis.
Samples are first run in a GC-FID to quantify the biomarker concentration in
comparison with the quantity of internal standard present on each sample (5a-
cholestane and C36 n-alkane for hydrocarbon fraction, 2-nonadecanone for the
alkenone fraction and 5a-androstan-3§-ol for the polar fraction; Sigma Aldrich)
(Equation 3.1). Then samples are run in a GC-MS to identify the organic
compounds present of the sample via their molecular weight spectrometry.
Fraction 2 samples are run in a GC-CIMS, adapted from the method of (Rosell-Melé
et al.,, 1995), which is used to increase the resolution of the alkenone signal for a
more accurate UX37 index quantification and SST calculation when samples are low
in organic carbon %. The full instrument details for these three approaches are

now outlined.

A Thermo Scientific Trace 1310 GC-MS was equipped with a programmable
temperature vaporizer (PTV) injector and with a temperature program set at 60°C
during 2 min and then raised at 12°C min-! until reaching 150 °C and then raised
again to 310 at 6 °C min-! and hold during 25 mins. 0.8 ml of sample was injected
and He was used as a carrier flow. N-alkanes, ketones and sterols were separated
using a 60m x 0.25 mm i.d.,, Restek RXi-5ms column (0.25um 5% diphenyl-95%
dimethyl polysiloxane coating). GC-MS was used for identification of the organic

matter represented in the GC-FID chromatograms of the sediment samples.

A Thermo Scientific Trace 1310 gas chromatograph was fitted with flame
ionization detector (GC-FID) and a split-splitless injector. Compressed air is set as
the air flow, helium (He) is set as the carrier flow, nitrogen (N) as a make-up flow
and hydrogen (H) helps with ignition. The oven temperature is set at 70°C for 2
minutes 70°C for 2 mins, then increased to 170°C at 12°C min!, then increased to
310°C at 6.0 °C min}, then held at 310°C for 35 mins. N-alkanes, ketones and

sterols were separated using a 60m x 0.25 mm i.d. Restek RXi-5ms column
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(0.25um 5% diphenyl-95% dimethyl polysiloxane coating). 1 ml of sample is
injected. The samples were quantified with reference to internal standards (5a-
cholestane, 2-nonadecanone, and 5a-androstan-3f-ol) and normalised to the
original extracted dry weight of sediment (Equation 3.2), a sedimentation rate
changes calculating the mass accumulation rate (MAR) (Equation 3.3 and Equation

3.4) and total organic carbon of the samples (Equation 3.5).

Alkenone relative abundance was achieved by gas chromatography (GC) coupled
with chemical ionisation mass spectrometry (GC-CIMS), adapted from the method
of (Rosell-Melé et al, 1995). Analyses were performed using a Trace Ultra gas
chromatograph directly coupled to a Thermo DSQ single quadrupole mass
spectrometer, fitted with a programmed temperature vaporising (PTV) injector.
1.2 ml of sample is injected. Alkenones were separated using a 30m x 0.25 mm i.d.,
Restek RXi-5ms column (0.25um 5% diphenyl-95% dimethyl polysiloxane
coating). Helium was employed as the carrier gas (2 ml min-1). The injector was
held at 120°C and splitless mode (1.2 min) during injection, and then immediately
temperature programmed from 120°C to 310° at 10°C s’1, then held for 0.6 min.
The oven was programmed to hold at 175°C for 1.7 min, then increased to 310°C at
11 min-1, and held at from 310°C for 12 min. The mass spectrometer was operated
in positive chemical ionisation mode (PICI), using high-purity anhydrous ammonia
(N6.0, BOC) introduced to the ion source through the CI gas inlet. Selected ion
monitoring was performed, targeting the 8 ions corresponding to the [M + NHg]*
adducts of the target C37 and C3g alkenones and the internal standard
(nonadecanone), each with a SIM width of 1 m/z and a dwell time of 30 ms. The
target m/z were: 300 (nonadecanone), 544 (Cz7.4), 546 (C37:3), 548 (C37:2), 560
(C3s:3et and Czs:3me), 562 (Czs:2et and Czg:2me), 564 and 578 (Cze alkyl alkenoates) as
detailed by (Rosell-Melé et al., 1995).

The CIMS method increases the resolution of the alkenone signal to allow for a
more accurate UX37 and UX37’ index quantification (Figure 3.11) (for more info, see
Chapter 2). We use the SST calibration from Miiller et al. (1998) to convert the
UK37" index into annual mean sea surface temperatures (see Chapter 2).

The relative abundance of the C37.4 alkenone is expressed as a percentage of the

total C37 alkenones (%Cs37.4) (See Chapter 2). Using the n-alkane fraction, the
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relative input of terrigenous (Cz7, C29 and C31) and marine (Cis, C17 and Ci9) n-

alkanes were quantified, using the TAR index (Figure 3.12) (See Chapter 2). The
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Figure 3.11: Alkenone integration peaks as seen through a GC-MS and GC-FID
analysis (top) and GC-CIMS analysis (bottom). Cs7.4and Kzss are hard to quantify in both

analysis but easier in GC.

relative abundance of each of the biomarkers (total C3; alkenones, sterols, n-
alkanes) was calculated using a known concentration of internal standard
(Equation 3.1):
Equation 3.1: MasSbiomarker= MasSstandard/ [ Ar€astandard] * ([areaviomarker])

The biomarker mass per sample was normalised to the weight of the sample (pg g
1) (Equation 3.2), the sediment mass accumulation rate (ug cm2 Kyr-1) (Equation
3.3 and 3.4) and changes to the total organic carbon content of the sediment (pg g1
TOC1) (Equation 3.5).

Equation 3.2: Biomarker (IJ.g g-1)= MaSS biomarker * Welght sample-1
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Equation 3.3: Bulk MAR (g cm? Kyrl)= Dry bulk density(g cm3) *

Sedimentation rates (cm Kyr-1)

Equation 3.4: Biomarker MAR (pg cm2 Kyr-1) =Bulk MAR * Biomarker (ug g

")

Equation 3.5: Biomarker (ug g1 TOC1) =Biomarker (pg g1) * TOC!
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Figure 3.12: N-alkane samples from the Pliocene (~3 Ma). Top sample has higher TAR
than lower sample (GC-FID).

3.6

Organic carbon and nitrogen bulk and isotope analysis

Freeze-dried and homogenized sediment samples were transported to the geology

department of The University of Otago (New Zealand) for carbon (C) and nitrogen
(N) bulk (TOC and TON) and isotopic (613C and &'°N) analyses. A first test of

samples was made by weighing 40 mg of dried sediment into tin and silver

capsules to investigate the best method to implement for this analysis according to

the characteristics of our samples. Some standards (Acetanilide Reference (TN -
4.52 + 0.1% w/w and TC 9.52 % w/w) and Control (TN 71.09 % w/w and TC 10.36
% w/w) and MESS-2 (TN 0.170 = 0.009 % w/w and TC 2.052 * 0.042 % w/w)

were alternated in the run to monitor the preparation and instrument
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performance. As a result of the low total nitrogen (TN) concentration (<0.1% w/w)
and the total carbon (TC) (<3 % w/w) present in the samples, the weight of
sediment for analysis was increased, and silver caps were used to acidify the

samples.

Approximate 70 mg of sediment was weighed into silver caps and acidified with
sulfuric acid H2SO4 (1M) to remove the inorganic carbon efficiently (Equation 3.11)
however without compromising organic matter preservation. Acidification was
repeated until no further bubbling was observed in the sample under the
microscope. Samples were oven-dried between acidifications at 40°C. To
guarantee the full combustion of the sample, 6 mg of Tungsten VI oxide (WO3) was
added into each sample. A gas chromatography isotope ratio mass spectrometry
was used to analyse the isotopic values of carbon and nitrogen and quantify the
13C, 12C, 15N, 14N and total organic carbon (TOC) and total organic nitrogen (TON).
Analysis was controlled placing some standards in between the samples in the

same run (Table 3.5).

Table 3.5: Standard details for C and N analyses. 61°N (%o), TON (%), 513C (%o) and TOC

(%) details of the standards used for analysis accuracy monitory of carbon and nitrogen

studies.
Standard 615N (%0) TON (%) 813C (%o0) TOC (%)
EDTA-OAS -0.73+£0.12 9.59 -38.52 +0.20 41.1
USGS-40 -4.52 9.52 -26.39 40.8
USGS-41 47.57 9.76 37.63 41.9
MESS-2 3.09 £0.78 0.170 + 0.009 -26.07 1.384 + 0.050
AA#1 1.18 10.37 -29.53 71.09

Replications of samples and standards were also placed within the same batch to
control analysis. These quantified an overall standard deviation of the method of
0.58 %ofor 615N, 0.006 % for TON, 0.26 %o for 613C and 0.031% for TOC, a within-
batch standard deviation of 0.6%o0 for 615N, 0.003% for TON, 0.24 %o for §3C and
0.021% for TOC and a between-batch standard deviation of 0.78%o0 for 615N,
0.11% for TON, 0.4%o for §13C and 0.053% for TOC. The test samples (tin capsules)

were run with a Carlo Erba and rebuilt Sercon MS combination (Carlos Erba NA
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3500 elemental analyser and a PDZ Europa 20-20 isotope ratio mass spectrometer
(Sercon Ltd., Cheshire, UK). A combination of a Varian elemental analyser and a gas
chromatograph combustion isotope ratio mass spectrometer (EA-IRMS) was used
for the analysis of the acidified silver capsules, to generate the downcore data

presented here.
Equation 3.6: Ca CO3+2 HCI-> CO2 + CaClz +H20

Many studies have examined the effect of acidification on organic C and N bulk and
isotopes in invertebrates (Jaschinski et al, 2008; Mateo et al,, 2008; Vafeiadou et
al, 2013; Serrano et al, 2008) and in marine sediments (Ryba and Burgess, 2002;
Kennedy et al, 2005). For marine sediments, the direct addition of acid to the
sediments has been proved to remove most of carbonates (Ryba and Burgess,
2002) (Equation 3.6). A more detailed study of the acidification process with
different acids: HCl (1M, 2M and 6M), H2S03 (6%) and H3PO4 (1M), suggests that
acidification carried out with 6M HCl, 6% H2SO3 and 1M H3PO4 resulted in higher
organic carbon concentrations and §13C than with the 1 and 2M HCI acids. This is
interpreted as a non-effective acidification process where inorganics are still
present in the sample (Kennedy et al.,, 2005). Acidification carried out with 6%
H2S03 and 1M H3POj4 resulted also in lower §1°N than the non-acidified sediment,
which could not be explained (Kennedy et al., 2005). A weak acid (i.e. 1 to 2 M HCI)
solution is advised to use for the removal of inorganic carbon without a significant
bias in the bulk TOC and TON and 613C and 6!°N (Kennedy et al., 2005). Alteration
of nitrate by diagenesis (Jaeger et al, 2014) in our study sediments was an
incentive for inorganic removal. We followed the Kennedy et al (2005)
acidification of samples and compared it with a non-acidification method of
samples and concluded the acidification was a more appropriate approach where

values were on the range of the instrument detection.

3.7 Depth-age conversion
Age-depth conversion and plots of the different cores and the core breaks the

sediment samples analysed in this study are shown in Table 3.6 and Figures 3.6

and 3.7 (U1417) and Table 3.7 and Figures 3.8 and 3.9 (U1418).
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Table 3.6: U1417 age-depth conversion table.

Age Average
(Ma) depth CCSF-

A (m)
0.0 0.00
0.5 78.03
1.0 153.18
1.5 196.53
2.0 245.12
2.5 323.26
3.0 365.76
3.5 398.26
4.0 418.26
4.5 438.26
5.0 460.76
5.5 488.26
6.0 515.76
6.5 570.76
7.0 618.26
7.5 648.26
8.0 658.26
8.5 663.26
9.0 668.26
9.5 673.26
10.0 678.26
39.0 838.26

Maria Luisa Sanchez Montes

Table 3.7: U1418 age-depth conversion table.

111

Age Average depth
(Ma) CCSF-A (m)
0 0
0.2 2971
0.2 2971
0.4 462.1
0.4 462.1
0.6 577.1
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Chapter 4: Results

4.1 Introduction

This PhD thesis has produced a number of records: sea surface temperature (SST)
reconstruction and sea surface salinity from alkenone analysis, terrestrial and
aquatic organic matter delivery to the site from n-alkane and total organic carbon
(TOC) and total organic nitrogen (TON) analysis, and marine productivity export
from carbon (813C) and nitrogen (81°N) isotope, alkenone and sterol analyses. This
Chapter will outline only results of the analysis performed in this PhD thesis, by
site. Alkenone records have been produced by Dr. Juliane Miiller through the early-
middle Pleistocene transition (1.5 Ma to 0.5 Ma) gap in Site U1417 data below.
Interpretations and implications of the results presented here will be discussed in
Chapters 5 (U1417) and 6 (U1417) and 7 (U1418) together with other climatic

records as mentioned in Chapter 1.

4.2 Site U1417

4.2.1 Palaeo-sea surface temperature and palaeo-salinity from alkenone
proxies
UX37 index at Site U1417 ranges from 0 to 0.6 and has an average value of 0.3
(Figure 4.1), excluding samples where no alkenone could be detected. Negative
UX37 values correspond to samples with >20% C37.4 alkenone. Through the 800 to 0
m CCSF-A sediment depth, the UK3; shows considerable scatter, although values
ranging from 0.6 to 015 during the Miocene (800 to 400 m CCSF-A; Figure 4.1),
from 0.42 to 0.17 during the Pliocene (475 to 340m CCSF-A) from 0.44 to 0.09
during the early Pleistocene and from 0 to 0.37 during the Late Pleistocene (340 to
196m CCSF-A). Thus, UX37 at Site U1417 shows an overall decreasing trend from
the Miocene to present. The UX3;" values range from 0 to 0.7 and have average
value of 0.3, and shows a similar overall trend to UX3; (Figure 4.1). UX37 shows a
wider range of values than UK37’, which is a result of the UX37 index containing the
C37.4 alkenone (Section 2.5.2), which also varies downcore (Figure 4.1c). C37.4

concentrations range from 0 to 33.2%, with an average of 3.2 % (Figure 4.1c).
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There is a long-term trend towards increased C37.4 from the Miocene to present at

Site U1417.
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Figure 4.1: Alkenone proxies for temperature and salinity (a) UX3; (black) and UX3;’
(white), (b) SST (C) calculated from UKs; (black) (Prahl et al,, 1988) and UK3;’ (red) (Miiller
etal, 1998) and (c) C37.4 (%), plotted against composite depth for Site U1417 (m CCSF-A).

The absence or unquantifiable alkenones in the record are indicated with 0 value data points.

4.2.2 SST Calibrations during 4 to 1.7 Ma

The SST calibration of Prahl and Wakeham (1987) and Prahl et al. (1988) is based

on the UK37 index, which incorporates the C37.4 alkenone: in high latitudes, the co-

registration of SST and salinity information by the Cz7.4 alkenone (Bendle et al,

2005) introduces complexities for the reconstruction of SSTs. In contrast, the UX37’
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index excludes the C37.4 alkenone from the index and has a better linear correlation
to growth temperatures (Prahl and Wakeham, 1987) including a global core-top
calibration (Miller et al, 1998 and Conte et al, 2006). High %Cs7.4 has been
thought to be restricted to East Greenland (Bendle et al, 2005) however at Site
U1417 %Cs7.4 concentrations reach 25 %. The %Cs7.4 concentration ranges
between 0 to 35% at Site U1417 and confirms the freshwater characteristics in our
site. For %Cs7.4 concentrations higher than 5% it has been suggested that the
linear correlation between UX3;’ and SST is less precise (Rosell-Melé, 1998). When
C37.4 concentrations are higher than 5 %, more scatter between SST and UX37 has
been observed, and the UX3;" index has been identified as being more reliable
(Bendle and Rosell-Melé, 2004). However, there needs to be a future better
assessment of whether C37.4 should be incorporated into the SST calibration in the
northeast Pacific, given that few Pacific data points are found in the global

calibrations.

Site U1417 C37.4 range of concentrations (Figure 4.1) is comparable to the North
Atlantic %Cz7.4 range at modern (Sikes and Sicre, 2002). However, Site U1417 C37.4
range is ~25% higher range than found in salinity reconstructions from the North
Atlantic during the last 65 kyr (Naafs et al, 2013) and ~20% lower range as found
in the Sea of Okhotsk during the last 120kyr (Harada et al., 2008). All of these
studies used the UK3;" index for SST calibrations according to Miiller et al. (1998)
(Naafs et al, 2013) to Prahl et al., 1988 (Harada et al,, 2008) whereas the study of

Sikes and Sicre (2002) is used to create a new UK37' -SST calibration.

At Site U1417, the UX37’index is applied to reconstruct SSTs, acknowledging the
relatively high presence of %Cs7.4. The UX37" index has been converted into SST
according to the core-top to annual mean SST correlation constructed with
samples spanning 60°S to 60°N, which includes the Pacific Ocean (Miiller et al.,
1998) (Figure 4.1 and Figure 4.2). This calibration has been applied to samples
from the North Pacific Ocean (Meheust et al., 2013, McClymont et al., 2008, Herbert
et al, 2010, LaRiviere et al,, 2012, McClymont et al.,, 2012). However, the core-top
calibration of Sikes et al. (1997) has been suggested as the best calibration for
summer SST in the east North Pacific and Bering Sea (Meheust et al, 2013). The

Sikes et al. (1997) calibration is similar to the calibration of Sikes and Volkman et

115



Durham University PhD thesis Maria Luisa Sanchez Montes

al. (1993), and both arose from analysis of Southern Ocean core top and surface
water samples (see Section 2.5.1). Applied to our results, the summer SST of Sikes
et al. (1997) is overall 2.0 °C warmer than the SST calibration of Miiller et al.
(1998), whereas the Sikes and Volkman (1993) SST calibration is overall 2.9 °C
warmer than the SST calibration of Miiller et al. (1998) (Figure 4.2). However, the
Sikes et al. (1997) calibration for the eastern North Pacific is based only on three
samples with UX3;’ values ranging from 0.4 (S0202/1 26-1and S0202/1 27-1) to
0.37 (S0202/1 28-1) 400 and 300 km away from Site U1417 (Meheust et al,
2013), respectively, whereas our UK3;" data ranges from 0 to 0.7. Given that the
calibration of Sikes et al. (1997) is dominated by samples from the Southern Ocean,
has a small number of samples from the Gulf of Alaska being tested against that
calibration, and the narrow window of UX37" index values represented, it is difficult
to accept this calibration as the most reliable for application to the GOA samples

presented here.

Alkenones are synthesized by prymnesiophytes, a classification that includes the
coccolithophores (e.g. Volkman et al, 1980a). Coccolithophore blooms peak during
different season at different locations (Rosell-Melé and Prahl, 2013). At subpolar
latitudes blooms are more intense from summer to early autumn (Brown and
Yoder, 1994) based on Nimbus 7 CZCS imagery data from 1978 and 1986, although
they bloom all year around. Seasonal peak coccolithophore blooms occur during
late spring in the northeast Pacific (Prahl et al, 1993) based on sediment traps, and
during late summer through to late autumn in the subpolar northwest pacific
(Haug et al., 2005; Yamamoto and Kobayashi, 2016) based on top core studies. The
seasonality in the production of alkenones could mean that the Sikes et al. (1997)
calibration for summer SST could be more appropriate to use in these regions in
the ocean. However, the seasonality bloom is still under debate (Rosell-Melé and

Prahl, 2013).

Both the Miiller et al. (1998) and Sikes et al. (1997) calibrations have similar SST
ranges to current ocean conditions in the GOA and show similar SST to the
Holocene of 10°C (Miiller et al., 1998) and 12 °C (Sikes et al., 1997) at 15 kyr in our
site (our top-most sample), which corresponds to similar modern SST average and

to late summer-early fall SST on the top 25 m of the water column at Resurrection
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Bay (Weingartner, 2007), respectively. Average Pliocene SST calibrated by Miiller
et al. (1998) is 8°C and 10 °C calibrated with Sikes et al. (1997), which reflects

mean annual and summer SST, respectively.

In this study, we use the calibration of Miiller et al. (1998), as the sedimentary
temperature signal from alkenones has been suggested to average out any
seasonal fluctuations in productivity, to allow the reconstruction of annual sea
surface temperatures (Rosell-Melé, 1998). Furthermore, the presence of 4 hours of
sunlight during the month of December (State of Alaska, 2001-2007) makes the
coccolithophore blooms possible all year around in the Gulf of Alaska (Brown and
Yoder, 1994). The calibration that captures the known variations in coccolithphore
and alkenone production is that of Miiller et al. (1998), which also includes the
samples of the study of Sikes et al. (1997) but calibrates the data to mean annual
sea surface temperature. Sediment trap studies are lacking from the GOA, however,

to confirm the season of maximum alkenone flux to the deep ocean.
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Figure 4.2: SST Calibrations Site U1417. SST ( C) calibrations based on the UX3;" index
applied to the complete data set of Site U1417: Sikes and Volkman (1993) in green, Sikes et
al. (1997) in purple and Miiller et al. (1998) in red and SST ( °C) calibrations based on the
UK3; index: Prahl and Wakeham (1987) in yellow and Prahl et al. (1988) in blue during 4 to

1.66 Ma. Samples where alkenones could not be detected are shown in black.
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4.2.3 Terrestrial and aquatic proxies

TOC concentrations range from 0.1 to 1.1 % with average concentrations of 0.4%
(Figure 4.3). TON concentrations range from 0.01 to 0.1%o0 with an average of
0.04%o (Figure 4.3). Shipboard analyses of Site U1417 determined that there was
an inorganic N contribution to the bulk N (Jaeger et al, 2014). Despite the
inorganic contribution of N, bulk N and C/N ratios can be used to assess changes in
nutrient input and utilization. Inorganic C was removed from the samples before
bulk stable isotope analysis (Section 3.6). Organic §13C ranges from -26.0 to -20.3,
with average concentrations of -24.5, and organic § >N ranges from -0.4 to 6.4%o,
with average concentrations of 3.2%o (Figure 4.3). All of the bulk organic matter
data sets show an increasing long term trend towards the present, and a decrease
in variability. Thus, the Pliocene-early Pleistocene has the highest variability in the

bulk sediment data (Figure 4.3).

%0TOC concentrations are similar to the Arctic Ocean concentrations (Schubert
and Calvert, 2001). 613C at Site U1417 show an approximate of 4 times lighter
concentrations than 613C in a transect from the east Equatorial Pacific through the
Miocene through the Pliocene and Pleistocene range (813C =2.5 to -0.5%o;
Reghelling et al., 2015). 613C concentrations follow a trend towards enrichment in
the light isotope through the Miocene until the mid-Pliocene which then reverses
until the present (Reghelling et al, 2015). 61°N concentrations at Site U1417 are
similar than previously analysed samples from the GOA and other marine

sediment samples across the globe during the last 200 kyr (Galbraith et al, 2004).

The terrestrial/aquatic ratio (TAR) is the ratio between the terrigenous and the
aquatic source of organic matter (Section 2.5.3.4). The TAR index at Site U1417
ranges from 0.4 to 17 with an average value of 3.8 (Figure 4.3a). Excluding the
samples where no n-alkanes could be detected during the Pliocene and early
Pleistocene, Miocene TAR values range from 1.8 to 6.4, Pliocene TAR values range
from 2.2 to 17, early Pleistocene values range from 0.7 to 8.6 and late Pleistocene
values from 0.5 to 3.5 (Figure 4.3). The range of TAR at Site U1417 is similar to
other lake and terrestrial TAR studies across the globe (e.g. TAR= 1 to 8, D’anjou et
al, 2013, Lake El'gygytgyn; TAR=1 to 12, Yadav et al., 2017, Southern India; TAR=
0.5 and 0.9, Sanches-Filho et al, 2013; Brasil). The highest TAR at Site U1417 are
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registered around 400 m CCSF-A, and the lowest around 320 m, 200 m, and the top
90 m CCSF-A. The highest values of TAR correspond to a relative increase of the
terrestrial n-alkanes, and the lowest TAR to a relative increase of aquatic n-alkanes

(Figure 4.3). However, at 350 m CCSF-A, there is a decrease in TAR synchronous
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Figure 4.3: Terrigenous and marine OM input to Site U1417. (a) TAR ratio, (b) terrestrial
([C27]+[C29]+[C31]) (brown) and (c) marine ([Cis5]+[Ci7]+[C19]) (green) n-alkanes, (d) total
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bulk organic carbon (TOC), (e) total organic nitrogen (TON) (%), (f) 613C, (g) 6*5N (%o) and
(h) CPl index plotted by composite depth for site U1417 (m CCSF-A).

with high terrigenous n-alkane concentrations and much lower aquatic n-alkanes.
This can be explained by the larger decrease in marine in relation to terrigenous n-
alkanes, which is translated into a lower ratio despite a loss of terrigenous n-

alkanes.

The aquatic n-alkanes are low during the Miocene (0.1 to 0.5 pg g1, 2.1 to 7.0 ug
cm2 kyr-1), decrease during the Pliocene and reach their maximum during the Plio-
Pleistocene transition (up to 2.7 pg g1 at 348.8 m CCSF-A, 31.6 ug cm2 kyr! at
336.6 m CCSF-A and 6.4 pg g1 TOC! at 348.8 m CCSF-A). During the Pleistocene,
the aquatic n-alkane concentration decreases towards present, ranging between
0.2t0 0.7 pg g1, 1.8 to 8.8 ug cm2 kyrtand 0.4 to 1.1 pg g1 TOC! (Figure 4.3 and
Figure 4.4). Terrigenous n-alkane concentrations range from 0.5 to 1.2 ug g1 and
3.4 to 17.4 pg cm2 kyr! during the Miocene and increase during the Pliocene to
values from 0.5 to 4.6 pg g1, 5.2 to 39.5 pg cm2 kyrland 6.7 to 11.8 ug g1 TOC1
(Figure 4.3 and Figure 4.4). During the Pleistocene, the terrigenous n-alkanes peak
at the start of the early Pliocene to concentrations up to 8.7 pg g1, 106.1 ug cm
kyr1and 17.0 pg g TOC-1 and decrease during the Pleistocene to values of 0.3 to
1.3 pggl, 2.3to0 17.4 pg cm2 kyrand from 0.8 to 2.4 pg g1 TOC-1. Overall, aquatic
n-alkanes range from 0 to 35 pg cm-2 kyr-1, with an average value of 5 pg cm-2 kyr-1.
Terrigenous n-alkanes range from 0 to 120 pg cm-2 kyr-1, with an average value of 9

pg cm-2 kyr-1 through the Miocene to the present.

The carbon preference index (CPI) is a way of quantifying the maturity of the
organic matter (Section 2.5.3.4). Values close 1 are traceable to thermal mature
terrestrial organic matter eroded from bedrock, whereas a CPI value of 1.5 comes
from more immature sources (Peters et al., 2005). The average CPI at Site U1417 is
1.5, and ranges from 0.3 to 2.8. The long-term CPI trend is similar to the
terrigenous n-alkane concentrations and TAR index with the highest CPI values (2
to 3) recorded during the Miocene and early Pleistocene and lowest values

(around 1) recorded during the late Pleistocene. The CPI results can be interpreted
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as indicating a higher abundance of immature soils during the Miocene and during
the Plio-Pleistocene transition (CPI ~1.5 to 3). CPI values between 1.5 and 1 occur
during the Pliocene, and the later samples of the early Pleistocene, which suggest a
mix between mature and immature OM and/or a higher abundance of mature soils
during the late Pleistocene. CPI values close to 1 might reflect coal particles found
in sediments in the Gulf of Alaska (Rea et al., 1995; Gulick et al, 2015). High TAR
values during the Pliocene might suggest a higher concentration of coal particles in

the sediment in comparison with other n-alkanes.

[ Pleistocene | Pliocene [ Miocene

< 120 — —20

é . =« Terrigenous n-alkanes

% 100 — ® Aquatic n-alkanes 15

E s~ = )

[@)) L] z

2 60— = " k8 —10

C 40 = R

g = L. o %E — 5

© 20 — 2 on ) "

' o = Tl m e ."

< 0 ;nha E’iﬂ;‘n h-'hm:-:@m L] ﬁgﬁ%nﬁﬂi B; ;u ] s — 0

35 — 8 B

Lo30 == 17 &

£ 25 ) -6 &

~ - 15 2

§ 2+ P Ja £

g 15 w0 13 &

n | . . *

o 10 — . " oa —H2 &

c m® = L] = .f' o

o = [ [ '.f L] = A

= 5 = [l rl ?7':' L1 [} —1 b

g 0 -llil. | ‘.. ‘-ﬁ .E I' gll .. = " O ~
0 100 200 300 400 500 600

CCSF-A depth (m)

Figure 4.4: Terrigenous and marine OM normalised to sedimentation rates and
organic carbon changes at Site U1417. Terrigenous (brown) and aquatic (turquoise) n-

alkanes (ug g TOC-, right axes) and both in black (ug cm2 kyr-1, left axes).

4.2.4 Export production proxies

All export productivity proxies are presented as their original concentration (per g
sediment dry weight, ug g-1), normalised to sediment mass accumulation rate (ug
cm2 kyr1) and normalised to TOC (pug g! TOC1). Note that the normalisation to

TOC could not be completed on all samples due to an incomplete TOC data set.
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Alkenone concentration ranges from 0 to 6.1 pg g1, with an average value of 0.2
(Figure 4.5). Considering the accumulation rates of alkenones and TOC, the
alkenone concentration varies from 0 to 53.7 pg cm2 kyr-1, with an average of 1.6
pug cm2 kyr-land from 0 to 1.2 pg g1 TOC1, with an average of 0.1 pug g1 TOC1
(Figure 4.6). All alkenone records show low values during the Miocene, an abrupt
increase in alkenone concentration during the middle to late Pliocene, a later small

decrease during the early Pliocene, and lower values during the late Pleistocene.
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Figure 4.5: Marine productivity export proxies at Site U1417. (a) Alkenone

concentration (ug g') (b) Brassicasterol concentration (ug g), (c) dinosterol concentration
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(ug g1), (d) B-sitosterol concentration (ug g1) (e) Kz7/Kss alkenone ratio vs U1417 CCSF-A
depth (m).

Alkenone MAR concentrations at Site U1417 are 10 times lower than Pliocene and
Pleistocene records from the California Margin (ODP 1012, Liu et al.,, 2008), 4
times lower than records from the east Equatorial Pacific (ODP 846, Lawrence et
al, 2006) and half compared to the Sea of Okhotsk (MD01-2412, Harada et al.,
2008). In comparison with the Atlantic, Site U1417 alkenone MAR concentrations
through the Pliocene and Pleistocene are comparable to Equatorial Atlantic
records (ODP 662, Lawrence et al, 2013) and around 10 times higher than records
from the North Atlantic (ODP 907, Lawrence et al., 2013; ODP 982, Lawrence et al.,
2009; ODP 607, Lawrence et al., 2013) and South Atlantic (ODP 1091, Cortese et
al., 2004).

The C37 alkenone to Czg alkenones ratio (K37/Kzs ) show values ranging from 0.5 to
3.3 with a single point with a value 6.8 during the Miocene (Figure 4.5). The
K37/K3zg record has a long-term mean of 1.9. There is no long-term trend nor
change in variability in the K37/Kzg record. The K37/K3zg data from Site U1417 are

within the same range as the modern North Pacific Ocean (Prahl et al., 1988).

Brassicasterol concentrations range from 0 to 0.6 pg g'1 (0 to 11.2 pg cm2 kyr-1and
from 0 to 0.9 pg g1 TOC1) with an average value of 0.1 pug g1, 0.9 pg cm2 kyr-1and
0.06 pg g1 TOC-L. Brassicasterol concentrations increase during the uppermost 50
m CCSF-A of Site U1417, and between 380 to 400 m, with values around 0.3 pg g1
(double those recorded between 200 to 300 m CCSF-A). This pattern is replicated

by brassicasterol mass accumulation rates (Figure 4.6).

Dinosterol concentrations range from 0 to 0.6 pg g1, from 0 to 7.0 pg cm-2 kyr-1 and
from 0 to 0.3 pg g1 TOC-1, with an average value of 0.05 pg/g, 0.6 ug cm2 kyr-1 and
0.04 pug g1 TOC! (Figure 4.5 and 4.6). As observed for brassicasterol, dinosterol
concentrations are lower overall during the Miocene, Pliocene and late Pleistocene
than during 200 to 300 m CCSF-A range (which corresponds to the early
Pleistocene), where values are the highest of the records. A slight increase in
dinosterol concentration synchronous to an increase in brassicasterol around 500

m CCSF-A is also appreciable.
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Figure 4.6: Marine productivity concentrations normalised to bulk accumulation rate
or TOC content at Site U1417. (a) Alkenone concentrations, (b) brassicasterol, (c)
dinosterol and (d) B-sitosterol (coloured data in ug g-* TOC, right axes; black in
ug/cm?/kyr) vs U1417 CCSF-A mid-point depth (m).

[B-sitosterol concentrations range from 0 to 7.3 pg g1, from 0 to 87.7 pg cm2 kyr-1
and from 0 to 16.0 pg g1 TOC-1, with an average value of 0.3 pg g1, 3.5 pg cm2 kyr-1
and 0.4 pg g1 TOC! (Figure 4.5 and 4.6). Excluding some isolated samples with
concentrations (~1 to 2 pg g! between 400 to 500 m CCSF-A), (-sitosterol

124



Durham University PhD thesis Maria Luisa Sanchez Montes

concentrations increase consistently during 350 to 450 m CCSF-A depth from
concentrations of below 1 to values above 1 pg g and remain low for the rest of
the record. [-sitosterol pg cm=2 kyrl concentrations show concentrations
approximately 10 times higher than for other marine sterols in Figure 4.6. (3-
sitosterol concentration increase consistently during 350 to 450 m CCSF-A depth
from values of below 1 to values above 1 pg g1 and remain low for the rest of the
record. Mass accumulation rates of dinosterol and dinosterol normalised to TOC

records follow the same trend described above.

4.2.5 Summary of Site U1417

This thesis explores proxies for palaeo-temperatures, salinity and organic matter
provenance and maturity at Site U1417. From the Miocene to the present, Site
U1417 reveals a gradual long term cooling trend, with an increase in freshwater
input, a gradual long term increase in %TOC, %TOC, organic 613C and &!°N.
Increasing contributions from terrestrial and aquatic n-alkanes and alkenone,
brassicasreol, dinosterol and (-sitosterol concentrations occur during the late
Pliocene-early Pleistocene. Changes to sedimentation rates or total organic carbon
contents did not control the patterns of biomarker accumulation; however TOC
values were insufficient to create a complete record of phytoplankton
concentration according to TOC flux to the deep ocean. The CPI and K37/Ks3s
records do not show notable long term variations. In detail, all of the records
(excluding the CPI and K37/K3s ratios) show a shift in behaviour from the early
Pliocene to the late Pliocene and early Pleistocene. Chapter 5, 6 and 7 will discuss

the interpretations and implications of the patterns observed here for Site U1417.

4.3 Site U1418

4.3.1 Palaeo-temperature and palaeo-salinity proxies

UK37 values at Site U1418 range from -0.09 to 0.4, and have an average value of 0.1,
across the 0-500 m CCSF-A interval studied here (Figure 4.7). There is an overall
decrease in UK37 towards the present. UX37’ values range from 0.2 to 0.4 and have
average value of 0.3. In contrast to the UK3;, the UX3; does not show any major
trend throughout the top 500 m CCSF-A. UX37 shows a wider range of values than

UK37" due to the former index containing the C3z7.4 alkenone, as also observed for
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Site U1417 (see 4.2.1). As outlined above, the UX3;’ index will be discussed as the
record of SST in the following chapters (Chapter 7). C37.4 concentrations range
from 1.5 to 27.5 % with an average of 14.9% (Figure 4.7). There is an overall
increase in %C37.4 towards the present in the upper 500 m CCSF-A at Site U1418.
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Figure 4.7: Alkenone proxies for temperature and salinity at Site U1418 proxies for
Records of SST at Site U1418. (a) UXs3; (black) and UKs; (white), (b) SST ('C) calculated from
Uks7 (grey) and UKs;’ (red) and (c) C37.4(%) vs U1418 CCSF-A depth (m).

UK37 based SST calibration of Prahl et al. (1988) range from 0.4 to 12.3 °C with an
average value of 5.4 °C. UX37" based SST values calibrated according to Miiller et al.
(1998) range from 3.8 to 11.5°C and have an average value of 8.0 °C. The SST based
on the calibration of Prahl et al. (1988) shows a decreasing trend over the upper
500 m CCSF-A of U1418. SST based on the UX37 index (Miiller et al., 1998) shows a
small long term increasing trend throughout the top 500 m CCSF-A towards the

present. Within the longer-term trends some shorter-term variability can also be
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seen with most dramatic cyclicity above 300m CCSF-A, with cooling at ~200m,

100m and 50m CCSF-A (Figure 4.7).
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Figure 4.8: Terrigenous and marine OM input to Site U1418. (a) TAR ratio, (b) terrestrial
([C27]+[C29]+[C31]) (brown) and (c) marine ([Ci5]+[C17]+[C19]) (green) n-alkanes, (d) total
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bulk organic carbon (TOC), (e) total organic nitrogen (TON) (%), (f) 613C, (g) 6*5N (%o) and
(h) CPI index plotted by U1418 CCSF-A depth (m).

4.3.2 Terrestrial and aquatic organic matter proxies

TOC concentrations range from 0.4 to 0.8 % with an average value of 0.6%. TOC
values increase moving upwards through the core, with values from 0.4 to 0.8 %
from 500 to 100 m CCSF-A, but this trend is reversed in the uppermost 100m
CCSF-A, with a drop in TOC to values between 0.4 to 0.6 % (Figure 4.8). TON
concentrations range from 0.03 to 0.08 % and have an average value of 0.05 %

(Figure 4.8). TON concentrations are close to the detection limit of the analyser.

Organic 813C values range from -25.5 to -21.3 %o and have an average value of -
24.3 %o (Figure 4.8). There is a trend towards increase in 613C concentrations from
500 to 70 m CCSF-A and a decreasing trend during the last 70 m CCSF-A depth.
Organic 61°N values range from 2 to 6.1 %o and have an average value of 4 %o
(Figure 4.8). There is an increasing trend in §15N values from 500 to 70 m CCSF-A
and a drop during the last 70 m CCSF-A.
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Figure 4.9: Terrigenous and marine OM normalised to sedimentation rates and
organic carbon changes at Site U1418. Terrigenous (brown) and aquatic (turquoise) n-

alkanes (ug g* TOCY, right axes) and both in black (ug cm=2 kyr-1, left axes).
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TAR values at Site U1418 range from 0 to 20.7 and have an average value of 1.3
(Figure 4.8). An outlying high TAR of 20.7 (182.2 m CCSF-A), reflects both very low
(0.06 pg g'1) aquatic n-alkane and a high (1.0 pg g1) terrigenous n-alkane inputs.
Elsewhere, TAR values show an increasing trend towards the present day in the
uppermost 280 m CCSF-A. Terrestrial n-alkane concentrations range from 0 to 3.7
ug/g (0 to 8.6 ug g TOC1; 0 to 764.0 pg cm2 kyr-1), with an average value of 0.5 pg
gt (0.5 ug g1 TOCL; 79.2 pg cm2 kyr1). Aquatic n-alkane concentrations range
from 0 to 1.2 pg g1 (0 to 2.0 pg g1 TOC1; 0 to 153.7 pg cm-2 kyr-1) with an average
value of 0.3 ug g1 (0.3 ug g1 TOC1; 40.3 pg cm2 kyr-1) (Figure 4.8 and Figure 4.9).

N-alkane concentrations are double (terrestrial, 0.61 pg g1; aquatic, 0.35 pg g1)
those recorded during the 500-250m interval than during the last 250 m
(terrestrial 0.36 pg g1 and aquatic 0.17 pg g'1) (Figure 4.8).

CPI values range from 0 to 3.3 and have an average value of 0.9. The CPI shows
variations but no clear trend across the uppermost 500 m CCSF-A (Figure 4.8).
Slight increases in CPI are recorded between 300 and 400 m CCSF-A and at 100 m
CCSF-A.

4.3.3 Palaeo-marine export production proxies

Alkenone concentrations range from 0 to 13.4 pg g1, from 0 to 0.14 pg gt TOC?
and from 0 to 1685.6 pg cm2 kyr! and have an average value of 0.2 pg g1, 0.03 pg
g1 TOC! and 219.6 pg cm2 kyr! (Figure 4.10). Alkenone concentrations have a
small long term decreasing trend during the last 500 m CCSF-A at Site U1418.

Brassicasterol concentrations range from 0.01 to 0.8 pg g1 and have an average
value of 0.2 pg g-1(Figure 4.10). Brassicasterol concentrations increase up to 0.8 pg
g1 between 50 to 200 m CCSF-A, and up to 0.35 pg gt from 400 to 500 m CCSF-A.
Brassicasterol mass accumulation rates (Figure 4.11) range from 1.0 to 27470.5 pg
cm2 kyr-1 with an average of 5163.6 pg cm2 kyr-l. Brassicasterol concentration
normalized by the TOC ranges from 0 to 0.5 pg g1 TOC-1 with an average value of
0.05 pg gt TOC-1(Figure 4.11). Brassicasterol shows a decreasing trend during the
last 500 m CCSF-A.
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Dinosterol abundance values range from 0 to 0.9 ug g-1 and have an average value
of 0.1 pg g1 Dinosterol abundances increase during the 50 to 200 m CCSF-A
interval (up to around 0.4 pg g1) and from 400 to 500 m CCSF-A (up to 0.3 pg g'1)
but there is not a clear long term trend in dinosterol abundances (Figure 4.10).
Dinosterol mass accumulation rates ranges from 0.0 to 35737.6 ug cm-2 kyr-! with
an average of 3799.4 pg cm2 kyr-}(Figure 4.11). Dinosterol abundances normalized
by the TOC ranges from 0 to 0.6 ug g1 TOC-? with an average value of 0.06 pg g1
TOCL.
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Figure 4.10: Marine productivity export proxies at Site U1418. (a) Alkenone abundances
(1g/9), (b) Brassicasterol, (c) dinosterol (u/g), (d) B-sitosterol and (e) C37/Css alkenone ratio
(K37/K38) vs U1418 CCSF-A mid-point depth (m).
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B-sitosterol abundance concentration range from 0 to 1.4 ug g! and have an
average value of 0.4 pg g1 (Figure 4.10). B-sitosterol abundances increase between
50 to 200 m CCSF-A, up to 1.5 pg g1, and from 400 to 500 m CCSF-A,up to 1.2 ug g
1, B-sitosterol mass accumulation rates ranged from 4.0 to 38303.7 pg cm2 kyr-1
with an average of 11122.0 pg cm2 kyr! (Figure 4.11). B-sitosterol abundances
normalized by the TOC ranges from 0 to 2.0 pg g’ TOC-1 with an average value of
0.1 ug g1 TOC-1(Figure 4.11).

2000 — — 015
—_— e
w S 1500 F 0.12
U X =
gE A & =
= a X
29 1000 | up as
=9 oS
g . . 006 A3
500 - . . . S . 8 . =
.l R R T an i g "l fale e .08
e - et I B R s e
30000 — . 05
BT 25000 [ s w
gg 04 ¢ 8
g3 20000 g 2
(¥] - &
= a — 03 O w
g5 15000 - B . - R B
“ = 10000 |- ) 02 ==
5000 | . W . L
0 ne ’ i T B B e 00
40000 — -
— 5 35000 5 :
§< 30000 05 -
25 25000 — —04 & 3
59 20000 — i
= 15000 . 5
10000 [— = a . |02
5000 (— i e T 0d
Blype B : . . e )
- - sssEmassaw s 0.0
25
40000 — . . }
T 5 35000 - . . L1200 _
£ 8 30000 — | &
2 § 25000 - ' 98
= $ 20000 ~ <. a0 8%
15000 [— ) . : i i
10000 — = . . . - — 05
5000 — . " = . et R T . .-
Fan e = ans " 4 24 was = "m sssmasssas 0.0
0% 100 400 500

200 300
U1418 CCSF-A depth (m)
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The K37/K3g ranges from 0.5 to 2.0 with an average value of 1.5. The K37/Kzg ratios
at Site U1418 show an overall decrease moving up the core towards present,

although there is an increase in the uppermost 100 m CCSF-A (Figure 4.10).

4.4 Summary

Overall trends at Site U1418 show a slight long term warming towards present,
and development of a fresher ocean surface. Lower resolution data on terrigenous
and aquatic n-alkanes, sterol, TOC and TON, 613C and &1°N concentrations inputs
do not reveal any long term trends. However, alkenone concentrations and Ks7/K3s
ratio show a long term decrease during the 500 to 50 m CCSF-A. Sterol
concentrations show synchronous changes over the last 500 kyr. All terrestrial and
marine proxies show a truncation in their increasing long term trends or
variability in the last 50 m CCSF-A. Chapter 7 will assess the interaction between
the reconstructed SSTs and evidence for ice sheet development over the late

Pleistocene.
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Chapter 5: Cordilleran Ice Sheet
development with warm sea surface
temperatures in the Gulf of Alaska

5.1 Introduction

During the Neogene, the climate transitioned from a globally warm to a globally
cooler climate that enabled the development of ice masses in both hemispheres
(Zachos et al., 2001a). The MPWP (3.3-3.0 Ma) is a warm period that interrupts the
cooling trend during the Pliocene, with global temperatures around 2-3 °C above
pre-industrial levels (Jansen et al, 2007; Haywood et al, 2004), and warming
suggested to have been more intense at higher latitudes (Haywood et al, 2013;
Dolan et al, 2015). The MPWP has been suggested as a potential analogue to the
21st century climate due to the atmospheric COz levels (400 ppmv) and largely
equivalent continental configurations relative to the present (Salzmann et al,

2011; Raymo et al., 1996, Jansen et al., 2007).

Overall, the mid-Pliocene ice masses were smaller than modern (Dolan et al,
2011), except during the “M2 event” (~3.3 Ma) (De Schepper et al, 2013). The M2
event is a dramatic cooling in the ocean which is considered to be a premature
attempt of a glaciation which was unsuccessful (De Schepper et al, 2013). Climate
model experiments suggest that during M2, the area of formation of the North
Atlantic Deep Water (NADW) was more extensive and shifted northwards, and
high-latitude vegetation shifted from tundra to conifers (Dowsett et al, 1994;
Dowsett et al., 2009).

However, some aspects of the Pliocene continental configuration were different
than at present, which may have had regional climate impacts. For example, the
Central American Seaway (CAS) final closure has been stipulated by models (Haug
and Tiedeman., 1998) and data (Bartoli et al, 2005) to have occurred by 2.74 Ma,
although the timing of the CAS closure is still under debate (Section 2.3.2). The CAS
closure has been suggested to be responsible for an increase in the poleward

transport of salt and heat and increased moisture supply to the northern latitudes
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culminating in the NHG (Bartoli et al, 2005). It has also been associated with an
enhanced North Atlantic Thermohaline Circulation (Bartoli et al, 2005). The
Indonesian Throughflow was reduced between 3 to 4 Ma (Cane and Molnar, 2001)
and more recently that time frame has been reduced to between 3.5 to 3.0 Ma
(Karas et al, 2011a and 2011b). This tectonic change has been associated (Karas et
al, 2011a) with the increased heat transport to the Southwest Pacific and a
decrease in meridional temperature gradients during the gradual global climate

cooling trend.

Events which may have affected the North Pacific, and the Gulf of Alaska, include
the opening of the narrow Bering Sea gateway at 4.5 Ma, which produced a cooler
Nordic Seas and, together with changes in the CAS, led to the intensification of the
North Atlantic Meridional Overturning Circulation (AMOC) (De Schepper et al,
2015). Climate modelling results indicate that the closure of both the Bering Strait
and Canadian Arctic Archipelago are both associated with warmer SSTs in the
North Atlantic and intensification of the AMOC (Otto-Bliesner et al, 2016). It

remains unclear what impact these events had on the North Pacific.

Topographic changes also occurred during the mid-Pliocene with mountain uplift
in the Himalayas (main uplift started at 4.5 Ma-present, Zheng et al., 2000) and the
European Alps (Plio-Pleistocene, Spencer, 1965). The St. Elias Mountains, situated
in coastal Alaska, is the highest coastal mountain range in the world at present
(Enkelmann et al, 2015). The uplift of the St Elias Range from early Pliocene to
early Pleistocene led to an increase in orographic precipitation and subsequent
increase in sedimentation rates. The high erosional pathway shifted to the
southern St Elias Range at 2.6 Ma (Enkelmann et al., 2015). It has been proposed
that mountain glaciation developed in the St Elias mountains from 5.5 Ma (Reece et
al, 2013), ultimately developing into tidewater glaciers, which still shape the
regional landscape. It is still debated whether climatic or tectonic forcing was the
main driver of the NHG (Haug et al,, 2005), as it cannot be explained solely by
changes in isolation (Lunt et al, 2008). An alternative mechanism to grow and
expand ice-sheets independent of climate forcing is through changes in topography

and its impact on orographic precipitation (Bartoli et al., 2005, Haug et al., 2005).
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Independent regional records of climate such as in the Gulf of Alaska could test

these hypotheses.
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Figure 5.1: CO; Plio-Pleistocene reconstructions from (a) EPICA (green; Liithi et al,
2008), 611B from ODP Sites 871 and 872 in the west equatorial Pacific (blue diamonds;

Pearson and Palmer, 2000), and stromata fossil leaves (red circles; Kiirschner et al, 1996),

613C of bulk organic material from ODP Site 806 in the west Equatorial Pacific (white

diamonds, Raymo et al,, 1996) and alkenones from the ODP Sites 925 in the west Equatorial

Atlantic (blue), 806 (green) and 1208 (grey) in the west Equatorial Pacific (Pagani et al,
2010) multiproxy pCO; reconstructions; (b) from 611B from ODP Leg 165, Site 999 in the
Caribbean Sea (Seki et al. 2010) and (c) from alkenones from ODP Leg 165, Site 999 in the
Caribbean Sea (Seki et al. 2010) compared to benthic 6180 LR04 stack (Lisiecki and Raymo,

2005) and modern reconstructions pCO; (Keeling et al.,, 2009). (Figure from Seki et al.

(2010)).

Amongst the mechanisms for the climatic shift from the start of the MPWP to the

cold NHG is a drop in atmospheric CO; concentration (Seki et al., 2010). The
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cooling trend of the Pliocene is synchronous with a decrease in CO; (Figure 5.1)
which likely promoted ocean cooling via reduced radiative forcing and the
expansion of the continental ice sheets. The overall CO2 decrease in the late
Pliocene becomes more abrupt during the Plio-Pleistocene transition around 2.8
Ma (Martinez-Boti et al., 2015; Seki et al., 2010) (Figure 5.1). Despite the global
drop in atmospheric COz, timing of the onset of the NHG varies between locations
based on IRD delivery to northern oceans and at some locations the NHG has been
set as far back as at 3.5 Ma (Nordic Seas, Mudelsee and Raymo, 2005). However,
the timing of the intensification of the NHG (iNHG) has been set to around 2.5 Ma
based on IRD counts from the North Atlantic (Shackleton et al., 1984) and at 2.7 Ma
based on IRD from the North Pacific (Haug et al., 1999).

Here, we present new data sets from the Gulf of Alaska to examine the evidence for
past climate change in the Northeast Pacific Ocean and for the advance and retreat
of the Cordilleran Ice Sheet across the Pliocene-Pleistocene transition. We analyse
marine sediments collected by IODP Expedition 341, which indicated that the
onset of a significant glaciation and enhanced erosion developed at the Pliocene-
Pleistocene boundary (Gulick et al., 2015). IODP Site U1417 (56° 57.38'N, 147°
7.86 'W, water depth 4218m) is examined from 4 to 1.5 Ma through the alkenone
SST proxy (the UK37’ index), the abundance of the cold water alkenone C37.4, the
mass accumulation rate of ice rafted debris (IRD, from Ellen Cowan) and the
terrestrial-to-aquatic ratio (TAR) of n-alkane biomarkers. We test the hypothesis
that the late Pliocene expansion of the Cordilleran Ice Sheet responded to cooling

associated with the Pliocene-Pleistocene transition.
5.2 Materials and Methods

5.2.1 Site location and sedimentology

The detailed modern oceanography and sedimentology of Site U1417 are
described in Chapters 2 and 3. Here we focus on the sediments spanning the
transition from lithostratigraphic unit V to IV, marked most prominently by the
onset of lone stones considered to indicate ice rafting at the Pliocene -Pleistocene

boundary (Jaeger et al. 2014).
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5.2.2 Age model

The shipboard age model was calculated using bio- and magnetostratigraphy
(Jaeger et al, 2014) (See Chapter 3 for more details). The Gauss/Matuyama
magnetic reversal (2.581 #0.02 Ma and 287.5 #1m CCSF-B) was very well
constrained in multiple holes to provide an important age control point for this
study. Poor carbonate preservation across the Pliocene and early Pleistocene
prevents production of a higher resolution stable isotope stratigraphy. The
shipboard age model sedimentation rates show a marked but temporary increase
between 2.0-2.5 Ma (Chapter 3), which has been attributed to a first major erosion
of the landscape by expansion of the Cordilleran ice sheet (Gulick et al., 2015). The
recovery of the Pliocene-early Pleistocene sediments was 70% on average
(Expedition 341 Scientists, 2014), which leads to a number of core breaks in the
record. However, glacial- interglacial cyclicity and longer-term trends in the data

sets can be still examined.

5.2.3 Sampling resolution

119 biomarker samples were analysed between 4 and 1.7 Ma, which corresponds
to a sampling resolution of 1 sample every 21,000 years (See Chapter 3 for more
details). The samples spanned around 3 cm core depth: based on the Pliocene and
early Pleistocene average sedimentation which ranges between 156 cm kyr1
between 2.5 to 2 Ma to 18.3 cm kyr! during the 4 to 3.5 Ma (Jaeger et al., 2014)
this means that each sample represents an average of 0.4 kyr (minimum: 0.2 kyr,
maximum: 2.2 kyr). Samples were spaced c. 44 cm across the Pliocene and early
Pleistocene (1.5-4.0 Ma), which is translated into an average temporal spacing of

14.4 kyr (minimum: 2.8 kyr, maximum: 24 kyr) (See Chapter 3).
5.3 Results

5.3.1 SST

The alkenone-based SST record at Site U1417 shows orbital-scale variability
throughout 4.0 to 1.7 Ma (Figure 5.2). Overall, the UX3;'-SSTs calculated using the
Miiller et al. (1998) calibration shows a range of 9.7 °C (from 3.9 to 13.6 °C)
(Figure 5.1). Using the UX’37-SST calibration from Prahl et al. (1988), SST range of
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11.4 °C, which is heavily influenced by the %Cz7.4 (Section 5.3.2; white, Figure 5.1).
Average SST for different time intervals are outlined in Table 5.1.

Table 5.1: Average SST (°C) and %Cs7.4. Average SST ( C) is the average of all the data
points of the time interval, peak SST ( °C) average is the average of the highest data points of
each interval selected (Figure 5.2), trough SST ( C) average is the average of the lowest data

points of each interval selected (Figure 5.2) and the average SST (°C) variability is the
average amplitude of SST changes or difference between the peak SST average and the
trough SST average for the 4 time intervals detailed in Figure 5.2 and for the Pliocene (4 to
2.8 Ma) and Pleistocene (2.7 to 1.7 Ma). In grey, data calculated from UX3; (Prahl et al, 1988)
and in black, data from UK3;” (Miiller et al, 1998).

Age Average Peak SST Trough Average Average Peak
intervals SST (°C) (°Q) SST (°C) SST C37:4 (%)  Cs74
(Ma) average average  variability (%)
(°C)

4.0-3.0 10.0/86  13.0/10.6  6.9/4.4 6.0/6.2 1.9 10.5
3.0-2.8 8.7/7.4 10.0/8.6 7.1/6.4 3.0/2.2 3.2 4.9

2.7-2.4 10.0/95  13.6/121  2.6/65 11.0/5.6 4.8 24.1
2.4-1.7 8.8/8.3 12.0/10.5  2.2/5.0 9.8/5.5 5.4 23.8
Pliocene 9.3/8.0 11.5/9.6 7.0/5.4 4.5/4.2 2.6 7.7

Pleistocene 9.4/8.9 12.8/11.3 2.4/5.2 10.3/6.1 5.2 23.9

5.3.2  %C374

C37.4 values range from 0 to 24% (Figure 5.2). Values are lower than 5% from 4 to
3 Ma with an average of 1.7%. After 3 Ma values often exceed the 5% threshold
suggested to indicate the presence of subpolar water masses (Bendle et al.,, 2005),
with a mean average value of 4.8%. Average %Cs7.4 for different time intervals are

outlined in Table 5.1.

5.3.3 IRD

IRD is not present in Site U1417 sediments until 2.8 Ma, where the first and highest
peak in IRD of our record appears with a value of 4.5 g cm2 kyr -1 (Figure 5.2).
After this peak, IRD remains very low (<0.03 g cm-2 kyr -1) until 2.6 Ma. From 2.6 to
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2.42 Ma, IRD increases again with values up to 4 g cm2 kyr -1. From 2.4 to 1.7 Ma,

IRD remains present but low (0.588 g cm-2 kyr -1).

5.3.4 TARindex
The TAR index at Site U1417 ranges from 0.8 to 17 between 4 and 1.7 Ma, with an
average of 5 (Figure 5.2). The average value is used as an indicator to visualise the
dominance of the terrigenous versus marine sources of organic matter at Site
U1417 during the 4 to 1.6 Ma time period. The highest TAR values are registered
between 4 to 3.06 Ma, with an average value of 9.36, showing a higher terrigenous
than aquatic source of the organic matter. The TAR decreases from 3.04 to 1.66 Ma
to an average value of 2.73, showing an increased contribution from aquatic
sources into Site U1417 (Chapter 4) in comparison with terrigenous sourced OM.
After 3.046 Ma, there are three intervals of relatively higher terrigenous organic
matter inputs, at 2.68, 2.66, 2.27 and 2.03 Ma (Figure 5.2), where TAR exceeds the

overall average value of our record.
5.4 Discussion

5.4.1 SST Calibration

Regardless of whether the UX3; or UX37 index is used, SSTs do not show any long-
term trend between 4 to 1.7 Ma. However, the absolute values and amplitude
variability is different (Figure 5.2). As detailed in Chapter 4, it is important to
consider and evaluate the different alkenone indices and calibrations: here, the
UK37" index has been converted into SST according to the core-top to annual mean
SST correlation constructed with samples spanning 60°S to 60°N (including from
the Pacific Ocean) (Miiller et al., 1998), and this is our preferred calibration to be
applied. The SST calibration of Prahl et al. (1988), which includes the C37.4

alkenone, is also displayed here for comparison.

Regardless of the calibration, the SST show similar range of 9°C variability
throughout the 2.34 Myr (4 to 1.66 Ma). This variability is comparable with
modern SST variability in the top 25 m water column of the Gulf of Alaska of 10°C
(Spies, 2007). The modern SST range in the Gulf of Alaska is 3.5 to 13.5 °C (Levitus
et al.,2015), which is very similar to our SST range during the 4 to 1.5 Ma period
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using the Miiller et al. (1998) calibration (average SST of 9.7 °C). The Pliocene SST
average is 8.0°C and the Pleistocene average SST is 9°C (Table 5.1). Regardless of
the calibration used, the Pliocene was 2°C cooler than the Holocene and the

Pleistocene was 1°C cooler than the Holocene.
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Figure 5.2: Site U1417 across the Pliocene-Pleistocene transition. (a) red line: SST from
UKz;” index according to Miiller et al. (1998) calibration; grey line: SST from UKz; index
according to Prahl et al. (1988) calibration; U1417 SST (calibrated according to Miiller et al.
(1998) in red and according to Prahl et al. (1988) in grey. Dashed red line: Modern monthly
average SST during the 1970-2016 time intervals for the 0-100 m water column depth
(Weingartner et al. 2016) in the Gulf of Alaska and average SST through the 2005-2012 time
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period (Levitus et al, 2015) at Site U1417; Red star on y-axis: value of our youngest sample
analysed at Site U1417 (0.01 Ma), SST calculated from Miiller et al. (1998) calibration; Pink
rectangle: modern SST range during 2000-2002 at the hydrographic station GAK 1 at the
Resurrection Bay offshore of Seward, Gulf of Alaska (Weingartner, 2007) and summer and
winter annual SST average (2005-2012) at Site U1417 (Levitus et al, 2015).(b) abundance of
the cold and freshwater alkenone Cs7.4 (%). Horizontal line shows the threshold of Bendle et
al. (2005) above which subarctic/subpolar water masses were determined for the Nordic
Seas; (c) IRD MAR (g cm ka-1); (d) TAR index. Horizontal line shows the average TAR value
from Site U1417. Lithostratigraphic units (L.U.) VA, IV, lll and Il of the samples and their
main lithology (diamict and mud) (Jaeger et al, 2014) are indicated (orange=diamict,
brown=mud) at the top of the plot. Vertical dashed lines show the transition between
different stages of the NHG outlined in Table 5.1: Note that the subdivision of the record into
the arbitrary chosen intervals and lithostratigraphic units of the samples are often offset.
Black triangle is the Gauss -Matuyama magnetic reversal (at 2.581) and the orange mark
the top x-axis is the Plio-Pleistocene boundary (at 2.58); black squares: no alkenones

detected;

5.4.2 Early to Late Pliocene (4 to 2.6 Ma)

The mid- to late-Pliocene SST values at Site U1417 shows that the GOA had a
variable warm average of 8.6 °C (Figure 5.2; Table 5.1), which is equivalent to
around 1.6 °C warmer than modern (here “modern” refers to the annual average
SST of 7 °C during the 2005 to 2012 time period), with monthly SST average of 4
and 12°C during winter and summer, respectively (Levitus et al, 2015). Average
Pliocene SST (4 to 2.6 Ma) at Site U1417 is 0.7 °C colder than the Pleistocene (2.6
to 1.5 Ma). This means that there was a gradual warming across the late Pliocene
to the early Pleistocene. A Pliocene-Pleistocene warming is consistent with ODP
Site 882 in the subarctic Pacific (Martinez-Garcia et al., 2010), DSDP Site 593 in the
Tasman Sea (McClymont et al, 2016) and Site 1090 (Martinez-Garcia et al., 2010)
in the South Atlantic, but inconsistent with the North Atlantic i.e. ODP Site 982
(Lawrence et al.,, 2009), where there is a surface gradual cooling from the Pliocene
to present. The variable SST values during the MPWP have an average of 7.3°C,

similar to modern SST average, but contains peak SST values 2 to 3°C warmer than
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modern average (Figure 5.2). This is important for considering the mid Pliocene

warm period as an analogue for the future (Hansen et al., 2006).

Both C37.4 and IRD increase between 4 and 1.7 Ma, when TAR is observed to
decrease. From 4 to 2.6 Ma the %C37.4 values remain low, IRD is not present in Site
U1417, yet there is high terrigenous input in relation to the rest of the record. In
the following sections, the processes likely to be driving these trends are assessed,
in the context of an early to late Pliocene sea surface which shows minimal change

in SST.

5.4.2.1 Non-existent/small Cordilleran Ice Sheet in the early and mid Pliocene

The absence of IRD from 4 to 3.05 Ma suggests that the Cordilleran Ice Sheet, if at
all present, was not yet extensive enough to deliver icebergs to the GOA. However,
our records from Site U1417 cannot exclude the possibility of small glaciers
developing in Alaska since 4 Ma, as indicated from neodymium and lead isotope
records from the Bering Sea (Horikawa et al,, 2015). Furthermore, the absence of
IRD at Site U1417 contrasts with the first appearance of IRD at ODP 887, which
shows evidence for development of tidewater glaciation in the GOA from 5.5 Ma,
and which was attributed to the uplift of the Yakutat formation (Reece et al., 2013).
However, the IRD mass accumulation rates at ODP 887 before 2.6 Ma is very small,
being close to 0 and <0.2 g cm2 Ky! (Krissek et al., 1995). Early Pliocene and even
Miocene evidence of tidewater glaciation (6180, IRD) have been found also at other
locations in the North Atlantic (Mudelsee and Raymo, 2005; Bachem et al,, 2016).
However, as also observed in the GOA, these are also considered to be minor in

scale compared to during the major glaciations of the late Pliocene and Pleistocene.
5.4.2.2 Terrigenous organic matter input into the GOA

There is a shift of TAR at 3 Ma, which we interpret as a change in relative
importance of marine or terrigenous organic matter input into U1417 (Lei et al,
2012). One potential mechanism to explain increased terrigenous organic matter
inputs is due to glaciation increasing the erosion rates on land (Childress, 2016).

Between 4 to 3 Ma, the high TAR and an absence of IRD suggests that the south-
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eastern Alaskan coast was a heavily vegetated landscape, eroded by rivers and

possibly mountain glaciers whose extension was limited to the land.

High Pliocene TAR values (5 to 16) occur with relatively low sedimentation rates
at Site U1418. River transport and ocean currents could transport terrigenous
material from the Yakutat Terrain (Childress, 2016) to Site U1417, 700 km
offshore the Alaskan coast. The Kulthieth rocks have high TAR signature of a
maximum value of 2 (Childress, 2016) and could imprint the sediments delivered
to the ocean with an ancient signal of terrigenous organic matter, rather than
reflecting erosion of contemporary ‘fresh’ organic matter from vegetation and
soils. However, site U1417 CPI values >1 (Chapter 4, Figure 4.3) do not overlap
with CPI values found in Alaska’s lithology <1 (Childress, 2016).

The sedimentology of Site U1417 also shows evidence for downslope transport
from the Alaska coast to the benthic regions of U1417 (Jaeger et al., 2014). Gravity
flow and suspension fallout from surface water plumes (Jaeger et al., 2014) could
have contributed to the transport of the plant waxes offshore Site U1417.
Alternatively, dust transport from North America has been presented as a key
process for plant wax transportation to the North Atlantic during the NHG (Naafs
et al., 2012). Some climate model outputs (McClymont et al,, 2012) suggest that a
deeper AL and intense winds blowing offshore Alaska can develop during cold
periods such as the LGM (McClymont et al., 2012). If the colder SST during the
Pliocene in comparison with the Pleistocene reflected a deeper AL, and/or the
Yakutat terrain was already covered by ice during the Pliocene (Reece et al, 2013),
dust driven transport of terrigenous organic matter may have developed. Site
U1417 low sedimentation rates, absence of IRD and high TAR during the Pliocene

in comparison with the early Pleistocene cannot resolve the hypothesis above.

5.4.2.3 M2 Glaciation attempt (~3.3 Ma)

Two intervals of significant cooling are recorded during the Pliocene at Site U1417:
during MIS M2 and KM2. Both intervals are punctuated by core breaks, suggesting
a change in the sediment lithology which made core recovery difficult. Both cool
stages reach SSTs only subsequently seen during the early Pleistocene (Figure 5.3).

The M2 has been proposed as a significant Pliocene glaciation, but it did not reach
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the same extension as the early Pleistocene glaciations, possibly due to the
prevalent high atmospheric CO; levels (De Schepper et al, 2013). Among the
mechanisms proposed for this glaciation attempt (Haug and Tiedemann, 1998) is
the a priori enhanced ocean flow by the Panama Seaway closure and the increase
in heat transport to the North Atlantic (De Schepper et al., 2013). This mechanism
could mean an increase in precipitation in the GOA by increased westerly winds
through positive AO and NAO atmospheric teleconnections (Hill et al, 2011)
(Chapter 2). However, if this event triggered the appearance of glaciation in Alaska
at all (De Schepper et al, 2013), the glaciation was not intense enough to grow an
ice sheet or tidewater glaciers which were able to deliver icebergs to Site U1417,
as no IRD is recorded here until after 2.8 Ma. Critically, the new SST data presented
here is the first climatic data for the GOA (and one of only a few for the North
Pacific), and may therefore be important for improving assessment of climate

model outputs during this time (Dolan et al.,, 2015).

5.4.2.4 Onset of tidewater Glaciation in the GOA (3 to 2.8 Ma)

At 3 Ma, the TAR diminishes, as organic matter from higher plants transported to
Site U1417 slightly decreases and marine OM increases. One possibility to explain a
fall in terrigenous organic matter is that the land could have become increasingly
ice covered, in turn limiting the growth of vegetation and so the abundance of
terrigenous organic matter that could be eroded to the ocean. Terrigenous
sediment transport in small river systems might have decreased due to glaciation
(Childress, 2016) compared to before the NHG. Arid conditions in Asia have been
previously proposed from 3.5 Ma with the initiation of the NHG in the North Pacific
Ocean from aeolian MAR studies from the central North Pacific (Snoeckx et al,
1995). An alternative explanation for the changing TAR is that a change in
erosional pathways after tectonic uplift of the Chugach/St. Elias mountain
(although this change is constrained to 2.7 Ma by Enkelmann et al. (2015) and the
glaciation could have altered the main path of terrestrial input to the Surveyor

Channel to higher metamorphic and plutonic sources (Childress, 2016).

The onset of falling TAR coincides with an increase in average sedimentation rates

to 85 m Myr, and is marked by the first % C37.4 value to reach above the 5%
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threshold proposed by Bendle et al (2005) to discriminate coastal and
subpolar/subarctic water masses in the Nordic Seas. This increase in
sedimentation rates indicates that the erosive agent was more efficient than before
3 Ma (despite the relative reduction in terrigenous organic matter) and suggests
that glaciers were present in land, although their signal is not yet visible in IRD
because they had not developed calving margins. Although %Cs37.4 has been linked
to the presence of subpolar water masses (Bendle et al, 2005), it also, in part,
reflects the association of C37.4 with a colder and fresher surface ocean. An
alternative explanation for the increase in %Cz7.4at 3 Ma is that meltwater from
the expanding glaciation onshore influenced the sea surface in the GOA, as is
observed today in the Alaska Coastal Current (Chapter 2). At 3 Ma, average SSTs
remain warm (around 10 °C, since 4 Ma), yet the evidence from Site U1417
suggests that environmental changes are already developing onshore. From 3 Ma,
there is some evidence for cooling at Site U1417, but there is also less SST
variability (Figure 5.2) so that the coldest SSTs observed during the Pliocene are

not repeated.

5.4.3 The intensification (2.8 Ma) of the Cordilleran Ice Sheet and its

evolution during the early Pleistocene (2.8-1.7 Ma)

TAR values remain low (between 1 to 6) and IRD counts, after their first
appearance at 2.8 Ma (4.5 MAR g cm2 Kyr-1), decrease from 2.8 to 2.6 Ma to values
of between 0 and 1 g cm2 Kyr! and increase from 2.6 to 2.4 Ma (up to 4 g cm-2 Kyr-
D). The low TAR values and the high IRD counts appear synchronous with the
higher SSTs and the high %C37.4 over this time period. The first big pulse of IRD
(4.5 MAR g cm2 Kyr1) and doubling of sedimentation rates at 2.8 Ma (from 85 to
145 m Myr-1 average) is the first evidence that tidewater glaciers were present in
the GOA and delivered icebergs to the sea, and it has been suggested to be the
maximum Cordilleran Ice Sheet extension during the Pliocene (Gulick et al., 2015).
These records together suggest that the Cordilleran Ice Sheet remained extensive
after the NHG and now developed a higher discharge of icebergs into the sea. Yet
this “intensification of the Alaskan tidewater glaciation” occurred with a GOA that

was either warmer than, or of comparable warmth to, the late Pliocene.
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Due to the lack of SST data from 2.8 to 2.69 Ma, we can’t be certain of the cause of
the decrease in IRD after the first major peaks at 2.8 Ma. However, with the onset
of the Pleistocene, between 2.69 to 1.66 Ma, Site U1417 is marked by the highest
sustained IRD and %Cz7.4 of the record presented here. C37.4 often exceeds 5%, and
especially between 2.8 to 2.5 Ma when Cz7.4 values reach their maximum (up to
24%). The average %Cs7.4 value for the early Pleistocene is 5.2%. Despite the
attributable influence of subpolar water masses on GOA sea surface characteristics,
the study of Bendle et al. (2005) in the Nordic Seas determines that the range of
%C37:.4 of 0 to 25% is too high to be associated with truly polar water masses.
These values are similar to those of the East Greenland Current, and the North and
East Icelandic Currents, which have a mix of polar and Atlantic waters (Bendle et
al, 2005). Although stratification of the water column due to glacier discharge in
the north Pacific results in warmer sea surface in comparison with the water body
underneath it (Meheust et al, 2013), there is no information about the origin of

C37.4 from the North Pacific to explain the high values recorded at Site U1417.

Furthermore, the overall increase in %C37.4 in the GOA during the early Pleistocene
occurs as SSTs warm by around 1°C relative to the Pliocene (Figure 5.2), although
cooler SST are accompanied by high Cz7.4 (up to 25%), a pattern which also
supports the idea of a mixture of water masses influencing the GOA (Bendle et al,
2005). One possibility to reconcile these patterns is that the sea surface water
masses in the GOA do not directly relate to the subpolar/subarctic sources, but
that the C37.4 may be related to salinity and not to SST changes. A possible
explanation for the co-existence of warmer GOA SSTs, the lower (250 to 400 ppm)
atmospheric CO: levels during this time than in the Pliocene (Seki et al, 2010;
Martinez-Boti et al, 2015), with potential freshening of surface water masses,
could be the stratification of the water column due to increased evaporation and
precipitation (Haug et al, 2005) and/or due to increased glacier meltwater. The
inputs of IRD and terrigenous OM to Site U1417 show the potential for terrigenous
sediment to reach the site. Therefore, despite the location of Site U1417 700 km
away from land, the overall correspondence between %C37.4 increase and the IRD

delivery supports the interpretation of the %Cz7.4 as a glacier meltwater signal.
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Pliocene-Pleistocene SSTs differ by ~1 °C, with the early Pleistocene warmer than
the late Pliocene. This pattern has not been observed in the North Atlantic
(Lawrence et al, 2009) and is not consistent with a linear response to global CO>
concentrations at this time, even given CO2 proxy uncertainties (Martinez-Boti et
al, 2015; Seki et al, 2010). Ocean stratification and a less mixed water column
would help in surface ocean fast warming, which would be a source of moisture to
the land and trigger orographic precipitation (Haug et al, 2005) in the uplifted
coastal terrain. These processes would have been key for a fast Cordilleran Ice
Sheet growth (Haug et al, 2005; Enkelmann et al, 2015), since there is also
evidence in further uplift of the St. Elias Mountains at 2.7 Ma which may have
amplified the response in development of the Cordilleran Ice Sheet during a period

of warm SST (Enkelmann et al.,, 2015).

Between 3.2 to 2.8 Ma, atmospheric CO2 concentrations decreased from higher
than present values between 280 and 450 ppmv before 3.2 Ma (Pagani et al., 2010;
Seki et al., 2010) to pre-industrial concentrations of 250-300 ppmv by about 2.4
Ma (Seki et al, 2010). However, Martinez-Boti et al. (2015) reconstructed a
decrease in pCOz between 2.8 to 2.6 Ma to below, or close to, the modelled
threshold for the NHG (280 patm). A decrease in CO; can decrease surface air
temperature around 1 to 2 °C in the Gulf of Alaska area (Lunt et al,, 2012). It has
already been suggested after MIS 5e in the Nordic Seas (Risebrobakken et al,
2007) that moisture source could be a major factor in ice-sheet built-up without
changes in tectonics and during a period of low insolation. In modelling
experiments, a 50% reduction in the elevation of the Rockies in the Pliocene led to
a 2-3°C lowering of surface air temperature in the GOA, due to a reduction in cloud
cover and precipitation, and is further associated with warming in the Barents Sea
and Arctic which can be increased with reduced ice cover (Lunt et al, 2012).
However, vegetation changes attributed to low albedo from boreal forests can
increase the surface air temperature about 3 to 4°C in a localized area of the St.
Elias Mountains (Lunt et al, 2013). Changes in vegetation and albedo could be

considered during ice sheet growing with no change in SST.
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5.4.4 Comparison between climatic evolution of the west and east subarctic

Pacific during the Plio-Pleistocene transition.

Mean annual SST in the modern subarctic North Pacific Ocean are 1 °C warmer in
the east than in the west. Modern oceanography in the north Pacific describes a
subpolar gyre in the GOA that drives oceanic currents from the west, off the coast
of Japan, to the east and then to the north near the south coast of Alaska and then
along the Aleutian Islands (Chapter 2, Figure 2.1). The new data presented here,
indicates that during the Pliocene and early Pleistocene the opposite pattern of
SSTs occurs compared to the modern: SSTs are 3-4 °C warmer in the west than in
the east (8.7 °C for U1417 and 12 °C for ODP 882) (Figure 5.3). Thus, in
comparison with the modern (Chapter 2, Figure 2.2), the subarctic west Pacific was
around 1-2°C warmer and the subarctic east Pacific was 1-2°C colder during the
Plio-Pleistocene. We do not find a modern analogy where the east Pacific becomes
colder and the west Pacific warmer, only that the seasonal changes in the AL
position drives the subarctic Pacific to become colder in winter with an increase in
storminess and associated water column mixing in the GOA, and a warmer
subarctic Pacific occurs in summer with associated water column stratification in
the GOA (Chapter2). Therefore, the temperature inversion between the west and

east Pacific cannot be explained by changes in the intensity of the AL alone.

During the Pliocene, ODP 882 (northwest Pacific) is colder and ODP 1021 (mid-
latitude east Pacific) is warmer. During the PPT and the NHG, both sites have
similar SSTs. After the NHG, Site 882 gets warmer and Site 1021 gets colder.
Pliocene SST differences could be explained by the ice-free behaviour of the Arctic
Ocean during the Pliocene and the modern permanent and seasonal Arctic sea-ice
cover. A reduction of Arctic sea ice and Northern Hemisphere Ice Sheets before the
NHG in comparison with the present, a restriction between North Pacific and North
Atlantic water and more southern North Atlantic drift through the Arctic into the
west Pacific (Yamamoto and Kobayashi, 2016) could explain a warmer west than
east subarctic Pacific during the Pliocene. However, Marz et al. (2013) and Swann
et al. (2016) suggest that an explanation to a colder northeast Pacific could be a
higher leak of Southern Ocean intermediate waters to the surface waters of the

subarctic north Pacific and a Bering Sea that would help in the formation of sea ice.
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This is consistent with a strong AL affecting the GOA SST. This theory considers the
similarities between the climate of Siberia and the Pacific during the Plio-
Pleistocene explained above due to an enhanced thermohaline circulation. This
theory is further explored in Chapter 6 with the study of marine productivity

export changes.

5.4.5 Comparison across the Pacific during the Plio-Pleistocene

SST trends across the North Pacific during the 4 to 1.7 Ma interval do not follow
the pattern of cooling from the MPWP as observed in the North Atlantic Ocean
between 18 and 13 °C in ODP Site 982 (Lawrence et al.,, 2009). Instead, the early
Pleistocene was often warmer than the Pliocene across the subarctic Pacific
(Figure 5.3). Across the PPT there is evidence in the tropical Pacific of a long term
increase in the zonal SST gradient (Fedorov et al., 2013). Changing zonal and/or
meridional SST gradients are expected to change heat transport poleward. This
could have been triggered by ENSO and a permanent and positive PDO state during
the Pleistocene in comparison with the Pliocene. Increase of heat transport to the
Northeast Pacific under strong ENSO conditions is consistent with model climate
outputs that have been modelled for the Pliocene (Bonham et al, 2009), but the

lack of data from the Northeast Pacific limits the confirmation of these results.

Explanations for the NHG include the closure of the Indonesian Seaway between 3
and 4 Ma (Cane and Molnar, 2001), and the associated drier GOA due to a
reduction in heat transport between the tropics and the high latitudes and the
cooling of the SST in the GOA due to melting of northern ice sheets. However, the
timing of the closure of the Indonesian Seaway is not well constrained. The gradual
closure of the Bering Sea and changes in the Canadian Arctic Archipelago are
associated with warmer North Atlantic SSTs during the MPWP (Otto-Bliesner et al,
2016). The gradual closure of the Bering Sea and changes in the Canadian Arctic
Archipelago are also associated with enhanced (De Schepper et al, 2015; Otto-
Bliesner et al, 2016) and northwards shifted (Dowsett et al, 1994; Dowsett et al.,
2009) AMOC and could be responsible for the restriction of fresh, stratified and

cooler waters in the Pacific during M2 observed in Figure 5.3.
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Across the PPT there are larger changes in SSTs at high latitudes. During the NHG,
these ~10 °C SST variations are due to the shoaling of the thermocline, ocean

stratification and ocean’s heat capacity (Haug et al, 2005; La Riviere et al, 2012).

This is due to the higher climatic variability that higher latitudes experience from
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Figure 5.3: Pliocene-Pleistocene SST across the North Pacific. SST (C) from UKz;”
comparison between IODP 341 Exp. Site U1417 (pink horizontal line indicates the Modern
Annual SST average in GOA), ODP Site 846 (Herbert et al, 2010), ODP Site 1208, Site 1010

and Site 1021 (LaRiviere et al,, 2012), ODP Site 882 (Martinez-Garcia et al, 2010). LR04
Benthic Stack (Lisiecki and Raymo, 2005) on top.

seasonal solar radiation and ice sheet influence into the ocean. In the modern
Pacific Ocean, the El Nifio Southern Oscillation (ENSO) phenomenon influences SST
of the tropics that in turns influences SST in the northern high latitudes. Warmer
conditions in the GOA have been attributed to a more positive PDO and ENSO
during the Holocene (Barron and Anderson, 2010). These changes have altered the
climatic system in the GOA by shifting the AL eastward and intensifying it, as well
as increasing winter precipitation on land (Barron and Anderson, 2010). In the rest
of the Pacific, the Holocene changes have been marked by a shift southward of the
North Pacific High, increased SST variability in mid-latitudes (~30 °N) and the
increase in SST during autumn to winter around 40 °N (Barron and Anderson,

2010).
5.5 Conclusions

The onset and intensification of glaciation in the St. Elias range of the GOA
occurred in two steps. Firstly, at 3 Ma, a decrease in terrestrial/aquatic organic
matter is suggestive of increased land ice coverage, and occurs with an increase in
%0Cz7.4that we interpret as an increase in freshwater input into the ocean, likely
from glacial meltwater. Secondly, at 2.8 Ma there is the development of tidewater
glaciers in the Gulf of Alaska. From 2.8-2.4 Ma, we hypothesise that the
intensification of the glaciation in GOA occurred due to high efficiency in the ice-
ocean-climate coupling where the warm sea surface temperatures increased the
precipitation as snow over land, which in turn led to increased high freshwater
delivery from glacier meltwater. Higher snowfall led to a growing Cordilleran Ice
Sheet, and bedrock erosion allowed the delivery of IRD into the ocean (and an

overall increase in sedimentation rates) during the Pleistocene.

The SST evolution from the Pliocene to the Pleistocene in the GOA is very different

from the North Atlantic, with a colder late Pliocene than early Pleistocene. The
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unusual SST pattern in the GOA could be explained by a regional high latitude
ocean circulation in the Pacific delivering more heat to the GOA during the
Pleistocene than during the Pliocene, although the drivers of such connections
remains unclear. Finally, it remains possible that tectonic uplift could also help
explain the development of the Cordilleran Ice Sheet during warm SST in the GOA
after the NHG, but this explanation requires testing through improved constraints

on the timing and location of uplift in the region.
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Chapter 6.Land-ocean interactions
during the Plio-Pleistocene
Cordilleran Ice Sheet growth.

6.1 Introduction

Marine productivity is controlled by a complex range of processes involving the
interaction between ocean and atmospheric circulation and the flux of terrestrially
derived nutrients. In the modern Gulf of Alaska there are two different marine
productivity regimes: one offshore, in the centre of the gyre and another one along
the coast. This chapter will focus on the productivity changes offshore of the GOA.
Offshore, the GOA is a high nutrient low chlorophyll region (Hinckley et al, 2009).
This is caused by micronutrient limitation and leads to nitrate rich deep waters
(Harwell et al, 2010, Martin et al, 1991; Rae et al, 2014; Stabeno et al., 2004).
Despite the apparent micronutrient limitation (Martin et al., 1988), the GOA is one
of the richest ecosystems of the planet (Ladd et al, 2005). In the central GOA,
wind-induced upwelling occurs during autumn to spring (Stabeno et al., 2004) and
during summer. Upwelling conditions occasionally develop due to intensification
of the westerly winds, which helps to mix the nutrients stored in the deep ocean up
to the surface, increasing marine productivity (Powell and Molnia, 1989; Harwell
et al, 2010). Outside of the higher productivity seasons (spring-autumn), the lower
productivity may reflect the weaker wind strength in the Gulf of Alaska, associated

with a weaker AL (Chapter 2).

In addition to the role of wind outlined above, rivers and/or glaciers can also
impact the ocean circulation by altering stratification and can, therefore, impact
marine productivity (Addison et al, 2012). Wind, rivers and glacial melt can also
bring nutrients from land to the ocean, such as iron, a micronutrient that limits
productivity in the modern GOA (Martin et al., 1991). Generally, wind transport is
maximum during winter and glaciers are faster when more lubricated (more

meltwater production and ocean nutrient input), which occurs during summer.
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Dust input to the GOA from the coastal rivers is maximum during autumn lower

river level and river sediment exposure (Crusius et al, 2011).

Over decadal time-scales, a positive PDO (see Chapter 2) and the presence of a low-
pressure system over the GOA is associated with stronger winds and precipitation,
positive SST anomaly in the GOA and Prince William Sound and increase
downwelling in coastal GOA and upwelling at the centre of the GOA (Harwell et al.,
2010). This is translated into an increase in primary and secondary marine
productivity in the central GOA and decrease in coastal GOA (Harwell et al.,, 2010).

Reversed conditions occur during negative PDO (Harwell et al., 2010).

On glacial-interglacial timescales during the last 500 kyr, marine productivity
changes are globally very distinctive. Increases in marine productivity during
interglacials have been observed in the subarctic Pacific (Jaccard et al., 2005),
which has also been observed during warm episodes after the NHG (Jakob et al,
2016) and during the last deglaciation (i.e. Lam et al.,, 2013; Galbraith et al., 2007).
Marine productivity during interglacials is high, yet it is during glacials that it is
thought there would be more deep ocean storage of carbon in the North Pacific

(Galbraith et al,, 2007).

Around 14.5 ka, a rapid warming and freshening of the sea surface of the
northwest Pacific was attributed to an increase of meltwater from the Cordilleran
Ice Sheet, which is directly followed by a deglacial productivity peak (Lam et al,
2013). At this site, the stratification of the upper ocean driven by enhanced
meltwater inputs was not an impediment to increased productivity, since
increased iron and nitrate supply from the continent provided nutrient inputs
(Lam et al., 2013, Davies et al., 2010). Iron sources have been proposed to be a
crucial fertilizer of central GOA marine productivity (Martin et al, 1991, Davies et
al., 2010). Sources of iron to the GOA are Asian dust, volcanic ash and submarine
lateral transport from the continental margin (Jackson and Hart, 2006; Gutjahr et
al, 2008, Yokoo et al,, 2004, VanLaningham et al,, 2009). In the northwest Pacific
Ocean, despite iron being the main productivity control at present (Martin et al,
1991), over glacial and deglacial periods iron is considered to have a secondary

role in controlling marine productivity, because peaks of iron are not coexistent
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with peaks in productivity (Lam et al, 2013). Instead, the availability of
macronutrients and light have been suggested to be more important than iron to
trigger marine productivity in the past. For example, in the subarctic northwest
Pacific, meltwater input and upper ocean stratification has been suggested to be
critical for maintaining sunlight penetration of the surface ocean and aiding
productivity (Lam et al., 2013). In coastal GOA, iron availability has been attributed
to dust transport from exposed glacial sediments and river mouths (such as the
Copper River) in coastal Alaska during autumn (Crusius et al, 2011), sea level rise
and flooding (Davies et al.,, 2010) and sediment storage at the shelf and slope
(Praetorious et al, 2015) during deglaciation. The proximity of the GOA to the
Cordilleran Ice Sheet allows direct examination of how the evolution of a large ice
mass affects the supply of nutrients from fluvial and/or glacial sources. These
nutrients are sourced from similar bedrock lithology erosion as during the LIG or if
enhanced hydrological regime would increase nutrient availability in the ocean

during the Pliocene.

Glacial periods during the Late Pliocene (2.7 Ma) were accompanied by the
strengthening of the North American dust sources into the Atlantic (Naafs et al,
2012). In the Southern Ocean, which is a HNLC region, increase in dust input to the
ocean has been proposed as the cause of an increase in marine productivity export
(Lawrence et al,, 2013). In other subarctic or subpolar waters (the subarctic Pacific
(Haug et al,, 2005), Bering Sea (Marz et al, 2013), Southern Ocean (Sigman et al,,
2004) and North Atlantic (Lawrence et al, 2013; Lawrence et al., 2009) marine
productivity is higher before the NHG. However, in some sites from the North
Atlantic (Site 607; Lawrence et al, 2013), South Atlantic (Cortese et al., 2004;
Martinez-Garcia et al, 2010) and the subtropical, equatorial Pacific (Liu et al,
2008; Lawrence et al., 2006; Lawrence et al., 2013) the alkenone MAR export is
higher after the NHG. Marine productivity could be important as a mechanism for
drawing down atmospheric CO2 and storing it in the deep ocean. It is, therefore,
important to consider how marine productivity has changed across the NHG where
there was an abrupt decrease in atmospheric CO; (Seki et al, 2010). Polar
stratification and its impact in ocean-atmosphere CO2 limitation could impact

climate cooling globally (Haug et al, 2005). It remains unclear how marine
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productivity in the Northeast Pacific responded to the transition from the warm

Pliocene to the onset and intensification of northern hemisphere glaciation (NHG).

Based on the previous research, one hypothesis is that the marine productivity in
the GOA was higher before the NHG, and the ocean stratification that followed the
NHG (Chapter 5) could have caused marine productivity to contribute to
atmospheric COz drawdown and global cooling. Here this hypothesis is tested
through a multi-proxy approach, focussing on evidence for marine productivity
and inputs of terrestrial OM as proxies for terrestrial inputs of dust/river/glacial
sediment which might also provide nutrients. Terrestrial and marine organic
matter sources have been assessed using the distributions of leaf-wax n-alkanes
and ratios of TOC/TON. Marine productivity and nutrient utilization has been
assessed using bulk 613C and 615N, alongside biomarkers for diatoms
(brassicasterol), dinoflagellates (dinosterol) and coccolithophores (alkenones),
and diatom counts. To understand the climatic context of the evolution of these
records, the data are compared with the SST history and IRD reconstructed in

Chapter 5.

6.2 Research Site

This chapter investigates Site U1417 during the same interval of time (4.0-1.7 Ma)
as in Chapter 5. This includes the increase in sedimentation rates close to the
Pliocene-Pleistocene boundary at 2.56 Ma, and a transition in the core lithology at
2.6 Ma (Gulick et al, 2015). As shown in Chapter 5 there is a warming of SSTs into

the early Pleistocene.

Site U1417 is currently located under the Aleutian Low (AL), in a High Nutrient
Low Chlorophyll (HNLC) region of the Subarctic Pacific. Strong climate-ocean-
productivity linkages are characteristic of this area: cooler SSTs are associated
with the presence of the AL pressure system in the centre of the Gulf, which is
associated with increased precipitation, an increase in ocean mixing and upwelling
in the Alaskan Gyre between November and March, which enhances marine
productivity (Addison et al., 2012; Davies et al,, 2010). In spring and summer, the
opposite effect occurs due to a weakening of the AL. However, the supply of iron

from glacier meltwater in coastal GOA mixes with the high nitrate concentration of

156



Durham University PhD thesis Maria Luisa Sanchez Montes

the surface water resulting in phytoplankton blooms (Addison et al, 2012;
Meheust et al,, 2013). Currently, the eastern Pacific is poorer in silicic acid than the
western North Pacific (Maier et al, 2015). The spring phytoplankton bloom is
dominated by diatom species and late summer-fall phytonplankton bloom is
dominated by coccolithophore species, although in central North Pacific this

seasonality could be extended over a longer period (Meheust et al, 2013).

6.3 Material and Methods

The same samples which were analysed for SST reconstructions (Chapter 5) are
presented here. The full details of the analytical methodology are provided in
Chapter 3. Organic matter concentrations in the sediment are always presented as
mass accumulation rates (MAR), to take into account the influence of changing
sedimentation rate and sediment density on original concentrations (Chapter 4).
The biomarkers have also been normalised to TOC content, to take into account the
possible influence of overall organic matter degradation (Chapter 4). Original

biomarker concentrations are shown in Chapter 4.

6.4 Results

6.4.1 N-alkane distributions and the TAR index

The MAR of long chain or terrigranous n-alkanes ranges from 0 to 106.2 pug cm-2
kyr-1, with an average value of 12.5 pg cm2 kyr! (Figure 6.1b). Short chain or
aquatic n-alkanes range from 0 to 31.6 ug cm-2 kyr-lwith an average value of 4.5 pg
cm2 kyr-1(Figure 6.1b). Both long chain and short chain n-alkanes show a long
term increase in MAR, during the Pliocene-early Pleistocene. Long chain and short
chain MAR are low during the Pliocene with average values of 7 and 1.32 pg cm
kyr-1, respectively. During the Plio-Pleistocene transition, long chain n-alkanes
remain low and short chain n-alkanes increase compared to the late Pliocene
concentrations. During the early Pleistocene the long chain and short chain MAR
values decrease slightly, but still record higher values than during the Pliocene.
The long chain n-alkanes average concentrations during the early Pleistocene are
17.7 ug cm2 kyr-1. The short chain n-alkanes have an average value of 7.5 pg cm-2

kyr-1 during the early Pleistocene.
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TAR is a ratio of long chain (terrestrial sourced i.e. higher plants) and short chain
(aquatic sourced i.e. phytoplankton) n-alkanes (See Chapter 2) (Cranwell, 1973).
Our TAR index ranges from 0 to 17 with an average value of 4 (Figure 6.1c). The
highest TAR values of our record are registered between 4 to 3.06 Ma, with an
average value of 6.5, showing a dominant terrestrial source of the organic matter
in the Pliocene. The TAR concentrations decrease during 3.05 to 1.66 Ma to
average values of 2.4, showing a reduction in the importance of terrestrial n-
alkanes compared to aquatic sources in comparison with the Pliocene. During the 3
to 1.66 Ma, terrestrial inputs still dominate in our record. After 3.05 Ma there are

four short punctual increases in TAR, at 2.68, 2.66, 2.27 and 2.03 Ma.

6.4.2 TOC, TON, 613C and 815N

TOC ranges from 0 to 1.1%, with an average value of 0.3% during the Pliocene-
early Pleistocene (Figure 6.1d). Total organic nitrogen (TON) ranges from 0.01 to
0.08%, with an average value of 0.035% during the Pliocene-early Pleistocene
(Figure 6.1d). Bulk organic carbon isotope (6!3C) values range from -26.0 to -
21.9%o0, with an average value of -24.5%o0 during the Pliocene and early Pleistocene
(Figure 6.1f). Bulk organic nitrogen isotope (81°N) values range from -0.4 to 4.6
%o, with an average value of 2.8 %o during the Pliocene and early Pleistocene

(Figure 6.1f).

TOC MAR ranges from 729.8 to 10484.9 pug cm2 kyr1, with an average value of
4601.3 9 ug cm2 kyr-! (Figure 6.1e). TON MAR ranges from 91.7 to 1002.9 pg cm-
kyr-1, with an average value of 486.1 pg cm-2 kyr-1(Figure 6.1e).

All TOC, TON, 813C and 61°N show very similar trends during the Pliocene and early
Pleistocene, with lower average MAR (TOC=2399.5 pg cm2 kyr-1, TON=302.4 nug
cm2 kyr1) during the Pliocene and higher average MAR values during the early
Pleistocene values (TOC=6319.8ug cm2 kyr-1, TON=629.5ug cm-2 kyr-1), with the

peak values of each record at the Plio-Pleistocene boundary (Figure 6.1d, e and f).

6.4.3 [-sitosterol
All B-sitosterol abundance calculations (in pg g1, pg g1TOC! and pg cm2kyr1)
show very similar trends (Figure 6.1a and Figure 6.2a). For details on the pg g'land

ug g'1TOC-1 data sets please see Chapter 4.
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B-sitosterol MAR ranges from 0 to 16.7 pg cm-2kyr1 (black curves in Figure 6.1a
and Figure 6.2a), with an average value of 1.9 pg cm-2kyr-! through the Pliocene
and early Pleistocene. B-sitosterol average values are 2.6 pg cm-2kyr-! during the
Pliocene and 1.3 pg cm-2kyr1 during the early Pleistocene. (3-sitosterol MAR long
term trend is not clear. (3-sitosterol MAR are very low between 4 to 3.3 Ma with an
average value of 0.3 pg cm-2kyr-1, values increase during 3.3 to 3.2 Ma with an
average value of 6.1 pg cm=2kyr-1, values decrease from 3.2 to 2.1 Ma with an
average value of 1.2 pg cm-2kyr! and increase again from 2.1 to 1.7 Ma with an

average value of 5.4 pg cm-2kyr-1.

6.4.4 Dinosterol
All dinosterol abundance calculations (in pg g1, pg g1'TOC! and pg cm-2kyr1), as
with (-sitosterol abundances, show very similar trends (Figure 6.2b). For details

on the pg gland pg g'1'TOC! data sets please see Chapter 4.

Dinosterol MAR ranges from 0 to 7 pg cm-2kyr-1, with an average value of 0.6 pg
cm2kyr-1. Pliocene dinosterol MAR have an average value of 1 pg cm-2kyr?! and
early Pleistocene dinosterol MAR have an average value of 0.3 pg cm2 kyr-1
through the Pliocene and early Pleistocene. Dinosterol long term trend is not clear.
Dinosterol MAR increases from 3.2 to 3 Ma with an average of 1.66 pg cm-2kyr-1
and from 2.4 to 1.6 Ma with an average of 2.2 pg cm-2kyr-l. From 4.0 to 3.2 Ma,
dinosterol MAR remains very low with an average of 0.11 pg cm-2kyr-1and from

3.0 to 2.4 Ma, with an average of 0.26 pg cm-2kyr-1.

6.4.5 Brassicasterol
All brassicasterol abundance calculations (in pg g1, ug g''TOC-! and pg cm-2kyr1)
show very similar trends (Figure 6.2c). For details on the pg gland pg g'1TOC1

data sets please see Chapter 4.

Brassicasterol MAR ranges from 0 to 12 pg cm2kyr-1, with an average value of 0.9
nug cm2 kyr-1 through the Pliocene and early Pleistocene. Brassicasterol MAR
during the Pliocene has a 1.1 pg cm-2kyr-1 and 0.3 pg cm-2kyr-1 during the early
Pleistocene. Brassicasterol MAR long term trend is not clear. Brassicasterol MAR
increases from 3.3 to 3.0 Ma with an average of 1.3 pg cm-2kyr-1, and from 2 to 1.6

Ma with an average of 3.5 ug cm-2kyr-1. From 4 to 3.3 brassicasterol MAR remains
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very low with an average of 0.04 ug cm-2kyr-land from 3 to 2 Ma, with an average

of 0.24 ug cm-2kyr-1.

6.4.6 Alkenones
Both alkenone abundance calculations show similar trends (Figure 6.2d).We will
use the pg g''TOC1 units to account for the degradation of the biomarkers, as this is

an important process to account for when considering marine productivity (see

Chapter 2).

Alkenone abundance show higher values than the sterol biomarker abundances.
Alkenone concentration are higher before 2.5 Ma (average value of 0.5 pg g1 TOC-
1) than during 2.5 to 1.7 Ma (average value of 0.3 pg g1 TOC-1). This record has a
lower resolution than the SST as the GC-CIMS method for sea surface temperature
reconstructions could also quantify weak alkenone samples whereas the GC-FID
method for alkenone abundance quantification could not quantify weak alkenone

samples.

6.4.7 Diatoms

Total diatom abundance is highly variable ranging from 0 to 17 million valves g1
(Figure 6.2E), with an average of 971,000 valves g1. Diatom abundance reaches
maximum levels from 4.0 to 3.55 Ma, with an average of 7.6 million valves g-1. At
3.55 Ma, diatom abundances show an abrupt reduction, with an approximate
average concentration of 552,000 valves g1 during 3.55 to 2.8 Ma. After 2.8 Ma,
diatoms concentrations are absent from the sediments except for two intervals, at
2.46 and 1.96 Ma, where diatom counts reach values of 15,600 and 8,000 valves

sample-l, respectively (Figure 6.2¢).

Total diatom MAR ranges from 0 to 83,662,002 valves cm2 kyr-1, with an average
value of 5,215,437 valves cm2 kyr-! through the Pliocene and early Pleistocene.
Total diatom MAR are highest from 4 to 3.55 Ma with an average value of
32,968,233 valves cm2 kyr! and decrease from 3.55 to 2.8 Ma with an average
value of 4,189,762 valves cm-2 kyr-1. After 2.8 Ma, total diatom counts disappear
with the exception at 2.4 Ma with a value of 317,666 valves cm2 kyr-1.
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6.5 Discussion

6.5.1 Environmental proxy assessment

N-alkanes and bulk organic carbon and nitrogen are often used to estimate aquatic
and marine sources of organic matter (OM) (Meheust et al, 2013, Walinsky et al,
2009). At Site U1417, TAR and TOC/TON ratio have opposite trends through the
Pliocene and early Pleistocene; TAR long term trend shows an increase/decrease
in marine/terrigenous n-alkanes whereas the TOC/TON ratio shows a trend
towards increasing terrigenous OM input (Figs. 6.1c). TAR is a ratio of long chain
(terrestrial sourced i.e. higher plants) and short chain (aquatic sourced i.e.

phytoplankton) n-alkanes (See Chapter 2) (Cranwell, 1973).

The "aquatic” Ci5, C17 and Ci9 alkanes are dominantly synthesised by algae
(Bourbonniere and Meyers, 1996) and the C17 to C2o alkanes are also dominantly
synthesized by cyanobacteria (Han and Calvin, 1969), both part of the
phytoplankton, which can be from marine or terrestrial freshwater environments.
In contrast, terrestrial C27, C29 and C31 n-alkanes are dominantly synthesized by
vascular plants (Rieley et al, 1991). In this manner, it is possible to use the TAR to
assess whether the source of OM was from terrestrial plants or phytoplankton

productivity.

The TOC/TON ratio reflects the relatively higher organic C content in terrestrial
OM (higher plants) and the relatively higher N content in the marine realm (algae)
based on their elementary biological structure (Walisky et al, 2009). However, the
TOC and TON also contains a mix of material from different sources. Despite the
overall interpretation of increase/decrease in the TAR and TOC/TON ratios as
higher/lower terrigenous organic matter, the different provenance of the n-alkane
and the bulk organic carbon and nitrogen might be the cause of the long term
disagreement between the two records. However, perhaps there is “marine signal”
of TOC and TON that is eroded into the sea from land i.e. carbon (See Chapter 5) or
freshwater phytoplankton (fluvial/lacustrine) together with the terrigenous

material input to the sea.

Similarly, the TAR could be imprinted with terrestrial (freshwater) phytoplankton
and bacterial OM. To distinguish the terrestrial source component of marine

sediments we compare the terrigenous OM signal from the geological record of the
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coastal Gulf of Alaska. The n-alkane signature of rock formations from the Yakutat
terrain in Alaska is typical petroleum chain lengths shorter than Czo (Childress,
2016). The Kulthieth and Poul Creek Formations contain higher chain lengths of
Cz21 to C29 and up to Czz, respectively (Childress, 2016). The overall low TAR values
of terrestrial rock formations in Alaska are likely due to their maturity, being the
greatest TAR values in the Kulthieth Formation rocks (TAR <2). Our n-alkane data
cover a wider range of values than the ones found on coastal south Alaska geology,
which suggest additional contributions from an aquatic productivity signal to the
geological n-alkane signal in the ocean as well as terrigenous OM input. However,

both aquatic and terrigenous could still have a terrestrial source (i.e. rivers).

Bulk and isotopic C and N records are used here to reconstruct both terrigenous
and marine OM input and past productivity. In previous investigations from the
Gulf of Alaska, oceanic TOC, 613C, 815N and N/C records show a similar range of
values compared to our records at Site U1417 (Walinsky et al., 2009; Addison et al.,
2012). 615N follows the same trend of other terrigenous and marine records
outlined above, with a long term trend towards the enrichment of heavier nitrogen
isotopes during the early Pleistocene. The increase towards heavier §15N, despite
similar 813C, and increase TON and TOC and marine and terrigenous n-alkanes
during the early Pleistocene in comparison with the late Pliocene suggest
synchronous increase in terrigenous and marine source of OM during the early

Pleistocene.

Past productivity interpretations draw on the preferential utilisation of the lighter
isotopes during production, which is then transferred to the marine sediment
organic matter record. However, N isotopes have multiple controls, and can be
contaminated by clay composition or be influenced by oceanic currents i.e. the
Kuroshio Current is characterized by a low 815N signal, which is associated with N>
fixation (Ryabenko, 2013). Most of our §13C values are between -24 and -25 %o and
the 815N values are concentrated between 4.5 and 1.5%o, though there are some
spikes with higher and lower isotopic values. The higher and lower spikes in the
613C and 615N occur during the same events in both records. According to the study
of Yu et al. (2010) from estuary and coastal sediments from south China, these

values are indicative of a freshwater environment and increase to -21%o in marine
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environments. Based on measurements of particulate organic carbon (POC), Yu et
al. (2010) identify values ranging from 24.5 to 25.5%o corresponding to a brackish
water environment (Yu et al, 2010). A study from rock formations in the GOA
revealed the §13C values from the Yakutat terrane range from -27 to -22 %o and
615N values from the Kulthieth Formation range from 1 to 3 %o and from Poul
Creek and Yakataga formations values range from 3 to 5 %o (Childress, 2016). The
613C record from Alaska geology has similar range of concentrations as Site U1417
013C record. However, the 61°N values from Alaskan rocks have lower range than
our records from marine sediments which suggests an additional provenance of

the lower 615N values at the GOA during these low 615N intervals.

615N often shows lighter isotopes from 2.8 to 2.4 Ma, with 815N ranges from 0 to
1%o0. The low 615N values are rapidly followed by heavier 6°N of up to 2.5 %o
(biomass preferentially uptakes the lighter isotope). The high 615N variability is
also evident in the 813C concentrations (Figure 6.4). Lighter 613C concentrations
have been previouosly interpreted as biomass consumption (Brunelle et al, 2007).
During the 3.2 to 2.8 Ma, the atmospheric CO: levels decreased from higher than
post-industrial values between 375 and 450 ppm before 3.2 Ma (Pagani et al,
2010; Seki et al., 2010) to pre-industrial 250-300 at about 2.4 Ma (Seki et al,
2010). Decreasing atmospheric CO; levels could have driven a lighter 613C and
615N signature (Raymo et al, 1996) before 3.2 Ma and heavier isotopic signature

after 3.2 Ma.

Literature often presents dinosterol and brassicasterol as marine productivity
indicators synthesised from dinoflagellate and diatom species, respectively
(D’anjou et al., 2013; Schulte et al, 1999). Brassicasterol, if interpreted as a diatom
productivity export proxy, would be expected to correlate with the diatom
abundance record (Figures 6.2 C and E). The fact that this is not the case suggests
that something might be biasing the biomarker and/or diatom record, such as
differential silica and/or OM preservation or a different brassicasterol synthesiser
other than diatoms (Volkman, 2006). Due to the almost anti-phase correlation
between diatom abundance and brassicasterol abundance during the Pliocene-
Pleistocene (Figure 6.4e) and the similarity between dinosterol and brassicasterol

trends (Figure 6.2), the dinosterol and brassicasterol could represent a common
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Figure 6.1: Terrigenous and marine organic matter proxies. A) 3-sitosterol in ug/g
(light brown), ug g* TOC-1(dark brown) and in g cm2 kyr-1; B) terrigenous (brown) and
aquatic (blue) n-alkane MAR (ug cm2 kyr1); C) terrigenous and aquatic n-alkane ratio (TAR)
(light brown) and total organic carbon (TOC) and total organic nitrogen (TON) ratio
(TOC/TON) (dark brown), D) total organic carbon (TOC) (grey) and total organic nitrogen
(TON) (red)in %; E) total organic carbon (TOC) (grey) and total organic nitrogen (TON)
(red) in ug cm2 kyr-1; F) 613C (grey) and 615N (red) in %o. Coloured boxes are values found in
the Yakutat terrane range (blue box in §13C y axis), Kulthieth Formation (orange box §1°N
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axis) and the Poul Creek and Yakataga formations (green box in §15N axis) (Childress, 2016);
G) IRD MAR (g cm2 kyr1) (black) and Cs7.4 in % (blue) vs U1417 Age (Ma).Lithostratigraphic
units I, 111, IV and VA(grey for mud and orange for diamict, see chapter 3). Black triangle on
top shows the age of the Gauss-Matuyama magnetic reversal in our core (2.58 Ma). Pliocene
and Pleistocene boundary shown above graph. Lateral arrows highlight the
increase/decrease of environmental factors. Vertical and horizontal shadows highlight

features highlighted in the text.
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Figure 6.2: Sterol, alkenone and diatom concentrations. A) [5-sitosterol in ug/g (light
brown), ug/g*TOC (dark brown) and ug cm2 kyr1 (black); B)Dinosterol in ug/g (light
orange), ug/g*TOC (dark orange) and ug cm=2 kyr (black); C) Brassicasterol in ug/g (light
green), ug/g*ToC (yellow) and ug cm=2 kyr! (black); D) alkenone abundances in ug/g (light
green), ug/g*TOC (dark green) and ug cm=2 kyr (black) E) diatom valves in valves g-!
(grey) and in valves cm kyr! (black)vs U1417 Age (Ma).Colour shadows highlight intervals

of data mentioned in the text.
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synthesiser in the Gulf of Alaska, such as dinoflagellates (Goad and Withers, 1982).
The difference between brassicasterol and alkenones MAR (Figure 6.2c and d)
supports the assumption of a different synthesiser between the two biomarkers
and the possibility of dinoflagellate and coccolithophore synthesis of these
biomarkers, respectively. However, we cannot discard the differential OM
degradability between alkenones and sterols; alkenones being more resistant to
degradation than sterols. Sterol degradability could explain the similar patterns

between all sterol records in our site.

Finally, the interpretation of the (3-sitosterol record as a terrigenous OM proxy is
assessed by comparing the trends with the other terrigenous records presented
here (Figure 6.1). B-sitosterol MAR does not replicate the long term trends of other
terrigenous proxies (terrigenous n-alkanes and TOC). Further evidence suggesting
the B-sitosterol record is not an accurate proxy for terrigenous input in our site
comes from the weak correlation between brassicasterol and B-sitosterol values
(Figure 6.3b), the low r? value of 0.33 between the two sterols suggests a weak
relationship. In comparison, a bi-plot of long and short chain n-alkanes values
shows a much stronger linear relationship between terrigenous and marine n-
alkanes with an r2=0.83 (Figure 6.3a). The linear relationship between n-alkanes
could be interpreted as a similar increase in both terrigenous and marine n-
alkanes or similar n-alkane preservation, The relationship between increase in
terrigenous and increase aquatic n-alkanes is lost during highest n-alkane
concentrations. Highest terrigenous and aquatic n-alkane concentrations are
recorded between 2.4 and 2.0 Ma and increase in alkenone MAR and

sedimentation rates (Figure 4.3).

The relationship between brassicasterol and (-sitosterol (Figure 6.3b) do not
follow a clear linear relationship as the terrigenous and marine n-alkanes above
(Figure 6.3a). The increase in 3-sitosterol concentrations does not seem connected
to the concentration of brassicasterol however higher brassicasterol values are
linked to higher values of (3-sitosterol (Figure 6.3b). Despite both records seem to
share a common degradability history (Figure 6.2a and c) they seem to have

different environmental source with no clear relationship between them (Figure
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6.3b). Sterol biomarker provenance interpretations proved to be difficult and these

records will not be the focus of the discussion in this chapter.
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Figure 6.3: Relationship between terrigenous and marine proxies. A) aquatic vs
terrigenous n-alkanes (ug g), trendline, relationship equation and r?; B) brassicasterol vs [3-

sitosterol (g gV, linear trendline, relationship equation and r2.

6.5.2 Main trends during the Pliocene-Pleistocene climate evolution.

TOC MAR is approximately 10 times higher than TON MAR at Site U1417 (Figure
6.1e), yet both TOC and TON MAR records show synchronous patterns of change
across the Pliocene and early Pleistocene. The small deviations between these two
records explain the changes shown in the TOC/TON ratio. Terrigenous n-alkanes
are about 35 times more abundant than marine n-alkanes (Figure 6.1). The long
term increase in marine productivity and terrigenous organic matter revealed by
the n-alkane records and TOC and TON during the Pliocene-Pleistocene is
synchronous with an increase in sedimentation rates, which is also synchronous
with an increase in extent of glaciation over Alaska. Figure 6.4 includes TOC, TON,
terrigenous and marine n-alkane mass accumulation rates to discard the influence
of sedimentation rates in our interpretations from these records. The Gulf of
Alaska records the highest erosion rates in the world at modern, with annual
erosion rates of 100 mm (Hallet et al, 1996). Therefore, it is expected that
sedimentation ranges could have a big impact in the ocean. Similarities arise after
comparing the TOC, TON, terrigenous and marine n-alkanes with “purely
terrigenous” proxies such as sedimentation rates, IRD and C37.4 (see Chapter 5)
(Figure 6.4). We suggest that the similarities between these proxies could be
explained by increase in OM preservation due to rapid burial as sedimentation
rates increase at Site U1417 during the Pliocene and Pleistocene.
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Dinosterol and brassicasterol MAR have a similar variability from the Pliocene to
the Pleistocene, with lowest values from 4 to 3.4 Ma and from 3 to 2.8 Ma and the
highest values between 3.4 and 3 Ma and from 2.8 to 1.7 Ma. Diatom valve
concentrations have the opposite long term variability compared to dinosterol and
brassicasterol levels, with highest values around 4 to 3.4 Ma and lower values from
3 to 2.8 Ma, low values from 3.4 to 3 and the valves disappear from 2.8 to 1.7 Ma
(Figure 6.4). Alkenone MAR can be used for coccolithophore export production
(Prahl and Muehlhausen, 1989). The alkenone MAR record here is significantly
different from marine sterol records with the lowest values from 4 to 3.2 Ma, 3.1 to
3.0 Ma and 2.8 to 2.5 Ma and higher MAR values from 3.2 to 3.1 Ma, from 3.0 to 2.8
and from 2.5 to 1.7 Ma (Figure 6.4). Alkenones are around 10 times more abundant
in the GOA than brassicasterol and dinosterols and around 4 times more abundant
than B-sitosterol records. [3-sitosterol MAR variability through the Pliocene and

Pleistocene is very similar to the dinosterol and brassicasterol MAR.

Organic matter is present throughout the entire Pliocene and early Pleistocene at
Site U1417. However, surprisingly, the sterol records do not show lower values
during the Pliocene and higher during the early Pleistocene as shown in the
terrigenous and marine n-alkanes, bulk TOC and TON and the &!°N records
outlined above. Dinoflagellate, diatom and coccolithophore blooms occur in late
summer, spring, and late summer-early fall in the GOA, respectively (Bringué et al.,
2013; Max et al., 2012). With the sterol records we can confirm some productivity
in the GOA during the Pliocene and early Pleistocene. Diatom valve preservation is
higher during the earlier part of the record (4 to 2.8 Ma), the middle part of the
record tends to be characterised by higher alkenone organic matter preservation
(3.1 to 2 Ma) and then the sterols show increased abundance/preservation during
the latter part of the record (2.1 to 1.9 Ma) (Figure 6.2). At all these times were
diatom valves and sterols are present, the C37.4 values are below 5 % (Figure 6.4).
This suggests that a decrease in freshwater in the GOA helps silica and OM from
sterols preservation through the water column increasing marine productivity
export. Alkenones, however, do not show a preference for low C37.4 values. This will

be further explored in the following sections.
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6.5.3 Changes in terrigenous and marine sourced organic input and
productivity in relation to SST and the glacial evolution of the
Cordilleran Ice Sheet during the Pliocene and Pleistocene.

The period from 4 to 3.5 Ma is characterised by a warm climate and vegetated
landscape. Low sedimentation rates support the interpretation of a small or non-
existent Cordilleran Ice Sheet. Freshwater is not present at the core site (low C37.4,
Figure 6.1g, Figure 6.4h) and so the ocean is likely to be well ventilated with a
mixed water column. Relatively high terrestrial OM input from land in relation to
marine could also mean a relatively high silica input from the siliceous geology
(volcanic and igneous rocks) along the southeast coast of Alaska (USGS). Silica
preservation is the highest in our record during the 4 to 3.5 Ma interval (high

diatom abundance preserved in the record).

Differential Si and OM preservation at Site U1417 could be explained by silica
preservation helped by a well-mixed water column whereas OM is susceptible to
degradation in a well ventilated ocean. Low sedimentation rates lead to the
sediment-water interface having longer exposure to the OM aggressive oxygenated
environment in a well ventilated ocean. Lower TOC (Figure 6.4) also supports the
interpretation that OM could have suffered degradation. Whitley et al. (2005) also
suggested that increase in iron input from the land into the HNLC region of the Gulf
of Alaska by ocean circulation would increase Si drawdown. Glacial erosion and
terrestrial silica-rich runoff into the ocean could have helped the preservation of

diatom valves, as would a rapid burial (Walinsky et al., 2009).

The diatoms are present for most of the 4 to 3.5 Ma period, but the abundance of
diatom valves decreased abruptly from 3.5 Ma for the rest of the Pliocene.
Calculation of diatom MAR values (Figure 6.4g) suggests that the diatom signal
cannot be explained by sediment dilution (Walinsky et al., 2009). Similarly, the
increase in sedimentation rates from 4.0 to 2.0 Ma would help in diatom
preservation by rapid sediment burial, however, diatom valve concentration drops
dramatically from 3.5 to 2.8 Ma to become almost absent. Instead, the abrupt
reduction in diatom abundance is likely to be driven by a reduction in
preservation. A reduction in preservation could be influenced by global chemistry

changes in the deep ocean at 2.8 Ma during the North Hemisphere Glaciation
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(Swann et al,, 2016; Marz et al., 2013) at the same time as an increased heat supply
to the high latitudes (Haug et al.,, 2005) which could have helped the growth of the
Cordilleran Ice Sheet (increased moisture supply - Chapter 5). Some of these global
changes have been attributed to the establishment of the present day halocline in
the Pacific, an associated increase of intermediate/deep nutrient storage in the
North Pacific and shift of opal deposition from open marine to upwelling
environments (Marz et al., 2013). The series of conditions during the 4 to 3.5 Ma

time interval are not repeated in the rest of our Pliocene-early Pleistocene records.

Diatom valves decrease from 3.5 to 2.8 Ma, dinosterol, brassicasterol and alkenone
MAR increase, and SSTs decrease slightly again. This period from 3.35 to 3 Ma ends
with evidence for the first significant meltwater-sourced freshwater input
(increase in %C37.4) (Figure 6.1g, Figure 6.4h) and increasing sedimentation rates
supporting the hypothesis that the Cordilleran Ice Sheet is developing steadily (see
Chapter 5). The nearby landmass is still covered by vegetation that is being eroded
and transported to the ocean by mountain glaciers which are growing as part of
the Cordilleran Ice Sheet. The reduction in diatom silica preservation in favour of
biomarker preservation suggests that diatom blooms still occur, but perhaps a
more reductive environment at the sea bed would favour OM preservation. It has
also been suggested that the modern halocline across the GOA was established
since the NHG (Haug et al,, 2005) at 2.8 Ma at Site U1417. Whitley et al. (2005)
conducted a study in the subarctic gyre in the Gulf of Alaska and observed that the
normally rich Si HNLC region of the Gulf of Alaska could be depleted in Si due to
the northward advection of the California Undercurrent waters during and
following El Nifio years. The climate of the Pliocene has been suggested to be an El
Nifio permanent state (Ford et al, 2015) and could support the study of Whitney et
al. (2005).

In the modern North Pacific, the silica maximum in the GOA is at an intermediate
depth of 2000-2500 meters (Talley and Joyce, 1992), half the present day water
depth of Site U1417. Coccolithophores have a calcified structure and alkenones are
part of their tissue. Low-resolution shipboard analysis shows lower CaCOs3
concentrations before 2.5 Ma (up to 1.8 wt (%) and highest CaCOs3 values for the

period 2.5 to 1.5 Ma (up to 8% by wt)). The alkenone MAR at Site U1417 indicates
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an increase in coccolithophore OM from 2.5 Ma which occurs more or less
coherently with the increased carbonate content. Both records provide supporting
evidence for changes in marine productivity export increasing from 2.5 Ma and a

more favourable OM and CaCOs preservation after the NHG.

Before 2.5 Ma, coccolithophore biomarker (alkenones) concentrations seem to
show similar variations compared to the diatom valve abundance (Figure 6.4f and
g). Alkenones are known to be a more resistant biomarker than sterols and
therefore, the alkenone preservation in the sediment record is more effective.
Because coccolithophores have a bloom season that follows the diatom and
dinoflagellate bloom seasons, alkenone abundance might reflect late autumn
rather than spring ocean conditions. Late autumn in the GOA is a more stable
season with water column stratification compared to spring, which is the
beginning of the melting season. OM preservation could, therefore, reflect
reduction conditions at the sediment-water interface due to water column
stratification as well as a warmer SST episodes derived from alkenones (Figure

6.4a).

During the oNHG (See Chapter 5), the development of tidewater glaciers is evident
from 2.8 Ma to 2.4 Ma, with the delivery of the first IRD peak to the GOA (Figure
6.1g). This suggests a Cordilleran Ice Sheet expansion with clear evidence for a
large ice sheet preserved in the marine record (see Chapter 5). Diatom valves
become absent from the record and biomarker starts to become the dominant
form of organic material preserved in the record, either from sterols or biomarkers
in the form of n-alkanes and freshwater %C37.4>5%. TOC and TON records show a
high variability but overall increase abruptly as sedimentation rates increase
abruptly as well, while §13C and 8°N do not record a clear trend. Since the
Cordilleran glaciation is evident in the GOA and the diatom disappears from Site
U1417, the freshwater increase and present IRD thus supports the suggestion of

the better preservation of OM during this time.

As stated above TOC and TON show a clear increasing trend similar to the
sedimentation rates (Figure 6.4 c and e) through the Plio-Pleistocene whereas §13C

and &1°N do not follow the same trend (Figure 6.4d). This can be used to
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Figure 6.4: Summary figure. A) Sea surface temperature (SST) derived from UKz, index
(red); B) Terrigenous n-alkanes (brown squares) and aquatic n-alkanes (blue squares) MAR
(ug cm2 kyr1) and terrigenous vs aquatic organic matter (TAR index) (light brown);C) Total
organic carbon (TOC) (grey) and total organic nitrogen (TON) (red) MAR (ug cm2 kyr-1); D)
613C (grey) and 815N (red) in %o, E) Sedimentation rates (m/Myr) (black); F) Alkenone
abundance MAR ( ug cm=2 kyr1) (green); G) Brassicasterol MAR (ug cm-2 kyr-1 ) (purple)
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and diatom MAR (valves cm2 kyr-1 ) (black) and H) IRD MAR (g cm-2Kyr1) (black) and C37.4 %
(blue) vs U1417 Age (Ma).

distinguish the terrigenous or marine signal recorded in TOC, TON 613C and 615N
when their trends differ from each other. From 4.0 to 3.0 Ma, TOC and TON
preservation are low however the heavier §13C and 815N concentrations suggest
the terrigenous interpretation of these values. This is supported by our TAR data.
From 2.4 to 1.7, there is an increase in TOC and TON preservation due to higher
sedimentation rates, however &813C and &1°N values suggest an increase in
terrigenous source of OM. This time period §13C and 61°N interpretation is similar
to during the 4.0 to 3.0 Ma interval, with some increases in TAR. The 3.0 to 2.4 Ma
however, shows overall lighter 613C and 61°N composition and variable TOC and

TON. This is discussed further later in this chapter.

It is possible to differentiate two processes taking place: one in the ocean and one
originated on land. On land erosion from the Cordilleran Ice Sheet (increase in C37.4
and IRD) increases sedimentation rates at Site U1417 and terrigenous n-alkanes,
TOC, TON increase synchronously, however, lighter §13C and 81°N composition
suggest a higher marine productivity role in the ocean. Sterol and alkenone
abundances remain low during the 2.8 to 2.4 Ma. Freshwater input (%Cz7.4) often
increases above 5% and IRD concentration is at the highest of the record. It is
likely that the oceanography in the GOA under these conditions was dominated by
a warm and stratified water column (see Chapter 5) with limited nutrient
availability (low TAR, Figure 6.4b). The depletion of the available surface nutrients
delivered from the land during algal production could drive high variability of §13C
and 615N from marine productivity preference for lighter §13C and 615N uptake and
heavier 8§13C and 6!°N signal due to restriction of nutrients. After the NHG and
following water column stratification, literature on the North Pacific Ocean
suggests the successive advection of the Californian underwater currents into the

Gulf of Alaska (Whitney et al., 2005).

From 2.4 to 1.7 Ma, there is a general §1°N enriching in the heavier isotope and
TOC and TON increase. Lower freshwater for most of this period drives high SST

and increase in sterol OM productivity export. Sedimentation rates increase to the
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highest levels of the record and n-alkane abundances peak as well as sterols due to
increase in OM preservation and terrigenous OM input. These records suggest a
better mixed water column and increase in nutrient abundance (increase in §1°N
and TAR) and phytoplankton preferential lighter isotope intake favours the
permanently low 613C values. We suggest that the continuous input of terrigenous
nutrients into the surface ocean and a rapid OM burial enhanced OM preservation
from n-alkanes, TON, TOC and sterols. Diatom abundances also respond to

punctual nutrient increase and water column mixing at 2.46 and 1.96 Ma.

6.5.4 Isotopic excursions during the early Pleistocene (2.8 to 2.4 Ma).

During variable but overall warmer SST episodes right after the appearance of IRD
in the GOA (2.8 to 2.4 Ma), we find increase range of %Cz7.4 from glacier meltwater
and 613C and 6!°N. A shift from lower to higher TOC and TON MAR is synchron