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ABSTRACT 

This work examines the deep-water hydrography at Ocean Drilling Program (ODP) Site 

1063 (subtropical North Atlantic, ~4600m) throughout the mid Pleistocene climate transition 

(MPT) by using high resolution benthic stable isotope (δ18O, δ13C) analyses from ~500 to 750 ka 

(Marine Isotope Stages [MIS] 13-18). The record fills a gap in published records creating a 

continuous composite stable isotope time series from ~250 to 1000 Ka (MIS 8-29).  The benthic 

foraminiferal δ18O composite provides age control through tuning to the global stack of Lisiecki 

and Raymo [2005].  The benthic foraminiferal δ13C record provides a proxy for changes in the 

relative flux of the lower-most component of northern-sourced deep waters from MIS 8 to MIS 

29.  Comparison of the δ13C record with others from the Atlantic basin indicates that a unique 

increase occurred in the interglacial δ13C values recorded at Site 1063 at ~700 ka (MIS 17). 

While interglacial δ13C values consistently overlap with those recorded in the deep South 

Atlantic prior to this time, they consistently approach those recorded in the deep North Atlantic 

thereafter. By comparing the Site 1063 data to 16 other published records from sites throughout 

the Atlantic Ocean, I deduce that an initial enhancement of NADW production likely occurred 

within MIS 19, not affecting the deepest region of the North Atlantic until MIS 17. The change 

in deep-ocean circulation occurred without any change in orbital forcing, and pre-dates the onset 

of more extreme Pleistocene interglacial warmth (MIS 11) by 300-400 kyr.  These results 

provide new evidence for the northwest migration of the interglacial Arctic Front position during 

this time, likely relating to Eurasian ice sheet dynamics and intensifying glacial terminations 

within the Norwegian-Greenland Sea during the MPT. 
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Chapter 1 

INTRODUCTION 

The mid-Pleistocene transition (MPT) refers to the shift (~1.2 Ma to 600 ka) from 41-kyr 

obliquity-driven climate cycles, to the higher amplitude, quasi-periodic low frequency (~100kyr) 

glacial cycles.  The low-frequency glacial cycles that began during the MPT are most likely 

driven by precession (23 kyr period), with each glacial termination defined by the fourth or fifth 

precession cycle [Head & Gibbard, 2005; Maslin & Ridgewell, 2005; Head et al., 2008].  Prior to 

the MPT, early Pleistocene glacial cycles responded linearly (directly) to obliquity forcing at a 

period of 41-kyr [Imbrie et al., 1992].  However, the ~100-kyr cycles following the MPT appear 

to respond non-linearly (various feedback responses) to orbital forcing [Imbrie et al., 1993], 

indicating a change to the Earth’s global internal feedback climate response [Head & Gibbard, 

2005; Clark et al., 2006; Head et al., 2008]. Most hypotheses for the origin of the MPT involve a 

response to the long-term cooling since the middle Eocene [Zachos et al., 2001], driven by such 

possible mechanisms as ice-sheet dynamics [Clark & Pollard, 1998; Clark et al., 2006] or a 

secular decline in atmospheric CO2 [Raymo et al., 1997; Saltzman, 2001; Ruddiman & Raymo, 

2003].  Other less discussed hypotheses exist, considering a change in location of deep-water 

formation in the Northern Hemisphere [Denton, 2000], or the destabilization and release of gas 

hydrates on continental margins [Kennett et al., 2003].  To date, no consensus has been reached 

on one mechanism adequately explaining this shift from linear 41-kyr glacial cycles to the non-

linear 100-kyr glacial cycles of the last ~700-kyr.   

Studying deep-water circulation is integral in paleoclimate reconstructions, because the 
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ocean-air interactions that drive this circulation further regulate global heat distribution, and 

therefore climate, especially within the North Atlantic [Schmitz & McCartney, 1993].  

Generally, interglacial deep-water circulation is largely driven by strong production of North 

Atlantic Deep Water (NADW), with the water mass penetrating into the deep South Atlantic 

between ~2000 and 4000m.  Below ~4000-4500m, the denser, southern-sourced Antarctic 

Bottom Water (AABW) underlies the NADW.  During glacial periods, production of the lower 

component of NADW ceases, while a more intermediate limb of NADW persists (~1000-

2000m).  This diminished NADW production reflects the decreased transport of warm surface 

waters to the high northern latitudes during glacial periods, and allows strong advection of 

AABW into the deep North Atlantic Ocean.  The strength of production of these waters masses 

relative to one another drives the global redistribution of heat. A decrease in NADW production 

during the MPT is thought to have lasted until the onset of higher amplitude glacial cycles at 

~400ka (MIS 11) [Raymo et al., 1990; Raymo et al., 1997].  

Here, I hypothesize that a distinct change occurred causing the intensification of 

formation of the lower-most component of NADW between ~500 to 750ka, during the MPT.  If 

true, this change would have occurred well before 400ka, as assumed by Raymo et al. [1997], 

and would imply a more direct link between deep-water circulation and the MPT itself.  To test 

this hypothesis, I constructed stable isotope records (δ18O and δ13C) from Ocean Drilling 

Program (ODP) Site 1063 (34oN, 58oW, 4583m). Site 1063 is located near the mixing zone 

between NADW and AABW in the modern subtropical North Atlantic Ocean  [Keigwin et al., 

1998].  Site 1063 is the deepest site for which such data have been published from the North 

Atlantic to-date.  Records from Site 1063 can be used to determine the strength of these water 

masses relative to one another on orbital and millennial timescales [Poli et al., 2000; Ferretti et 
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al., 2005; Billups et al., 2011; Thornally et al., 2013].  By comparing results from Site 1063 to 

other sites throughout the deep Atlantic Ocean, this study provides new insight to the response of 

deep ocean circulation to the climatic reorganization that occurred during the MPT. 
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Chapter 2 

BACKGROUND 

2.1 The mid-Pleistocene Climate Transition  

The Pleistocene epoch began around 2.6 Ma and is defined by repeated cycles of glaciation at 

polar latitudes in both hemispheres.  The distinct differences between Pleistocene glacial and 

interglacial oxygen isotope values led to the identification of various periods as Marine Isotope 

Stages (MIS), with odd and even numbered stages representing interglacial and glacial periods, 

respectfully [Emiliani, 1955; Shackleton, 1967; Broecker & van Donk, 1970].  Up until ~1.2 Ma, 

glacial cycles were characteristically dominated by the 41-kyr obliquity orbital periodicity [Imbrie et 

al., 1992].  The period known as the mid-Pleistocene transition (MPT) began around 1.2 Ma and 

lasted until ~700 ka [Clark et al., 2006] (~500 ka [Head et al., 2008]).  During this time, symmetric 

41-kyr cycles gave way to the asymmetric 100-kyr cycles of the late Pleistocene [Imbrie et al., 

1993].  This transition is perhaps most evident in the LR04 global benthic stack where Lisiecki and 

Raymo [2005] compiled benthic oxygen isotope records from 57 globally distributed sites (Figure 

2.1). 

Prior to the MPT, the symmetrical shape of 41-kyr cycles suggests a climate response 

linearly related to forcing associated with changes in obliquity [Imbrie et al., 1992].  Originally, the 

100-kyr cycles of the late Pleistocene were thought to correspond to orbital forcing associated with 

the Milankovich hypothesis, whereby insolation changes due to orbital eccentricity were responsible 

for glacial cycles [Hays et al., 1976].  However, that hypothesis could neither explain the emergence 

of 100-kyr climate cycles in the absence of a change in orbital forcing [Berger & Loutre, 1991], nor 
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its subsequent dominance of orbital-scale climate variability when known forcing at the eccentricity 

frequency is the weakest of the three orbital variations [Shackleton & Opdyke, 1976; Head & 

Gibbard, 2005; Maslin & Ridgewell, 2005; Clark et al., 2006; Head et al., 2008].  Another orbital 

forcing mechanism has been proposed, whereby the 100-kyr periodicity of the angle of Earth’s 

orbital plane (known as orbital inclination), governs the observed 100-kyr glacial interglacial cycles 

[Muller & MacDonald, 1997].  However, the proposed governing effect of orbital inclination 

whereby the Earth passes through increased amounts of dust in space is not thought to have been 

sufficient to govern late Pleistocene glacial cycles [Raymo, 1997; Mudelsee & Schulz, 1997; Paul & 

Berger, 1999].  To date, the most widely considered explanation for the low frequency periodicity of 

late Pleistocene climate cycles of the late Pleistocene is that they are governed by the fourth or fifth 

precession cycle [Raymo, 1997; Maslin & Ridgewell, 2005; Head et al., 2008].  As eccentricity 

modulates the amplitude of precession cycles, it plays a role in determining whether the fourth or 

fifth precession cycle coincides with glacial terminations [Maslin & Ridgewell, 2005].  

Perhaps the most prominent feature of late Pleistocene 100-kyr glacial cycles is their 

asymmetric “saw tooth” shape, defined by the slow build up of ice followed by subsequent rapid 

melting (Figure 2.1).  This pattern is indicative of a non-linear response of the climate system to 

orbital forcing [Imbrie et al., 1993; Maslin & Ridgewell, 2005].  A non-linear response indicates a 

change in Earth’s global internal feedback climate system [Head & Gibbard, 2005; Clark et al., 

2006; Head et al., 2008].  Such internal feedbacks are the result of the Earth system amplifying and 

transforming changes in insolation received at Earth’s surface, and can occur in various ways.  For 

example, the classic ‘ice albedo’ feedback is a positive feedback mechanism whereby the 

accumulation of ice and snow increases the reflectivity of Earth’s surface, reducing its absorption 
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efficiency and causing lower temperatures.  These lower temperatures then cause more snow and ice 

to accumulate, further perpetuating the positive response.   

Another example of a feedback response occurs during rapid deglaciations caused by  the 

natural instability of ice sheets.  Deglaciations, also known as glacial terminations of the late 

Pleistocene, are the periods of time when the global climate state rapidly shifts from full glacial 

conditions, to full interglacial conditions at the end of an ~100-kyr glacial cycle.  An initial increase 

in summer insolation at 65oN [Imbrie et al., 1993] provides melting and initial retreat of ice sheets 

from their glacial maximum extents.  Additionally, the rise of atmospheric CO2 and CH4 further 

promotes warming and melting of large continental ice sheets [Shackleton, 2000; Ruddiman & 

Raymo, 2003].  These forcing mechanisms produce rising sea levels, which undercut large ice sheets 

adjacent to the oceans, increasing sea-level further [Maslin et al., 2001; Maslin & Ridgewell, 2005].  

This sea-level feedback mechanism can be extremely rapid [Fairbanks, 1989; Maslin & Ridgewell, 

2005], and perhaps drives the rapid collapse of ice sheet margins at or below base level [Denton et 

al., 2010].  These mechanisms for rapid deglaciation produce one end of the ‘saw-tooth’ climate 

signal typical of late Pleistocene glacial cycles [Maslin & Ridgewell, 2005]. 

The MPT is widely recognized as marking a major global climatic reorganization that 

profoundly affected ocean and atmospheric circulation, ice sheets, and the distribution and evolution 

of biota [Head et al., 2008].   Most hypotheses for the origin of the MPT suggest it as a response to 

global long-term cooling since the Eocene [Zachos, 2001], driven by such mechanisms as ice-sheet 

dynamics [Imbrie et al., 1993; Clark & Pollard, 1998; McClymont & Rosell-Mele, 2005; Clark et al., 

2006; Bintanja & van de Wal, 2008; Hernandez-Almeida et al., 2012], deep-ocean cooling [Gildor & 

Tziperman, 2000; Tziperman & Gildor, 2003], and/or a secular decline in atmospheric CO2 [Raymo 

et al., 1997; Saltzman, 2001; Maslin & Ridgewell, 2005].  Other less-widely discussed hypotheses 
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for the MPT also exist.  One such hypothesis includes a shift in the area of northern deep-water 

formation from the Arctic Ocean to the Nordic seas due to a proposed uplift of the Greenland-

Scotland submarine ridge [Denton, 2000].   Another suggests a reorganization of intermediate-depth 

ocean circulation causing warm waters during glacial and deglacial periods to destabilize gas 

hydrates on the continental margins releasing methane [Kennett et al., 2003].  Despite the topic 

being a major focus of research within the paleoclimate community, no one mechanism has been 

accepted as the driving cause of the MPT. 

 

2.2 Modern Deep-Water Hydrography 

 Between the northward-flowing surface waters of the Gulf Stream (~30 to 155 Sverdrups 

[Sv]), and the net southerly flow of intermediate and deep (~10 to 15 Sv) waters, most of the 

climatically important exchanges of heat, salt, and water with other ocean basins occurs in the 

westernmost region of the North Atlantic  (1 Sv = Sverdrup = 106m3s-1) [Keigwin et al., 1998].  

Today, the deep-Atlantic Ocean is primarily ventilated by North Atlantic Deep Water (NADW), 

which is partly formed by deep overflow from the Nordic Seas and partly by wintertime 

convection to intermediate depths (with a small contribution of Mediterranean Sea water) 

[McCartney & Talley, 1982; 1984].  The main, southward stretching tongue of the NADW is 

intensified in the western North Atlantic basin, within the Western Boundary Undercurrent 

(WBUC), which follows the topography of the basin, along the outer shelf of the North 

American continent.  The deepest/densest limb of the WBUC is fed mainly by deep overflow 

waters from the Nordic Seas (below ~2500m), and is often termed lower North Atlantic Deep 

Water (LNADW) [McCartney & Talley, 1982; 1984; Dickson & Brown, 1994; Stahr & Sanford, 

1999; Bower & Hunt, 2000].  When discussing the influence of NADW at ODP Site 1063 
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throughout this paper, I am referring to the deepest/densest limb of this LNADW.  Other 

branches of the NADW exist in various re-circulating gyres east of the WBUC through deep-

water canyons.   

At the deepest levels of the western North Atlantic, Antarctic Bottom Water (AABW) 

flows northwards and blends with several other water masses in these deep re-circulating gyres 

of the NADW [Keigwin et al., 1998].  The AABW flows northward and mixes with the lower-

most limbs of the NADW, near the location of ODP Site 1063.  This location makes the site ideal 

for studying the interactions of the deepest/densest limbs of northern vs. southern sourced deep-

waters in relation to changing climatic conditions. 

 

2.3 ODP Site 1063 Lithology 

The sediments recovered from Site 1063 on the northeast Bermuda Rise record the rapid 

deposition of clays, silts, and nannofossils documenting the dynamics of deep ocean advection and 

redeposition [Keigwin et al., 1998].  The uppermost lithostratigraphic unit, up to a mcd of ~170 of 

sediment (0 to ~885ka [MIS 21] based on age model constructed in this study – see section 5.2) from 

Site 1063 consists primarily of a cyclic alternation between biogenic silica-rich (~15-30% and 

occasionally exceeding 60%) and clay-rich (~70-100%) sediments (Figure 2.2) [Keigwin et al., 

1998].  The persistence of one sedimentary unit, suggests that sediment focusing by deep currents 

has been the dominant depositional process at this site [Keigwin et al., 1998].  This section also has 

very distinctive “brick-red” lutite, or red layers of silt and clay, which along with the cyclical 

biogenic vs. clay-rich sediments, are characteristic of the uppermost sections of all the ODP Leg 172 

sediment cores, providing additional lithostratigraphic correlation from site to site (Figure 2.2) 

[Keigwin et al., 1998].  These lutite beds are thought to reflect increased advection of fine-grained 
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sediment from the Nova Scotia region during cold climate intervals [Keigwin et al., 1998].  

Calcareous nannofossils are the dominant microfossils within this section of core, and are generally 

well preserved, except for some intervals where they are dissolved [Keigwin et al., 1998].  

Foraminiferal assemblages of planktonic origin are generally dissolved, revealing potential shoaling 

of the Carbonate Compensation Depth (CCD), currently located at depths above Site 1063 

(~4500m), [Keigwin et al., 1998].  Below a mcd of ~170, the sediment is predominantly clay, 

nannofossil, and silt mixed sediment (Figure 2.2).  This unit persists to the end of the composite 

record at Site 1063 (~1Ma based on the age model constructed for this study).   

 

2.4 Previous Research at ODP Site 1063 

Several previous studies have sought to determine deep-water circulation from Site 1063 

using benthic foraminiferal δ13C records during different time intervals (Figure 2.3).  To 

determine the affect of millennial-scale climate variability on NADW circulation during MIS 11 

and MIS 12, Poli et al. [2000] published stable isotope records from ODP Site 1063 from ~ 360 

to 470 ka (Figure 2.3A).  This record indicated that the bottom water mass during MIS 12 and 

MIS 10 had lower δ13C values (~ -0.5 to -1.0 per mil), similar to records from deep sites in the 

South Atlantic at that time (Figure 2.3B) [Poli et al., 2000].  Alternatively, during MIS 11 δ13C 

values were close to present-day NADW values at this depth (of ~1.0 per mil [Kroopnick, 1980] 

– Figure 2.3C) [Poli et al., 2000].  Poli et al. [2000] concluded that these glacial-interglacial 

differences reflect that the bottom water in the North Atlantic was more nutrient-enriched during 

glacial periods, indicating reduced NADW and increased inputs of water from a southern source 

region (Figure 2.3B). 
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Similarly, to determine orbital and millennial scale circulation changes in the early-

middle Pleistocene from ~740 to 1020 ka (MIS 18 to MIS 29 – Figure 2.3A), stable isotope 

records from Site 1063 were published by Ferretti et al. [2005], who also noted significant 

northward penetration and shoaling of southern-source deep water during glaciations (Figure 

2.3B).  Therefore, it was determined the circulation patterns in the deep western North Atlantic 

were strongly influenced by southern-source water [Ferretti et al., 2005].  The measured δ13C 

values at Site 1063 from ~740 to 1020 ka varied between ~ -2 and 0 per mil [Ferretti et al., 

2005].  These values, when compared to other records from the source regions of source water in 

the North vs. South Atlantic, demonstrate a northward penetration of AABW, not only during 

glacial intervals (MIS 18, 20, 22, 24), as discussed by Ferretti et al. [2005], but also during the 

interglacial intervals of MIS 19, 21, 23, 25 (Figure 2.3B).  

In an effort to reconstruct millennial-scale changes in deep circulation throughout two 

extreme interglacial (MIS 9 and MIS 11) and two extreme glacial (MIS 10 and MIS 12) periods, 

Billups et al. [2011] published stable isotope data from ~250 to 360 ka, incorporating the data 

discussed above by Poli et al. [2000].  By doing so, Billups et al. [2011] produced and discussed 

a complete stable isotope record from MIS 8 through MIS 13 (Figure 2.3A).  During interglacial 

MIS 9, δ13C values at Site 1063 reach up to ~0.6 to 0.7 per mil, whereas during the glacial 

periods (MIS 10 and MIS 8) the δ13C values drop to ~ -1.0 per mil (Figure 2.3).  When compared 

to the δ13C records of sites in the North versus South Atlantic, these results infer that Site 1063 

was primarily influenced by AABW (~1 per mil) during glacial periods MIS 8 and MIS 10 

(Figure 2.6B), and by NADW (~0.75 per mil) during interglacial MIS 9 (Figure 2.3C).  

In summary, previously published records at Site 1063 reveal several overall trends/patterns 

of thermohaline circulation, deep-water mass influence, and deep-water mass distribution before and 
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after my study interval.  First, during the time period from MIS 29 to MIS 18, Site 1063 appeared to 

be influenced primarily by AABW during both glacial and interglacial periods (Figure 2.3B), as 

indicated by the δ13C records of Ferretti et al. [2005].  Second, from MIS 13 to MIS 8, glacial 

intervals (MIS 12, MIS 10, & MIS 8) exhibited continued AABW influence at Site 1063 (Figure 

2.3B), as indicated by the δ13C records of Poli et al. [2000] (MIS 12 and MIS 10) and of Billups et 

al. [2011] (MIS 8).  Lastly, it was noticed that Site 1063 was under a more predominant influence of 

NADW during interglacial periods after my study interval (MIS 13, MIS 11, & MIS 9).  Based on 

the results discussed above from previous studies at Site 1063, I hypothesize that a major change in 

thermohaline circulation occurred within my study interval (MIS 13 to MIS 18 – Figure 2.3).  This 

change would have allowed the deepest limb of northern-sourced NADW to establish a more 

dominant influence during interglacial periods over AABW at Site 1063, and throughout the deep-

Atlantic Ocean.  If correct, this would suggest a more direct link between the MPT and deep water 

circulation, providing evidence for the intensification of NADW formation well before ~400ka, as 

inferred by Raymo et al. [1997]. 
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Figure 2.1:  The global benthic stack of Lisiecki & Raymo [2005], with even numbered glacial 
Marine Isotope Stages (MIS) highlighted in blue, and odd numbered interglacial MIS periods 
highlighted in red.  The intensification of glacial periods during the MPT is shown, associated with 
the growth of thicker ice sheets in the Northern Hemisphere.  A potential glacial threshold in 
relation to the MPT is highlighted. 
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Figure 2.2:  Information on the sediment core recovered from ODP Site 1063.  The A. age vs. depth 
relationship and B. sedimentation rate information derived from the initial age model for Site 1063 by 
Channell et al. [2012].  C. A generalized core schematic from the initial cruise report for the Site 1063 
sediment core highlighting the two main sedimentary units in this section, as well as the distinct red 
lutite layers. 
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Figure 2.3:  The previously published δ18O (A.) and δ13C  (B. & C.) records from ODP Site 1063 of Poli et al. [2000] (black), 
Ferretti et al. [2005] (purple), and Billups et al. [2011] (green).  The δ13C records from these studies are shown B. in relation 
to those of ODP Site 1089 (4621m [Hodell et al., 2000]) and ODP Site 1090 (3700m [Becquey & Gersonde, 2002]) in the 
deep South Atlantic source region of AABW, and C. in relation to those of ODP Site 980 (2168m [Flower et al., 2000] and 
ODP Site 607 (3427m [Raymo et al., 1990; 1997] from the deep North Atlantic source region of NADW. 
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Chapter 3 

RESEARCH STRATEGY 

3.1 Site Selection 

ODP Site 1063 is located near the mixing zone of the densest limbs of NADW and 

AABW in the modern ocean (Figure 3.1).  This makes the site ideal to study the interactions 

between these two water masses through time.  Additionally, the sediment recovered from ODP 

Site 1063 is from a sediment drift located on the northeast Bermuda Rise.  Sediment drifts are 

widespread in the North Atlantic basin and reflect both the abundant sources of sediment and its 

focusing by deep currents [McCave & Tucholke, 1986; Keigwin et al., 1998].  Furthermore, 

these sediment drifts are ideal to be exploited for their high-resolution paleoceanographic and 

paleoclimatic information [Keigwin & Jones, 1994; McCave et al., 1995].  Sedimentation rates 

have been documented from this drift region to be as high as ~200 cm/kyr, resulting from the 

advection of clay and silt by the deep re-circulating gyres in the region [Keigwin et al., 1998].  

Due its location on this sediment drift, ODP Site 1063 provides as one of the highest resolution 

archives of paleoclimate and paleoceanographic information known from the open sea [Keigwin 

et al., 1998]. Much of the clay and silt found at this site can be sourced from eastern Canada, and 

therefore studies from this location have the potential to link the marine, terrestrial, and 

atmospheric components of the climate system [Keigwin et al., 1998].  With high sedimentation 

rates, and being located between the densest limbs of the two primary deep-water masses in the 

North Atlantic, ODP Site 1063 is ideal for reconstructing deep-water circulation throughout the 

MPT. 
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3.2 Deep water reconstruction 

In this study, I reconstruct deep-water circulation at ODP Site 1063, and throughout the 

deep Atlantic Ocean by determining the influence of NADW relative to AABW through time.  

These two water masses have very specific and distinguishable physical properties such as 

temperature (AABW: -1 to 2oC; NADW: 2 to 4oC) and salinity (AABW: ~34.6; NADW: ~34.9).  

Because temperature and salinity in conjunction do not leave a distinct imprint in the geologic 

record, I use benthic foraminiferal δ13C values to reconstruct changes in deep-water distributions.   

The distribution of δ13C within oceans is controlled primarily by the interaction of 

biological uptake of nutrients at the sea surface (photosynthesis), air-sea gas exchange, 

decomposition (respiration) in deeper water masses, and mixing of water masses [Spero et al., 

1991; 1997; Charles & Fairbanks, 1992; Mackensen et al., 1993; Hodell & Venz-Curtis, 2006].  

The two primary surface-water sources of global deep-water formation today have preformed 

δ13C values that can be clearly distinguished from one another [Shackleton, 1977; Clark et al., 

2006].  NADW is formed at high northern latitudes from near-surface waters that have largely 

equilibrated with the atmosphere, and have relatively low preformed nutrients (Figure 3.1B), 

both of which yield high preformed δ13C values of 1.0 to 1.5 per mil [Clark et al., 2006].  

Alternatively, AABW formed at high southern latitudes originates from deeper upwelled waters 

in the circumpolar current that are only briefly exposed to the atmosphere (in addition to having 

limited gas exchange due to sea-ice cover) [Clark et al., 2006].  Due to this wind-driven 

upwelling, these waters also have high nutrient contents (Figure 3.1B), resulting in the lower 

preformed δ13C values of ~0.3 per mil (more 12C released from decomposition of organic matter) 

today [Clark et al., 2006].  By comparing the benthic δ13C records at any given site through time 
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to the δ13C values of NADW vs. AABW, inferred from deep records near their source regions, it 

is possible to reconstruct how the circulation of these two water masses in relation to one another 

changed through time.   

However, there are two ways in which preformed δ13C values of deep-water masses can 

be altered: mixing between water masses with different isotopic signatures, and continued 

remineralization of organic carbon [Mackensen et al., 1993].  The older the deep-water mass 

becomes as it circulates throughout the deep-ocean, the more negative its δ13C value becomes as 

the decomposition of sinking organic matter continues, returning 12C into the dissolved carbon 

pool.  Therefore, the δ13C composition of seawater cannot act as a conservative tracer of deep-

water masses on a global scale.  Nevertheless, within the Atlantic Ocean, the δ13C distribution 

acts as a conservative tracer because the rates of production and degradation of organic carbon 

are very low [Curry et al., 1988].  This means that alterations to preformed δ13C values are due 

mainly to the mixing of deep-water masses. 

 

3.3 Benthic foraminifera 

The primary method of determining the deep water mass present at a site through time is 

constructing δ13C records from tests of benthic foraminifera.  Benthic foraminifera secrete calcite 

tests (CaCO3) from ocean water at or near the sediment interface.  These tests become slightly 

enriched in 13C (δ13C of ~1 per mil) with regards to the δ13C∑CO2 of mean ocean water (δ13C of 

~0 per mil) [Rubinson & Clayton, 1969].  Measuring the δ13C in the tests of benthic foraminifera 

of the genus Cibicidoides is the ideal method of constructing these records.  Species of this genus 

can be used to reconstruct the δ13C∑CO2 of former ocean deep and bottom-water masses 

[Mackensen et al., 1993; Marchal & Curry, 2008].   Therefore, the resulting δ13C records can be 
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used as proxies, indicating past nutrient distributions with implications for ocean circulation and 

atmospheric CO2 patterns, particularly during late Quaternary climatic cycles [Mackensen et al., 

1993; Oppo & Lehman, 1995; Bickert et al., 1997; Venz et al., 1999; Flower et al., 2000; Poli et 

al., 2000; Raymo et al., 2004; Ferretti et al., 2005; Lisiecki & Raymo, 2005; Dickson et al., 2008; 

Hodell et al., 2008; Ferretti et al., 2010; Billups et al., 2011].     

One reason why Cibicidoides spp. are ideal for deep ocean circulation reconstructions is 

that they are epifaunal, meaning they live on top of sediment, and secrete their tests from ocean 

water above the sediment interface.  This is important because increased remineralization of 

organic material below the sediment interface can potentially alter the preformed δ13C signature 

of the water mass present.  The use of Cibicidoides spp. is also ideal for deep water 

reconstructions because they are widespread throughout all of the deep ocean basins, allowing 

for data comparison without unnecessary species corrections.  One major complication, however, 

is that in certain core-depths, particularly at Site 1063 during this interval of time, foraminifera 

of the Cibicidoides genus may be rare, absent, or too small to accurately measure the δ13C in 

their tests.  In these instances, the δ13C of the infaunal benthic species, Oridorsalis umbonatus, 

may be used to fill the gaps left in the δ13C record from the absence of Cibicidoides (mostly C. 

mundulus at Site 1063), as O. umbonatus has been found to be applicable as an additional, robust 

water mass-tracer [Katz et al., 2003; Billups et al., 2011].  Furthermore, data from Oridorsalis 

umbonatus tests have been used in previously published records of Poli et al. [2000], Ferretti et 

al. [2005], and Billups et al. [2011] at Site 1063, specifically.  Therefore, I saw no problem in 

using data from Oridorsalis umbonatus specimen to fill gaps in my Cibicidoides record.  

However, to do so, a correction of Oridorsalis umbonatus to Cibicidoides mundulus must be 

applied for the records to be comparable (δ18O - 0.59; δ13C + 1.19 [Billups et al., 2011]) at Site 
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1063.  These two species are particularly useful in creating high resolution records, to best link 

the previously published records from Site 1063 [Poli et al., 2000; Ferretti et al., 2005; Billups et 

al., 2011].    
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Figure 3.1 A. Bathymetric map identifying the location of ODP Site 1063 in relation to the generalized 
modern deep-water currents of the North Atlantic Deep Water (NADW) and Antarctic Bottom Water 
(AABW) masses [Hoogakker et al., 2007: after McCave & Tucholke, 1986].  B. Cross-sectional view of 
the distribution of the NADW, AABW, and Antarctic Intermediate Water (AAIW) masses (as indicated 
by dissolved phosphate concentrations) in the Atlantic Ocean in relation to ODP Site 1063 (34N, 58W, 
4583m).  Also identified are the locations of sites to which the δ13C record from Site 1063 will be 
compared to below (Table 5.1). 
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Chapter 4 

METHODS 

4.1 Sample Preparation 

 This project involved 713 sediment samples (2cm-down-core intervals) from ODP Site 

1063 spanning from MIS 13 to MIS 18 (~500 to 750 ka).  These samples were taken at 5 cm 

intervals from 108.36 to 144.09 mcd.  Approximately 95% of each sediment sample was dried 

overnight in a lab-oven at ~50oC, and weighed.  Following this initial weighing procedure, each 

sample was soaked in Calgon (sodium metaphosphate/buffered DI) solution overnight to 

disaggregate.  The sample was then washed through a 63 µm sieve to retain the sand-sized 

sediment fraction.  After air-drying overnight, the remaining sediment was re-weighed to 

determine the total mass (%) of sand-sized particles within each sample (the remaining ~5% of 

each sample was archived).  From the resulting sediment of the > 63 µm size fraction, all 

Cibicidoides spp. and Oridorsalis umbonatus specimen were picked that were > 150 µm in 

diameter (dry sieved).  

 

4.2 Stable Isotope Analyses 

From every possible interval, one or two of the picked benthic foraminiferal specimen 

were prepared for stable isotope analysis.  Specimen were placed in vials and oven dried 

overnight.  These vials were then loaded into a GV Instruments IsoPrime dual inlet stable isotope 

ratio mass spectrometer equipped with a Multiprep sample preparation system.  This instrument 

dissolves the CaCO3 test of the foraminiferal specimen(s) in dehydrated phosphoric acid: 
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CaCO3 + H3PO4 ! CaHPO4 + CO2 + H2O  (Eq. 4.1) 

 

Each run on the mass spectrometer contained in-house standards (Carrara Marble), which are 

used to report the data to VPDB.  The analytical precision of the instrument is better than 0.08 

per mil for δ18O and 0.06 per mil for δ13C in a size range of 20 to 200 µg.  

 To test the species correction of Billups et al. [2011] on this time interval, a total of 44 

samples had duplicate stable isotope analyses conducted on both Cibicidoides mundulus and 

Oridorsalis umbunatus specimen.  From these samples, I calculated an offset correction of 

δ18OOr – 0.71 (standard deviation of 0.36 per mil) and δ13COr + 1.24 (standard deviation of 0.53).  

The difference between this offset and that calculated by Billups et al. [2011] is statistically 

insignificant, and close to the analytical precision range for the instrument.  Therefore, in order 

to best link the various data sets, I applied the  published species correction of O. umbunatus to 

C. mundulus of Billups et al. [2011] from Site 1063 (δ18O – 0.59; δ13C + 1.19).  After applying 

this correction to the stable isotope data from all Oridorsalis umbunatus specimen, the spliced 

data from both species created a relatively smooth time series (Figure 4.1).   

In order to construct the highest resolution record possible, I sent a total of 108 samples 

(76 C. mundulus; 32 O. umbunatus) to the University of South Carolina (USC) as our mass spec 

was down for an extended period of time.  To identify and correct for potential laboratory 

offsets, I also sent samples of our in-house standard, Carrara Marble.  The δ18O and δ13C values 

of the standard were comparable indicating no apparent offsets between the two laboratories.  

However, it became clear that the δ18O values for the benthic foraminiferal samples analyzed at 

USC are significantly lower than duplicate values analyzed at UD (-0.45 per mil) whereas offsets 
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in the δ13C values are small (+0.13 per mil) (Figure 4.2A).  As no differences in values were 

found in the Carrara Marble standards, which have much lower values than typical benthic 

foraminifera (δ18O: -1.91 per mil versus 3-4 per mil; δ13C: 2.07 per mil versus 0-1 per mil, 

respectively), this discrepancy cannot be explained by commonly observed laboratory offsets 

(e.g., Ostermann & Curry [2000]).  More likely it is due to a non-linearity associated with the 

isotopic composition of the sample arising when the sample-standard values are not similar.  As 

the USC values match well with values that were generated at UD before the instrument went 

down, the problem is with our mass spectrometer at UD.  The causes of this non-linearity are still 

under investigation.  However, it is possible to use the eleven duplicate samples to correct the 

UD data set (δ18OUD – 0.45, δ13CUD + 0.14).  This correction produced excellent agreement 

between the two data sets (Figure 4.2B). 

 After applying all of the necessary corrections applied above, I constructed the complete 

stable isotope records by using all of the available C. mundulus data (duplicate values averaged), 

and O. umbunatus data to fill any gaps to the extent possible (duplicate values averaged).  I then 

removed all obvious outliers, identified by being outside two standard deviations of a local five 

point moving average.  This ultimately resulted in a complete δ18O record of 340 data points, and 

a complete δ13C record of 339 data points, between MIS 13 and MIS 18.   
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Figure 4.1:  Agreement between stable isotope data from the two benthic foraminiferal species after applying 
the species correction of Billups et al. [2011] of Oridorsalis umbunatus to Cibicidoides mundulus of δ18OOr. – 
0.59 and δ13COr. + 1.19. 
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Figure 4.2:  The stable isotope data for this study generated from the University of Delaware (UD) mass spectrometer (red), 
and the University of South Carolina (USC) mass spectrometer, in relation to the previously published records before and after 
this study interval (black).  The raw data A. shows an offset between the UD and USC-generated records, compared to B. the 
better agreement of the data after applying the offset correction of δ18OUD – 0.45 and δ13CUD. + 0.14.  Outliers were identified 
(outside two standard deviations with respect to a five point moving average) and removed prior to the construction of this 
figure to better demonstrate the agreement following this correction. 
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Chapter 5 

AGE MODEL DEVELOPMENT 

5.1 Preliminary Age Model 

 The stable isotope data presented below were placed on the preliminary age model of 

Channell et al. [2012], which revised the original age model for ODP Site 1063 of Grutzner et al. 

[2002].  The age model of Channell et al. [2012] was determined by tandem correlation of 

planktonic oxygen isotope (MIS 1 through MIS 24) and relative paleointensity data to calibrated 

reference templates from ODP Site 1063.  This revisited chronology applied the most recently 

established ages of various magnetic excursions to the full planktic foraminiferal record.  The 

resulting planktic oxygen isotope record on the Channell et al. [2012] age model was in better 

agreement with the LR04 global stack of Lisiecki & Raymo [2005] than that on the Grutzner et 

al. [2002] age model.  Applying this revisited paleointensity-derived age model to my benthic 

stable isotope records from MIS 13 to MIS 18 was adequate to compare my results to those 

previously published at Site 1063 (see section 6.1).  However, in order to compare the Site 1063 

composite record (see section 6.2) to others throughout the Atlantic Ocean, a common age model 

was needed.  

 

5.2 Age Tuning to LR04 Global Stack  

 In order to be able to compare the full composite stable isotope record (see section 6.3) 

from Site 1063 to others published throughout the Atlantic Ocean (Table 5.1), it was necessary to 

normalize them to a common age model.  Therefore, I tuned the full composite δ18O record from 
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Site 1063 to the LR04 global benthic δ18O stack of Lisiecki & Raymo [2005].  This was 

accomplished by using the AnalySeries software package to tune distinct δ18O features from the 

Site 1063 record to those corresponding in the LR04 stack (Figure 5.1A).  From this tuning, the 

full composite δ18O record from Site 1063 corresponds to the time interval from ~250 to 1030 ka 

(Figure 5.1). 

 

5.3 Tuned Age Model Analysis 

 To get a sense of the quality of agreement between the LR04 stack [Lisiecki & Raymo, 

2005] and the composite Site 1063 records, band-pass filters at the obliquity (41-kyr) and 

precession (23-kyr) periodicities were applied.  These filters were applied with 

frequency/bandwidths of 0.025/0.006 and 0.045/0.01, respectively, and reveal good first-order 

agreement resulting from their tuning (Figure 5.1B).  Additionally, cross-spectral analyses 

between the two records were conducted to ensure confidence in the tuning strategy and to 

quantify the agreement between them (Figure 5.2).  This utilized the Crosspec program from the 

Arand software package available online at 

http://www.ncdc.noaa.gov/paleo/softlib/arand/arand.html.  Both records were linearly detrended 

and re-assigned a 1,500-yr timestep, which adequately captures the major orbital bands.  The 

cross-spectral analysis ran with 519 data points and used 175 lags.  The resulting coherencies 

were very high at the ~100-kyr (0.984), ~41-kyr (0.990), and ~23-kyr (0.963) periods, well 

above the test statistic for non-zero coherency at 95% confidence of 0.798 (Figure 5.2).  

Furthermore, after tuning the full Site 1063 record to the LR04 stack, both records are in phase at 

each of these major orbital periods (Figure 5.2). 

  



!
!

28!

 

  

Table 5.1:  Table identifying the site, regional location (North Atlantic – N.A.; Equatorial North Atlantic – E.N.A., 
South Atlantic – S.A.), latitude, longitude, water depth, and reference information for the 16 stable isotope records to 
which the composite record from ODP Site 1063 will be compared.  To see their distribution throughout the deep 
Atlantic Ocean in relation to the modern water mass distribution, see Figure 3.1B. 
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Figure 5.1: A. Assigned tie points used in tuning the full δ18O record from ODP Site 1063 (red) to the LR04 
global benthic δ18O stack [Lisiecki & Raymo, 2005].  B. Band pass filters at the obliquity and precession 
periods show good agreement between the two records.  
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Figure 5.2:  Results from cross-spectral analysis between the LR04 global benthic δ18O stack [Lisiecki & 
Raymo, 2005] and the tuned full Site 1063 δ18O record to quantify the quality of the tuning.  Spectral peaks 
in all three major orbital periodicities are in agreement, highly coherent, and in phase with one another. 
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Chapter 6 

RESULTS 

6.1 ODP Site 1063: MIS 13 to MIS 18 

 The stable isotope records constructed here range from MIS 13 (~500ka) to MIS 18 

(~740ka – Figure 6.1).  Interglacial periods MIS 13, MIS 15, and MIS 17 are identified by low 

δ18O values (~3 per mil – Figure 6.1A), and high δ13C values (~0.5 to 1 per mil – Figure 6.1B).  

Alternatively, glacial periods MIS 14, and MIS 16 are characterized by relatively high δ18O 

values (~4.5 per mil) and low δ13C values (~ -0.5 to -1 per mil – Figure 6.1).  A negative δ18O 

excursion (to ~3 per mil) occurred during the MIS 18 glacial period, with a corresponding 

positive δ13C excursion (to ~1 per mil – Figure 6.1).  While appearing out of place for a glacial 

period, this event within MIS 18 is common throughout the global ocean, evident by its presence 

in the LR04 global stack (Figure 2.1) [Lisiecki & Raymo, 2005].  Overall, these δ18O and δ13C 

values are comparable to the younger portion of the record produced by Poli et al. [2000] and 

Billups et al. [2011] during both glacial and interglacial periods (Figure 2.3).  However, the δ18O 

and δ13C values presented here during interglacial periods MIS 13, MIS 15, and MIS 17, are 

more negative and positive, respectively, than the δ18O and δ13C values from the older section of 

the Site 1063 record (Figure 2.3) [Ferretti et al., 2005]. 

When comparing these records to others from sites throughout the deep-Atlantic Ocean, 

several trends were noticed.  During the glacial periods MIS 14, MIS 16, and MIS 18, the δ13C 

values recorded at the site overlap with those recorded from South Atlantic sites ODP Site 1089 

[Hodell et al., 2000] and Site 1090 [Becquey & Gersonde, 2002] (Figure 6.1B). Alternatively, 
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the δ13C values during the MIS 13, MIS 15, and MIS 17 interglacial periods are similar to values 

from the North Atlantic ODP Site 980 [Flower et al. 2000] and Site 607 [Raymo et al. 1997] 

(Figure 6.1C).  Overall, these results are consistent with the observations discussed above from 

the published records of Poli et al. [2000] and Billups et al. [2011] with more negative δ13C 

values during glacial periods (similar to southern-sourced sites – Figure 6.1B) and more positive 

δ13C values during interglacial periods (similar to northern-sourced sites – Figure 6.1C).  It is 

important to note that despite δ13C values similar to northern sites during interglacial periods and 

southern sites during glacial periods on average, δ13C fluctuations between the two end members 

persist throughout the entire record on millennial timescales (Figure 6.1). 

 

6.2 Composite Record (MIS 8 to MIS 29) 

 By combining the stable isotope records from Site 1063 of Poli et al. [2000], Ferretti et 

al. [2005], and Billups et al. [2011] with those constructed here, the full composite record from 

Site 1063 spanned from MIS 8 to MIS 29 (~250 to 1030 ka – Figure 6.2).  This record contains 

ten full glacial-interglacial cycles affording a long-term view of the evolution of stable isotope 

records during the MPT.  Throughout this record, δ18O maxima occurred during glacial periods 

ranging from ~4.7 to 3.5 per mil, and δ18O minima during interglacial periods were ~3.2 per mil 

prior to MIS 17, and between ~2.8 and 2 per mil after MIS 17 (MIS 15, MIS 13, MIS 11, MIS 9) 

(Figure 6.2A).  The δ18O record reveals the first examples of the asymmetric “saw-tooth” shape 

typical of late Pleistocene glacial cycles from MIS 25 to MIS 22 and from MIS 17 to MIS 16 

(Figure 6.2A).    

 Similar to the more pronounced interglacial maxima found in the δ18O record, the δ13C 

data identify change beginning at the onset of MIS 17.  Prior to MIS 17, δ13C maximum values 
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of ~0 per mil during interglacial periods and minimum values of -1 to -1.5 per mil during glacial 

periods are nearly identical to ODP Site 1089 and Site 1090 from the deep-South Atlantic 

(Figure 6.2B).  This holds true for the glacial periods throughout the entire record, but beginning 

with the onset of the MIS 17, interglacial δ13C values of ~0.5 to 1 per mil persist, which are more 

similar to those from sites in the North Atlantic (Figure 6.2C).  These results imply a changing 

influence of northern vs. southern water mass signatures at Site 1063 within the MIS 13 to MIS 

18 time period (~500 to 750 ka).  This suggests that a distinct change in deep water circulation 

changes occurred at Site 1063 during the MPT, at least ~300-kyr prior to the timing of NADW 

enhancement inferred from the shallower ODP Site 607 [Raymo et al., 1997], located within the 

less sensitive core of NADW.  Overall, the results from the Site 1063 stable isotope records 

support my hypothesis that changes in deep ocean circulation were more closely linked to 

reorganization of the climate system during the MPT than previously thought.  

 

6.3 Cross-spectral Analyses between δ18O & δ13C 

 To assess the relationship between deep-water circulation and ice volume at Site 1063 at 

orbital time-scales, cross spectral analysis were conducted between the δ18O and δ13C values of 

the composite record.  This was conducted using the Crosspec program from the Arand software 

package available online at http://www.ncdc.noaa.gov/paleo/softlib/arand/arand.html.  Following 

the same setup as the cross spectral analysis conducted for the tuned age model, both records 

were linearly detrended and re-assigned a 1,500-yr timestep, which adequately captures the 

major orbital bands.  The cross-spectral analysis therefore ran with 519 data points, and I 

assigned it to use 175 lags.  Spectral peaks at the 100k, 41k, and 23k periods were significant, 

and highly coherent with one another (greater than the test statistic for non-zero coherency at 



!
!

34!

95% confidence – Figure 6.3).  The lack of coherent spectral peaks in the19-kyr precession band 

is commonly found in various previously published records spanning this interval of time [Mix et 

al. 1995a, 1995b; Lisiecki & Raymo, 2008]. 

Information on phase of δ13C relative to δ18O is meaningful where there are significant 

shared (coherent) spectral peaks [Mix et al. 1995b].  At the 100k frequency, δ13C appears to 

either be in phase, or to slightly lead δ18O (-10o + 10o) (Figure 6.3).  The δ13C record is in phase 

with δ18O at the 41-k frequency (-7o + 17o), and δ13C lags δ18O at the 23-kyr frequency (37o + 

18o) (Figure 6.3).  A slight lead of δ13C relative to δ18O at the 100-kyr period is consistent with 

deep sites in the Pacific Ocean, thought to record the mean ocean isotopic values throughout the 

Pleistocene [Mix et al. 1995a, 1995b].  The result of δ13C being in phase with δ18O at obliquity, 

and lagging δ18O in precession is consistent with other deep-Atlantic sites [Flower et al., 2000; 

Lisiecki & Raymo, 2008].  These results suggest that deep circulation and ice volume changes 

are coupled at the 41-kyr period, while a delayed response of the biosphere to precession forcing 

is likely responsible for the lag δ13C to ice volume changes at the 23-kyr period [Mix et al., 

1995b].   

With such a noticeable change in both the δ18O and δ13C records beginning around the 

onset of MIS 17 (Figure 6.3), I wanted to determine whether or not any change in the phase 

response to orbital forcing occurred at that time.  To accomplish this, I ran additional cross-

spectral analyses on the composite ODP Site 1063 records in two separate time slices: following 

(250 to 700 ka – Figure 6.4A) and preceding (700 to 1000 ka – Figure 6.4B) MIS 17.  Both of 

these records were assigned the same 1,500-yr timestep, and given 100 lags (n=219, n=300, 

respectively).  These analyses did not show any change in the phase relationship at any of the 

major orbital bands (Figure 6.4).  From this I deduce that no noticeable change in response to 
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orbital forcing coincides with the transition found within Site 1063’s stable isotope records at the 

onset of MIS 17.  The change in deep water circulation is likely a response to a unique series of 

events in the source region of NADW formation, which is the focus of Chapter 7.   
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Figure 6.1:  A. The δ18O record produced in this study with MIS 13, MIS 14, MIS 15, MIS 16, MIS 17, and 
MIS 18 identified.  The δ13C record constructed within this study is shown in relation to B. to the δ13C 
records from ODP Site 1089 (4621m [Hodell et al., 2000]) and ODP Site 1090 (3700m [Becquey & 
Gersonde, 2002]) in the deep South Atlantic source region of AABW, and C. to the δ13C records of ODP 
Site 980 (2168m [Flower et al., 2000] and ODP Site 607 (3427m [Raymo et al., 1990; 1997] from the deep 
North Atlantic source region of NADW. 
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Figure 6.2:  A. The complete composite δ18O and δ13C record produced in this study, with the interglacial 
periods identified.  The δ13C record constructed within this study is shown in relation to B. to the δ13C 
records from ODP Site 1089 (4621m [Hodell et al., 2000]) and ODP Site 1090 (3700m [Becquey & 
Gersonde, 2002]) in the deep South Atlantic source region of AABW, and C. to the δ13C records of ODP 
Site 980 (2168m [Flower et al., 2000] and ODP Site 607 (3427m [Raymo et al., 1990; 1997] from the deep 
North Atlantic source region of NADW. 
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Figure 6.3:  Cross-spectral results between the composite δ18O and δ13C records from Site 1063 with 
coherent (to 95% confidence) spectral peaks at all three major orbital periods (100k, 41k, 23k).  Phase 
relationships between the two records are also shown at these orbital periods, with positive phase 
representing a δ18O lead of δ13C, and inversely a negative phase representing a δ13C lead of δ18O. 
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Figure 6.4:  Cross-spectral results between the δ18O and δ13C records from Site 1063 separated into two time 
periods: A. from ~250 to 700ka (after MIS 17), and B. from ~700 to 1000ka (before MIS 17).  These two time 
slices both exhibit coherent spectral peaks, with consistent phase relationships between δ18O and δ13C, at the 
100k, 41k, and 23k periods.  
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Chapter 7 

DISCUSSION 

7.1 Intensification of NADW Influence at ODP Site 1063 

 The ODP Site 1063 δ13C record indicates that over the time interval from ~750 to 500ka, a 

shift in deep-water influence occurred in the deepest region of the North Atlantic Ocean, supporting 

a link with the MPT.  Specifically, my results show that this change occurred at the onset of MIS 17 

(Figure 6.2).  Based on the findings that from ~1Ma to 700ka of the composite Site 1063 record 

(MIS 29 to MIS 18), glacial and interglacial δ13C values at the site correspond to sites from the deep-

South Atlantic (Figure 6.2B), I determined that the deep North Atlantic Ocean was under the 

primary influence of AABW below 4500m.  While AABW influence during glacial periods 

continued throughout the entire record (Figure 6.2B), NADW began to influence the deepest North 

Atlantic during the beginning of the MIS 17 interglacial period (Figure 6.2C).  The shift at Site 1063 

from southern-sourced δ13C values during MIS 18 to northern-sourced δ13C values throughout MIS 

17 suggests an abrupt NADW-enhancement during glacial termination.  The fact that this strong 

NADW influence continued at Site 1063 at the initial onset of each of the following interglacial 

periods thereafter, in conjunction with the evolution of the “saw-tooth” shaped glacial cycles, 

suggests that a change in the response at glacial termination occurred during the MPT.  The onset of 

this NADW enhancement at ODP Site 1063 occurred ~300-kyr prior to the establishment of more 

extreme interglacial periods at ~400ka, starting with MIS 11.  
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7.2 Geospatial Extent of NADW-enhancement 

In order to determine whether these changes in deep-water mass influence/distribution were 

local or evident throughout the entire Atlantic Ocean, I compared the ODP Site 1063 δ13C record to 

16 previously published δ13C records from the North, Equatorial, and South Atlantic Oceans (Figure 

3.1; Table 5.1).  From these various sites, average δ13C values corresponding to interglacial maxima 

(δ18O minima) for each interglacial period (MIS 9, MIS 11, MIS 13, MIS 15, MIS 17, MIS 19, MIS 

21, MIS 25, MIS 27, MIS 29) were imported into the Ocean Data View (ODV) program (Table 7.1) 

[Schlitzer, 2012].  From these data, I constructed cross sections of δ13C gradients along transects 

from 60oN to 60oS, corresponding to the location of the published sites (Figure 7.1).  These δ13C 

gradients were constructed by interpolating between data points from each site via the “DIVA-

gridding” option [Schlitzer, 2012].  In order to interpret this data, I must assume that these average 

δ13C values during interglacial maxima (δ18O minima) provide a snapshot of the average interglacial 

conditions at each site, and that the interpolated gridding between data points provides a good first-

order estimate for the likely extent of deep-water masses.  Keeping these assumptions in mind, the 

resulting snap shot approximations of deep-water mass extent throughout the Atlantic Ocean appear 

to be consistent with the results from the composite record of ODP Site 1063.  They reveal an 

increasing influence of interglacial-NADW in the North Atlantic first during MIS 19 (depths of 

~2000 to 4000m), which then propagated to depths greater than ~4500m during the MIS 17 

interglacial period (Figure 7.1).  The fact that production of this dense, lower limb of NADW 

appears to remain strong in the deep North Atlantic during each of the following interglacial periods 

(MIS 15, MIS 13, MIS 11, and MIS 9) is also consistent with the results discussed from the Site 

1063 record (Figure 7.1). 
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7.3 Enhancement of Interglacial-NADW Production during the MPT 

 By comparing the Site 1063 record with others throughout the deep Atlantic Ocean, it 

appears as though interglacial production of NADW was relatively weak from MIS 29 through 

MIS 21 (Figure 7.1).  Higher δ13C values at sites between 2000 and 4000m during the MIS 19 

interglacial period suggest a relative increase in the NADW production during this time (Table 

7.1; Figure 7.1).  Beginning in the MIS 17 interglacial period, production of the densest limb of 

NADW increased, along with further enhancement of core-NADW production (Figure 7.1).  

This enhanced NADW production began at Site 1063 simultaneously with the abrupt termination 

from the MIS 18 glacial period (Figure 6.2C), and persisted throughout most of the MIS 17 

interglacial maximum (Figure 6.2C).  These trends continued during each of the interglacial 

periods following thereafter (MIS 15, MIS 13, MIS 11, MIS 9) (Figure 6.2C).  These results 

suggest a progressive intensification of interglacial NADW formation between MIS 19 and MIS 

17, from the weaker interglacial NADW formation beforehand.   

This change in deep water circulation could possibly be explained by a shift in location of 

NADW formation.  In fact, Denton et al. [2000] proposed that an uplift of the Greenland-

Scotland Ridge could have shifted the region of NADW production from the Arctic Ocean to the 

Norwegian Greenland Sea (NGS), responsible for driving the MPT.  However, a recent study by 

Haley et al. [2008] found that intermediate/deep circulation in the Arctic Ocean was largely 

unchanged after ~2Ma, when the interglacial circulation regime became similar to the ‘pre-

anthropocene’ circulation in the modern interglacial period [Haley & Polyak, 2013].  Therefore, 

the enhancement of deep-limb NADW production found here cannot be explained by a shift in 
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the formation region from the Arctic Ocean to the North Atlantic and NGS during this time 

period.  

Having ruled out the possibility of a shift in location of NADW formation, the 

intensification of conditions driving NADW formation in the region where it forms today is more 

likely to explain the findings of this study.  The NGS is currently where convection of Atlantic-

sourced surface waters feed the densest limb of NADW, along with an addition of deep waters 

exiting the Arctic Ocean through the Fram Strait [Aagaard et al., 1991; Dickson & Brown, 1994; 

Bonisch & Schlosser, 1995].  Within the NGS, the Arctic Front (AF) refers to the complex zone 

of mixing between cold surface waters from the Arctic and the warmer, more saline surface 

waters derived from the North Atlantic Current (NAC) [Swift & Aagaard, 1981; Johannessen et 

al., 1994].  The water west of the AF is seasonally covered by sea-ice, promoting relatively weak 

deep-water convection via brine rejection during winter months [Swift, 1986].  More rigorous 

deep-water convection occurs to the east of the AF, where the open ocean loss of heat from the 

saline Atlantic-sourced surface waters occurs during winter months [Schmitz & McCartney, 

1993].   

A recent study by Alonso-Garcia et al. [2011a] used planktic foraminifer faunal 

assemblages, along with benthic stable isotope data from sites in the North Atlantic to infer the 

location of the AF between MIS 19 and MIS 11 (~800 to 400ka) (Figure 7.2).  The location of 

the AF has changed relative to various stages of the low-frequency glacial cycles of the late 

Pleistocene, with associated changes in NADW production [Alonso-Garcia et al., 2011a].  The 

orientation of the AF throughout Interglacial periods between MIS 19 and MIS 11 was very 

consistent [Alonso-Garcia et al., 2011a].  During the early interglacial phase, the AF location 

was likely comparable to today, indicating inflow of the NAC into the eastern-NGS, where these 
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saline surface waters cooled and were entrained, generating NADW (Figure 7.2A) [Alonso-

Garcia et al., 2011a].  Throughout the late interglacial period, the AF gradually moved 

southeastwards, enhancing sea ice growth and export [Alonso-Garcia et al., 2011a].  However, 

continental ice sheets were still waning, and the eastern North Atlantic remained warm due to 

continued influence of the NAC, and NADW formation in the NGS was strong (Figure 7.2B) 

[Alonso-Garcia et al., 2011a].   

In contrast to relatively stable AF orientation during the early and late phases of 

interglacial periods characterized by low ice volume, the onset of ice sheet growth had a more 

pronounced influence on the location of the AF.  With the initiation of the growth of ice sheets 

during the first phase of glacial periods, NAC-derived surface waters still entered the eastern-

most NGS, resulting in continued NADW production, while Arctic waters expanded in the 

western sub-polar North Atlantic dampening Labrador Sea deep-water convection (Figure 7.2C) 

[Born et al., 2010; Alonso-Garcia et al., 2011a].  During the second phase of glacial periods, the 

position of the AF fluctuated from positions similar to the late interglacial phase during warm 

periods, to south of Iceland as a result of calving and meltwater discharges (Figure 7.2D) 

[Alonso-Garcia et al., 2011a].  This calving and associated ice rafting caused strong reduction of 

the Atlantic Meridional Overturning Circulation (AMOC) (Figure 7.2D) [Alonso-Garcia et al., 

2011a].  Full glacial conditions were achieved in the third phase of glacial periods, where the AF 

was generally oriented east-to-west from Newfoundland to Ireland (Figure 7.2E) [Alonso-Garcia 

et al., 2011a].  During this phase large amounts of ice were accumulated on the continents, deep 

ocean circulation shifted to the glacial state in which deep-NADW was completely shut off, with 

more intermediate-depth glacial-NADW formation established [Alonso-Garcia et al., 2011a].  

These conditions persisted until glacial terminations when the AF rapidly moved northwestwards 
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reaching a position similar to today, allowing the North Atlantic surface water mass to revert to 

the early interglacial phase within a few thousand years (Figure 7.2F) [Alonso-Garcia et al., 

2011a].  The re-occurrence of these AF shifts in the NGS from MIS 19 to MIS 11 is consistent 

with the findings discussed here that strong lower NADW production persisted throughout all of 

the interglacial periods between MIS 19 and MIS 9.  However, the location of the AF during the 

MPT was likely much different, with reduced inflow of surface waters from the NAC to the 

eastern-NGS, resulting in the decreased NADW production found prior to MIS 19. 

Various studies from North Atlantic sites have suggested changes in the location of the 

interglacial AF throughout the MPT [Wright & Flower, 2002; Hernandez-Almeida et al., 2011; 

Marino et al., 2011].  Wright & Flower [2002] first proposed a northward shift of the interglacial 

AF during the MPT, likely reaching near-modern orientation around 600ka.  Hernandez-Almeida 

et al. [2011] interpreted faunal shifts in radiolarian assemblages during interglacial periods after 

MIS 21 as a progressive northwest retreat of the AF, supported by diatom [Shimada et al., 2008] 

and alkenone [McClymont et al., 2008] assemblage data.  They agreed with Wright & Flower 

[2002] that the interglacial AF position reached the same relative position it occupies today after 

~610ka [Hernandez-Almeida et al., 2011].  Beginning in MIS 21, high levels of carbonate 

preservation, no nannofossil reworking, and no IRD input was found by Marino et al. [2011] in 

the north-east North Atlantic.  These findings coincided with a shift in calcareous nannofossil 

fauna compared to the MIS 22 to MIS 35 time period beforehand, likely reflecting higher surface 

water temperature and the absence of sea-ice cover [Marino et al., 2011].  Following MIS 21, the 

records of Marino et al. [2011] are consistent with more pronounced glacial-interglacial AF 

variability, sea-ice extension, as well as more pronounced variability of deep and intermediate 

water mass production.  
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These studies, which support a progressive northwestward movement of the AF after 

MIS 21 from sites in the North Atlantic, are consistent with studies from within the NGS itself.  

Henrich et al. [2002] found that at the onset of the MPT (~1.2Ma), increased carbonate 

preservation from records of the southern NGS, Labrador Sea, and the northernmost North 

Atlantic occurred, suggesting an abrupt and nearly synchronous onset of the MPT.  However, 

shifts within the western and northern regions of the NGS did not appear until ~0.9 to 0.7 Ma, 

when the character of the records change more gradually and the carbonate-bearing zone in the 

NGS progressively extends north-westward [Henrich & Baumann, 1994; Henrich et al., 2002].  

During this time, increasing carbonate preservation and input of terrigenous sediments likely 

reflected the strengthening of the Norwegian Current during interglacial periods, and intensified 

glaciations on surrounding land-masses, respectively [Henrich & Baumann, 1994].  Helmke et al. 

[2003] found that glacial terminations equivalent to those of the late Pleistocene first occurred 

during the MIS 18/17 and MIS 20/19 transitions, indicated by minima in planktic δ18O associated 

with the maxima in IRD accumulation.  Following these events, the first full-interglacial 

conditions in the NGS develop during MIS 17 and MIS 19, respectively [Helmke et al., 2003].  

The findings of Helmke et al. [2003] agree with the evidence presented here that strong NADW-

influence throughout the deep Atlantic Ocean began at that time.    

Following the progressive northwestward movement of the AF [Wright & Flower, 2002; 

Hernandez-Almeida et al., 2011; Marino et al., 2011], the onset of full interglacial conditions 

during MIS 19 and MIS 17 in the NGS [Henrich & Baumann, 1994; Henrich et al., 2002; 

Helmke et al., 2003] suggests a near modern influx of saline Atlantic-sourced surface waters 

[Alonso-Garcia et al., 2011a].  This influx of saline surface waters from the North Atlantic would 

increase NADW production within the region [Rahmstorf, 2002], consistent with the findings of 
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this study.  Prior to this shift in interglacial AF location, NADW production in the NGS was 

likely completely (or nearly completely) due to brine rejection from winter sea-ice formation, 

similar to the region west of the AF today [Swift, 1986].  After MIS 19, the addition of more 

saline surface waters from the North Atlantic entering the NGS promoted enhanced production 

of NADW [Schmitz & McCartney, 1993; Rahmstorf, 2002]. 

 

7.4 Intensification of Glacial Terminations 

The results discussed above provide evidence that NADW influence in the deep North 

Atlantic after MIS 17 initiated during glacial terminations.  This production of the lower 

component of NADW during glacial terminations has also been found at other sites in the North 

Atlantic [Jones & Keigwin, 1988; Broecker and Denton, 1989; Lehman et al., 1991; Venz et al. 

1999; Wright & Flower, 2002; Alonso-Garcia et al. 2011b].  During terminations, the AF shifted 

rapidly from its glacial position in the North Atlantic to its interglacial position within the 

NADW source region (NGS) within a few thousand years [Alonso-Garcia et al., 2011a].  I 

propose changing ice sheet dynamics led to the interglacial-AF shift to the northwest NGS after 

MIS 21, causing intensifying glacial terminations during this time period [Bintanja & van de 

Wal, 2008].  Glacial terminations are largely attributed to a series of positive feedbacks resulting 

in the collapse of continental ice sheets in the Northern Hemisphere [Clark et al., 1999; Maslin et 

al., 2001; Maslin & Ridgewell, 2005; Denton et al., 2010].  This implies a link between changing 

continental ice sheet dynamics and deep-water formation in the NGS during the MPT [Henrich et 

al., 2002; Clark et al., 2006; Hernandez-Almeida et al., 2012].   

The onset of the MPT was accompanied by the first expanse of the Kara Sea Ice Sheet to 

the shelf break in the Arctic Ocean [Solheim et al., 1998; Knies et al., 2009].  After ~1Ma, the 
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Kara Sea Ice Sheet combined with the growing Barents Sea Ice Sheet in the northeastern-NGS 

[Knies et al., 2009], forming the northern-most component of the Eurasian Ice Sheet.  The first 

grounding of the Kara Sea Ice Sheet on the submerged Yermak Plateau in the Arctic Ocean 

occurred at ~950ka [Solheim et al., 1998; Knies et al., 2007; Knies et al., 2009].  This time 

period is associated with significant increase in ice volume between MIS 24 and MIS 22 (Figure 

2.1) [Head & Gibbard, 2005], corresponding to a drop in sea level of 20-30m [Kitamura & 

Kawagoe, 2006].  A continued drop in sea level likely contributed to the Barents Sea component 

of the Eurasian Ice Sheet first reaching the shelf edge in the NGS during glacial periods 

beginning with MIS 20 at ~800ka [Andreassen et al., 2004; Knies et al., 2009; Laberg et al., 

2010; 2012].  Knies et al. [2007] provided conclusive evidence for five to six major terminations 

that likely succeeded shelf edge glaciations in the Barents Seas (supporting five to eight 

suggested by earlier studies [Mangerud et al., 1996; Sejrup et al., 2005]).  During these 

terminations, prominent meltwater pulses occurred after the collapse of the Barents and Kara Sea 

ice sheets followed by eventual flooding of the eastern Kara Sea [Vogt et al., 2001; Vogt & 

Knies, 2008; Knies et al., 2009].   

I propose that the expansion of ice sheets to the shelf edge in the northeastern-NGS was 

critical in intensifying glacial terminations, allowing the interglacial AF to migrate further north 

after MIS 21 [Hernandez-Almeida et al., 2011], and leading to the onset of full-interglacial 

conditions in the NGS first during MIS 19 and MIS 17 [Helmke et al., 2003].  Bintanja & van de 

Wal [2008] suggests a leading role for North American ice sheets initiating glacial terminations 

beginning during the MPT.  Once these North American ice sheets reached a certain threshold 

size (of about 70 meter sea level equivalent), the following insolation maximum and associated 

air temperature peak triggered a rapid thinning of the ice sheet through increased basal sliding 
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rates [Clark et al., 1999; Marshall & Clark, 2002; Bintanja & van de Wal, 2008].  This would 

result in an initial rise in sea level, potentially undercutting and causing catastrophic failure of 

the Kara and Barents Sea Ice Sheet margins at the shelf edge [Clark et al., 1999; Maslin et al., 

2001; Marshall & Clark, 2002; Maslin & Ridgewell, 2005].  This failure of ice sheet margins at 

the shelf edge would lead to an additional rise in sea level, flooding of the eastern Barents and 

Kara Sea [Vogt et al., 2001; Vogt & Knies, 2008; Knies et al., 2009].  The rapid nature of the 

collapse of ice sheet margins at the shelf edge in the NGS would allow for the introduction of 

enhanced inflow of surface waters from the NAC, driving NADW production in the NGS 

[Rahmstorf, 2002].  Overall, the timing of ice sheet advances to the shelf edge in the NGS during 

glacial periods after MIS 20, likely correspond with the rapid onset of NADW influence during 

glacial terminations in the intermediate (2000 to 3000m – after MIS 19) and deep (>4000m – 

after MIS 17) Atlantic Ocean.  This provides evidence that large scale circulation changes during 

the MPT were likely caused by changing ice sheet dynamics, suggesting a leading role of 

Northern Hemisphere ice sheets for the global reorganization of the climate system throughout 

that time period in Earth’s history. 
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Table 7.1: The average δ13C values from 17 sites, including Site 1063, during every interglacial period 
from MIS 9 to MIS 29, when applicable.  These average δ13C values were calculated from each site 
during interglacial maxima (δ18O minima).  This data was imported into Ocean Data View [Schlitzer, 
2012] and used to construct the cross sections in Figure 7.1. 
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Figure 7.1: A. Cross section estimated distribution of δ13C throughout the Atlantic Ocean for interglacial periods 
MIS 9, MIS 11, MIS 13, MIS 15, MIS 17, MIS 19, MIS 21, MIS 25, MIS 27, and MIS 29.  These cross sections 
were constructed within Ocean Data View [Schlitzer, 2012] from the average δ13C values in Table 7.1 along B. a 
transect connecting each site from 60oN to 60oS.  
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Figure 7.2:  The location of the Arctic Front in relation to the five phases of glacial cycles (A. early interglacial 
phase; B. late interglacial phase; C. first glacial phase; D. second glacial phase; E. third glacial phase) and F. 
glacial terminations.  This figure was originally from Alonso-Garcia et al. [2011a]. 
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Chapter 8 

CONCLUSIONS 

This study provides evidence suggesting that a change in deep water circulation occurred at 

ODP Site 1063 beginning with the onset of MIS 17 (~700ka), supporting my hypothesis that 

circulation changes in the deep Atlantic Ocean were closely linked to the MPT.  This evidence was 

found by filling a gap in the Site 1063 stable isotope record from ~500 to 750ka (MIS 13 to MIS 18), 

completing a continuous record from ~250 to 1030ka (MIS 8 to MIS 29).  Within my study interval, 

I found relatively higher δ13C during the interglacial periods MIS 13, MIS 15, and MIS 17 than 

during interglacials in the older section of the record [Ferretti et al., 2005].  These higher δ13C 

persisted during the younger section of the record [Poli et al., 2000; Billups et al., 2011].   By 

comparing the Site 1063 δ13C record with those from other sites in the North and South Atlantic 

source regions of NADW and AABW, respectively, I determined that an increase in NADW 

influence at Site 1063 was responsible for the higher interglacial δ13C values after MIS 17.  The 

glacial δ13C values at Site 1063 remained low throughout the entire record, indicating the dominance 

of AABW influence at Site 1063 during glacial periods.   Cross spectral analyses conducted between 

the δ18O and δ13C records reveal that they were nearly in phase at the eccentricity period, in phase at 

the obliquity period, and that δ18O led δ13C at the precession period.  Addition cross spectral 

analyses were conducted on the time periods before and after the noted change in interglacial δ13C 

values during MIS 17, revealing no change in the phase response at orbital periods. 

To determine whether or not the intensification of NADW influence at Site 1063 during 

interglacial periods was also evident throughout the entire Atlantic Ocean, I constructed snap-shot 
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average interglacial δ13C cross sections for each interglacial period between MIS 9 and MIS 29 from 

60oN to 60oS.  By doing so, I found that NADW influence increased throughout the entire Atlantic 

Ocean beginning in MIS 19, propagating into the deepest region of the North Atlantic after MIS 17.  

This inferred enhanced production of the densest component of NADW likely occurred within the 

NGS during this time in relation to the progressive northwest movement of the AF.  Based on the 

rapid onset of NADW production during glacial terminations, and the timing of glaciations reaching 

the shelf edge in the Arctic Ocean and Barents Seas in the northeastern NGS, this progressive AF 

movement likely coincided with glacial terminations becoming more intense.  This could be 

explained by the buildup of thick ice sheets on glacial continental margins near sea-level in the 

Barents Sea.  During glacial terminations, a small change in sea level would have undercut these 

marine-based ice margins, likely causing their catastrophic collapse.  The first shelf edge glaciation 

of the Barents Sea ice sheet occurred during MIS 22.  The AF began migrating to the northwest in 

the NGS during the succeeding MIS 21 interglacial period.  Full interglacial conditions similar to 

those of the late Pleistocene developed during MIS 19 and MIS 17 in the NGS, immediately 

following glacial termination and corresponding to the major increase in NADW production found 

here within those interglacial periods.  Ultimately, this study provides evidence for a close link 

between the MPT, ice sheet dynamics, and global ocean circulation.  
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