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Paleoclimate archives have revealed abrupt climate events that are superimposed 

on more gradual climate changes throughout the last glacial and deglacial periods. The 

underlying causes of such rapid climate changes are still poorly understood, but the 

strong expression of these events in northern hemisphere records likely points to climatic 

mechanisms of a northern origin. A leading hypothesis for the trigger of these climate 

fluctuations has been changes in the strength of the Atlantic meridional overturning 

circulation (AMOC). However, the very rapid nature of some of the observed climate 

transitions (3-50 years) suggests a potential role for abrupt shifts in atmospheric 

circulation or nonlinear feedbacks within the climate system. Understanding the relative 

timing and magnitude of these events in different regions of the globe will help to 

identify the sources and possible amplifying mechanisms that have led to abrupt climate 

changes in the past, which will provide insight and constraints on the potential for abrupt 

climate changes in the future. 

This dissertation seeks to characterize climate changes occurring in the Northeast 

Pacific during the last deglaciation, a time period that encompasses the dynamic 

transition between the last ice age and the modern day interglacial period. So far, high-

resolution records with precise chronologies from the North Pacific have been sparse, and 

paleoclimate models and proxy reconstructions disagree about the deglacial climate 

changes that are both predicted and observed to have occurred in this region. Marine 



 

 

 

sediment records from the Gulf of Alaska (GOA) have exceptionally high resolution (~1 

cm/yr), making it possible to reconstruct climate changes in unprecedented detail for the 

North Pacific region.  

We establish new multi-decadal scale records of surface ocean variability using 

planktonic oxygen isotopes and sea-surface temperature (SST) estimates based on the 

alkenone  unsaturation index, as well as regional records of ice-rafting and deglacial 

volcanic activity sourced from the Mt. Edgecumbe volcanic field (MEVF). The age 

models for these records are constrained by high-precision radiocarbon dating, tephra 

correlation, and “tuning” to the decadal-scale North Greenland Ice Core Project (NGRIP) 

oxygen isotope record. We combine new and previously published data from a depth 

transect of marine sites in the GOA and Northeast Pacific to place surface ocean changes 

in context of oceanic variability throughout the water column. These reconstructions are 

then used to evaluate three fundamental questions: 1) what are the timing and patterns of 

deglacial climate changes in the North Pacific relative to other regions, 2) what are the 

potential forcing mechanisms for deglacial climate variability in this region, and 3) how 

does the subsurface ocean respond to and influence abrupt climate change. 

In chapter two, we compare the timing and patterns of climate changes occurring 

between the North Pacific and North Atlantic regions. A major debate in the paleoclimate 

literature has been whether these regions operate in a synchronized or seesaw like mode. 

We compare the high resolution GOA and NGRIP oxygen isotope records as proxies for 

local temperature, and find that both synchronous and asynchronous climate patterns 

occur between regions throughout the past 18,000 years. The most abrupt climate 

transitions are preceded/accompanied by synchronous behavior, whereas times of relative 

climate stability exhibit asynchronous or anticorrelated (seesaw) patterns. This implies 

that coupling of North Pacific and North Atlantic heat transport could act as an 

amplifying mechanism in abrupt northern hemisphere climate change, whereas opposing 

oceanic regimes could act to balance northern hemisphere heat transport, and thus 

promote climate stability.  

In chapter three, we examine the timing between regional deglaciation and 

volcanism to evaluate potential feedbacks between climate and volcanic activity. 

Although volcanic eruptions have been observed to contribute to abrupt climate 



 

 

 

fluctuations with global effects in historical times, the role of volcanic forcing in climate 

variability of the more distant past (prior to the Holocene) has been neglected due to the 

very short-time scales in which volcanic events occur, and the difficulty of obtaining 

records with high enough resolution to capture these events and their associated climate 

effects. We evaluate the source and timing of a sequence of 23 tephra layers preserved in 

high-accumulation rate sediment cores proximal to the MEVF, and examine the regional 

climate response to this volcanic activity through comparison with reconstructions of sea 

surface temperatures, oxygen isotopes, and the δ18O of seawater. We find that the onset 

of enhanced volcanic activity coincides with abrupt warming at the onset of the Bølling 

Allerød, regional retreat of glaciers, and a period of rapid vertical land motion predicted 

from a model of regional isostatic rebound. These finding support the hypothesis that 

deglaciation may promote volcanism by removing crustal loading. The records of sea 

surface variability show large fluctuations during the episode of intense volcanic activity, 

suggesting that deglacial volcanic activity may not only respond to climate, but may also 

contribute to climate variance during the deglacial interval.  

In Chapter four, we examine the oceanographic changes that lead to two episodes 

of hypoxia in the GOA that lasted for millennia during the deglaciation. Similar hypoxic 

events have been documented across the North Pacific, indicating a widespread 

expansion of the oxygen minimum zone (OMZ) during the Bølling Allerød and early 

Holocene warm periods. These episodes have been linked to enhanced export 

productivity in many sites, however, the driving mechanisms for enhanced productivity 

and ocean deoxygenation remain elusive. Our alkenone temperature reconstructions 

reveal two abrupt warmings of 4-5°C that precisely coincide with the onset of increased 

export productivity and a sudden shift to hypoxic conditions, suggesting a strong link 

between ocean warming, marine productivity, and deoxygenation. Oxygen isotopes 

throughout the water column indicate that a transient subsurface warming of ~2°C might 

have accompanied the first hypoxic event during the BA. We propose that abrupt ocean 

warming lead to an expansion of the North Pacific OMZ through a reduction in oxygen 

solubility, enhanced thermal stratification, and a stimulation of marine productivity 

through the stabilization of the euphotic zone (related to stratification), combined with 

enhanced nutrient input from remobilization of iron in hypoxic shelf sediments.  



 

 

 

These studies indicate that large surface and subsurface ocean changes occurred 

in the North Pacific during the last deglaciation, with the potential for important 

feedbacks on global climate.  
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1 

 

Abrupt Deglacial Climate Changes in the North Pacific and Implications for Climate 
Tipping Points 

 

Chapter 1  

 
Introduction 

 

1.1 Forward 

 

It has become clear in recent decades that future climate change related to 

anthropogenic greenhouse emissions will be unavoidable (IPCC, 2013). Estimates of 

climate sensitivity, defined as the global mean temperature change based on a doubling of 

atmospheric CO2 concentrations, typically predict a range of 2-4°C (IPCC, 2013). 

However, a major uncertainty in projections of future climate change is whether 

components of the climate system may cross “tipping points”, in which more rapid changes 

may be superimposed on these linear trends in global warming (Lenton et al., 2008). 

Forecasting such nonlinear changes is inherently challenging, and relies on the ability to 

both identify potential “tipping elements” in the climate system (Lenton et al., 2008), as 

well as to outline possible early warning signals that a system may display prior to crossing 

a threshold (Scheffer et al., 2012). Establishing a predictive framework thus requires an 

understanding of the sequence of events that lead to past abrupt climate changes, whether 

there were detectable signals prior to the abrupt transitions, and how the climate and 

ecosystems responded to such perturbations.  

 

1.2 Background  

 

An intriguing feature of paleoclimate records is the existence of abrupt climate 

transitions that have punctuated more gradual shifts in climate state – the most well defined 

of which are rapid warmings observed in the Greenland ice cores, known as Dansgaard-

Oeschger events (D-O) (Dansgaard et al., 1993, Alley et al., 1993). The triggering 
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mechanisms for these climate fluctuations have been debated (Bond et al. 1999, Bay et al., 

2004, Zhang et al., 2014), but their abrupt nature implicates components in the climate 

system that can respond rapidly, and likely involve feedbacks that are capable of 

amplifying smaller changes. Observations of similar events throughout the northern 

hemisphere (Kennett & Ingram 1996, Wang et al., 2001, Sarnthein et al., 2002) indicate 

that these events were not restricted to Greenland, yet it remains unclear to what extent 

they represent critical transitions in the climate system at large, or so called tipping points 

(Ditelevson & Johnson 2010, Lenton et al., 2012). Climate bifurcations may exhibit early 

warning signals prior to an abrupt transition, including enhanced spatial correlation, an 

increase in autocorrelation (critical slowing down), and high variance (Dakos et al., 2010, 

Scheffer et al., 2012).  

Extreme threshold events have occurred in the distant geological past, including the 

Permian-Triassic extinction, the Cretaceous-Paleogene extinction, and the Paleocene-

Eocene Thermal Maximum, all of which represent major boundaries in geological 

timescales. Some of these events are thought to be triggered by immense external 

disturbances, such as bolide impacts (Alvarez et al., 1980), but many have been linked to 

internal Earth dynamics and associated feedbacks, such as episodes of massive volcanism, 

“runaway” greenhouse warming, and ocean acidification and anoxia (Campbell et al., 1992, 

Payne & Clapham, 2012, McInherney & Wing 2011). Although these represent particularly 

extreme events in Earth’s history, similar elements of climate and ecosystem change (albeit 

of a much smaller scale) can be found in the recent transition between the Pleistocene and 

Holocene epochs.  

The last deglaciation represents the most recent episode of large-scale global climate 

change, in which the Earth transitioned from a glacial to interglacial state over the course 

of 10,000 years, with abrupt warming and cooling episodes superimposed on this longer 

interval of global warming. This period also includes evidence for enhanced volcanism 

(Zielinski et al., 1996), episodes of widespread ocean hypoxia (Jaccard & Galbraith 2012), 

and megafaunal extinctions (Scott 2010, Koch & Barnosky 2006), indicating that climate 

variability may have imposed critical feedbacks in other complex domains of the Earth 

system. Although these changes were small relative to the major extinction events that have 

punctuated Earth’s history, they were large relative to the climate variability that human 
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civilization has encountered. Thus, understanding the triggers of climate instability and the 

associated ecosystem thresholds and feedbacks during this most recent episode of global 

change will provide a framework for prediction and mitigation of future climate change.  

 

1.3 Project Objectives  

 

The North Pacific ocean contains the world’s largest pool of respired carbon, making 

this region a key player in the storage and transfer of carbon between the deep ocean and 

atmosphere. This region also hosts the world’s largest expanse of suboxic waters, making 

wide swaths of the subsurface ocean susceptible to thresholds of hxpoxia, in which oxygen 

concentrations can fall below levels that are tolerable for marine organisms and create 

major changes in biogeochemical cycling and the biological pump (Keeling et al., 2010). 

Climate fluctuations associated with the El Nino – Southern Oscillation represent some of 

the largest decadal scale variability observed in modern times, indicating that feedbacks in 

the ocean-atmosphere system in the Pacific are capable of manifesting rapid climate change 

with global effects (Enfield & Mayer 1997, Alexander et al., 2002). The Pacific ocean is 

also framed by the “ring of fire” – the world’s largest collections of subaerial volcanoes, 

creating potential for dynamic interactions between climate, volcanism, and marine 

productivity. Despite these elements that set up the North Pacific for abrupt climate 

changes as well as large-scale feedbacks on the global climate system, this region has 

received much less attention for its possible role in past climate change than its North 

Atlantic counterpart. 

Here we employ a suite of paleoceanographic proxies in high accumulation rate 

marine sediments from the Gulf of Alaska (GOA) to reconstruct surface and subsurface 

oceanic variability during the deglaciation. These new records include decadal to 

centennial scale planktonic and benthic oxygen isotopes, alkenone sea surface temperature 

estimates, and reconstructions of the δ18O of seawater (related to surface salinity), as well 

as records of local volcanic activity and ice rafting. These records provide the most detailed 

view of deglacial climate changes occurring in the high latitude Northeast Pacific to date, 

allowing us to address fundamental questions of how this region responded to and 

influenced global climate change.  
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In Chapter 2, we evaluate the timing and patterns of climate variability in the North 

Pacific relative to the North Atlantic. These relationships provide insight into the dominant 

pathways of climatic transmission between regions. Atmospheric teleconnections are 

expected to produce relatively synchronous climate changes between regions 

(Mikolajewicz et al., 1997), whereas oceanic transmission may exhibit time lags of 

centuries to millennia to propagate perturbations in ocean circulation (Saenko et al., 2004). 

These different modes of climate transmission may have important effects on northern 

hemisphere climate stability through regulation of northward heat transport. For example, 

synchronous climate behavior in the North Pacific and North Atlantic may strengthen 

meridional temperature gradients and thus amplify northern hemisphere climate variability, 

whereas oceanic transmission would be more likely to dampen abrupt changes through 

compensation of oceanic properties (such as salt and heat) and attenuation of large 

fluctuations through propagation of a medium with substantial inertia. Both patterns of 

climate variability have been observed in paleoclimate data and simulated in models 

(Kennett & Ingram, 1996, Saenko et al., 2004, Gebhardt et al., 2008, Okumura et al., 2009, 

Okazaki et al., 2010), leading to debate as to whether synchronous or see-saw climate 

behavior prevail between regions.  

In Chapter 3, we examine the interplay between volcanism and climate during the 

last deglaciation. The frequency of volcanic events during the last deglacial period has been 

observed to be many times greater than that of the Holocene or the last glacial period 

(Zielinski et al., 1996, Huybers & Langmuir 2009), leading to the hypothesis that the 

removal of ice during deglaciation may promote volcanism through depressurization of 

magma chambers (Hammer 1980, Zielinski et al., 1996). If this hypothesis is correct, it 

implies a climatic influence on the timing and frequency of volcanic events. Conversely, an 

increase in volcanic events may be expected to enhance climate variability through 

feedbacks associated with volcanic emissions, including abrupt cooling linked to 

stratospheric sulfate particles, release of volcanic CO2, changes in surface albedo related to 

ash deposition, and stimulation of surface ocean productivity from ash fertilization. We 

evaluate the deglacial volcanic hypothesis by examining the precise timing between 

regional deglaciation and an episode of volcanic activity sourced from the Mt. Edegecumbe 
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Volcanic Field (MEVF), and assess the climatic impacts of these eruptions through 

comparison with our high-resolution records of surface ocean variability.  

In Chapter 4, we investigate the cause of two episodes of hypoxia that have been 

linked to a widespread expansion of the North Pacific oxygen minimum zone (OMZ). 

Explanations for these ocean deoxygenation events have included deglacial warming 

(Jaccard & Galbraith 2012), changes in ocean circulation – including both an increase in 

stratification (Okazaki et al., 2010, Lam et al., 2013) and a decrease in stratification 

(Kohfeld & Chase 2011), and stimulation of marine productivity through enhanced nutrient 

input or stratification effects (Davies et al., 2011, Lam et al., 2013). Resolving these 

debates has been hampered by the lack of high-resolution climate reconstructions that can 

separate the influences of sea-surface temperature, salinity, and ventilation changes.  

We find that the North Pacific experienced rapid climate events during the last 

deglacial period, similar in timing to those observed in the Greenland ice cores. Rapid sea 

surface warming and the incursion of subtropical planktonic species during the Bølling and 

Holocene periods imply increases in the poleward heat transport in the North Pacific, 

similar to changes inferred for the North Atlantic region. We propose that the 

synchronization of northward heat transport in both basins lead to the amplification of 

warming observed during the abrupt Bølling and Holocene transitions. Thus, rather than 

deglacial changes in the North Pacific merely reflecting a response to changes in the North 

Atlantic region, we suggest that the interactions between basins may be a key element in 

the emergence of abrupt climate transitions in the northern hemisphere. These abrupt 

warming events (in particular the Bølling Allerød) initiated major responses and feedbacks 

in the GOA, including a rapid pullback of Cordilleran outlet glaciers, enhanced volcanic 

activity, and an expansion of the oxygen minimum zone, further supporting the idea that 

these events represent threshold crossings in the climate system. 
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2.1   Abstract 

 

Some proposed mechanisms for transmission of major climate change events 

between the North Pacific and North Atlantic predict opposing patterns of variations; 

others suggest synchronization. Resolving this conflict has implications for regulation of 

poleward heat transport and global climate change. New multidecadal-resolution 

foraminiferal oxygen isotope records from the Gulf of Alaska (GOA) reveal sudden shifts 

between intervals of synchroneity and asynchroneity with the North Greenland Ice Core 

Project (NGRIP) δ18O record over the past 18,000 yrs.  Synchronization of these regions 

occurred 15,500 – 11,000 yrs ago, just prior to and throughout the most abrupt climate 

transitions of the last 20,000 yrs, suggesting that dynamic coupling of North Pacific and 

North Atlantic climates may lead to critical transitions in Earth’s climate system. 

 

2.2 Introduction 

 

Abrupt climate transitions observed during the last deglaciation (Alley et al., 1993, 

Steffensen et al., 2008) and within the last glacial interval (Dansgaard et al., 1993), 

demonstrate that internal climate feedbacks can amplify the effects of relatively weak 

external climate forcing. Understanding the mechanisms involved in generating past abrupt 

transitions, which have lead to regional warming events of ~10°C within 10-60 yrs 

(Steffensen et al., 2008), will help to assess the dynamic nature of climate tipping points. 

Fluctuations in the Atlantic Meridional Overturning Circulation (AMOC) are often 

invoked to explain millennial-scale climate changes in the North Atlantic region (Broecker 

et al.1985, Clark et al., 2001, McManus et al., 2004), as well as the so-called “Bipolar 

seesaw”, which reflects changes in net oceanic heat transport between the southern and 

northern hemispheres (Broecker 1998, Pedro et al., 2011). An inter-ocean seesaw also has 

been proposed to operate between the North Atlantic and North Pacific, such that poleward 

heat transport and/or deep water formation increases in the North Pacific during times of 

weakened AMOC strength (Lund & Mix 1998, Saenko et al., 2004, Okazaki et al., 2010). 

This remains uncertain, however, because models show conflicting responses for the North 

Pacific (Saenko et al., 2004, Okazaki et al., 2010, Timmerman et al., 2004, Okumura et al., 
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2009). Paleoclimate reconstructions are similarly in conflict; some support an inter-ocean 

seesaw (Lund & Mix, 1998, Okazaki et al., 2010, Gebhardt et al., 2008), while others 

suggest in-phase behavior between the North Atlantic and North Pacific (Kennett & Ingram 

1996, Max et al., 2012), and still other studies suggest a blend of northern (atmospheric) 

and southern (oceanic) influences (Mix et al., 1999, Davies et al., 2011). If an Atlantic-

Pacific seesaw exists, low northward heat transport in one ocean might be partly 

compensated by high northward heat transport in the other. Conversely, synchronous 

variations in the two oceans would tend to amplify climate changes in the high northern 

latitudes by either enhancing or diminishing meridional heat transport.  

Changes in the AMOC and Arctic sea ice have been identified as “tipping 

elements” in the climate system (Lenton et al., 2008); both are influenced by poleward heat 

transport and have the potential for rapid transitions (10-100 yrs) to a new climate state, 

accompanied by climate and ecosystem effects that are to some degree irreversible (Lenton 

et al., 2008). Several diagnostic signs of approach to a tipping point have been proposed, 

including enhanced spatial correlation (i.e., interconnection or dynamic coupling), increase 

in short-term variability (i.e., flickering), and critical slowing down (i.e., increased 

autocorrelation) (Dakos et al., 2008, Dakos et al., 2010, Scheffer et al., 2012). Some 

paleoclimate records document flickering and enhanced variance preceding the abrupt 

onset of Holocene and Bølling warmth (Bakke et al., 2009, Lenton et al., 2012), but 

evidence for increased autocorrelation prior to these transitions have been mixed (Dakos et 

al., 2008, Lenton et al., 2012, Livina & Lenton 2007), leading to debate as to whether these 

transitions are true climate bifurcations (Lenton et al., 2012). No paleoclimate records have 

yet shown symptoms of dynamic coupling (see Appendix A for illustrative model). Here, 

we document the onset of enhanced correlation between North Pacific and North Atlantic 

climate variability that shortly precedes the most abrupt warming events of the last 

deglaciation. This new finding supports the idea that these abrupt transitions were unstable 

tipping points, and points to a possible mechanism that could have pushed the system 

towards a climatic bifurcation.  
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2.3 Results 

 

We developed a high-resolution planktonic foraminiferal δ18O record as a 

composite from three sediment cores in the GOA spanning the last 18,000 years (Fig. 2.1, 

Fig. A.4). Exceptionally high sedimentation rates provide sample resolutions similar to that 

of polar ice cores; average sample spacing is ~80 yr in the Holocene (0-11,000 years ago), 

~10 yr in the deglacial interval (11,000-14,600 years ago), and ~35 yr during late glacial 

time (14,700-18,000 years ago). Age controls include 39 planktonic foraminiferal 

radiocarbon dates, and a marine reservoir age constrained by a tephra deposit dated on land 

(see Appendix A).  
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Figure 2.1. Map of Gulf of Alaska and NGRIP core locations. Base map shows average 
SST and sea ice extent for December, 1985-2005 (neo.sci.gsfc.nasa.gov). Pink arrows 
depict surface currents, with overturning indicated in the Norwegian seas. Dashed white 
line across North America depicts the approximate extent of the Laurentide ice sheet (LIS) 
during the Last Glacial Maximum (LGM) (Dyke 2004). Dashed white line across the North 
Atlantic depicts the extension of winter sea ice during the LGM (Sarnthein et al., 2003). 
Changes in the height and extent of the LIS and sea-ice margins could have affected the 
atmospheric pathways connecting the GOA and Greenland. Blue arrows across North 
America represent the schematic differences in the position of the jetstream between the 
modern and LGM. 
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The GOA δ18O record integrates local temperature, salinity, and global ice volume 

signals, whereas the NGRIP δ18O record (Rasmussen et al., 2006) reflects local 

temperature, moisture transport, and global ice volume. The temperature component of 

these δ18O records is inversely related (in marine carbonates higher δ18O is colder, whereas 

in ice cores lower δ18O is colder); therefore a high negative correlation implies 

synchronization. The cross correlation was evaluated in moving time windows for the raw 

records, as well as for ice-volume corrected, and low-pass and high-pass filtered 

deconvolutions of the data. Although we cannot exclude local salinity effects in the GOA 

record, alkenone paleotemperature reconstructions from the North Pacific and Bering Sea 

track planktonic foraminiferal δ18O, indicating that a large component of the North Pacific 

δ18O changes reflect upper-ocean temperature (Max et al., 2012, Caissie et al., 2010, 

Barron et al., 2003) (Fig. A.7). Similarly, NGRIP δ18O covaries with marine 

paleotemperature records from the subpolar North Atlantic (Waelbroeck et al., 2001) (Fig. 

A.7). 

The GOA δ18O and NGRIP δ18O are positively correlated (temperatures inversely 

related) from 17.5 -15.5 ka (equivalent in time to Atlantic Heinrich Stadial 1, HS1) (Fig. 

2.2). The NGRIP δ18O record documents a warming trend from 18-16 ka, followed by a 

cooling from 16-15 ka. The GOA record shows high δ18O values (colder and/or saltier) 

from 18-16 ka, and the onset of warming/freshening starting around 16 ka. Abundant ice-

rafted debris (IRD) in the GOA sediments during this interval documents a sustained input 

of icebergs, which would tend to decrease the local surface salinity and δ18O through the 

addition of meltwater. Therefore, the relatively high δ18O during an interval of enhanced 

IRD delivery indicates that North Pacific temperatures remained cold until 16 ka. IRD 

deposition peaked in GOA from 17.5 – 16.5 ka, consistent with other observations in the 

North Pacific (Gebhardt et al., 2008, Davies et al., 2011) and coincident with the timing of 

Heinrich Event 1 (H1) in the North Atlantic (Bard et al., 2000).  

Initial GOA warming at 16 ka coincides with the shift from the “Big Dry” to “Big 

Wet” events in western North America (Broecker & Putnam 2012), supporting a role for 

enhanced North Pacific heat and moisture transport to the Great Basin Lakes. This GOA 

warming also coincides with a pause of Antarctic warming from 16 - 15.5 ka (Pedro et al., 

2011) and a slowing of atmospheric CO2 rise from 16 - 14.5 ka (Monnin et al., 2004, 
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Lemieux-Dudon et al., 2010). North Pacific diatom species in the Bering Sea imply sea-ice 

retreat at ~16 ka (Caissie et al., 2010), coincident with a pullback of Arctic sea ice (Cronin 

et al., 2010).  

Starting at ~15.5 ka, several hundred years before abrupt warming into the Bølling 

Interstade at 14.6 ka, NGRIP and GOA δ18O become synchronized (highly negatively 

correlated; Fig. 2.2). The negative correlation persists until ~11 ka, with a near one-to-one 

correlation for the intervals that encompass the abrupt warming transitions into the Bølling 

and Holocene interstadials. Disappearance of IRD at the onset of the Bølling Interstade in 

the GOA records indicates rapid retreat of Cordilleran outlet glaciers onto land at 14.8 ka 

(Davies et al., 2011).  The presence of the subtropical planktonic foraminiferal species 

Orbulina universa in the faunal assemblages of the GOA record during the Bølling and 

early Holocene suggest that these intervals were warmer than today, and involved the 

incursion of watermasses from the south (Asahi & Takahashi 2007). Such warm events in 

the GOA coincide with intervals of high meridional overturning in the North Atlantic 

(McManus et al., 2004), implying that poleward heat transport increased in both oceans 

during these times.  
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Figure. 2.2. Comparison of 25-yr linearly interpolated GOA (rose line, inverted axis) and 
NGRIP (dark blue, Rasmussen et al., 2006) δ18O records (panel A). Radiocarbon age 
controls plotted as pink diamonds. The purple Xs near the top of the plot indicate times 
when the subtropical planktonic species O.universa was present in the faunal assemblages, 
whereas the black dots indicate samples in which they were not present. A 2-kyr moving 
windowed cross correlation between the records is shown in panel B for the original GOA 
age model (black line, inverted axis) and for an alternative age model that is tuned to 
Greenland (grey line). The pink shading represents the time period of synchronization 
between records (see Fig. 2.3 for expanded view), whereas the grey shading reflects times 
with either no significant correlation or a seesaw-like mode between records. The coarse 
fraction percent (green shading, panel B) is dominated by ice-rafted debris (IRD) from 18.5 
– 14.7 ka, and virtually disappears near the onset the Bølling. The peaks in coarse fraction 
from 14.5 – 13.5 ka are all dominated by volcanic ash in the sediments (purple shading).  
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Following the abrupt warming into the Bølling Interstade (14.7-14.1 ka), the GOA 

and NGRIP δ18O records remain synchronized but with a weaker negative correlation (from 

-0.5 to -0.8) during stepwise cooling events within the Allerød (14.1-12.9 ka) and Younger 

Dryas (YD; 12.9-11.7 ka) intervals, reflecting slight offsets in the timing of these events 

between records (see Appendix A). An alternative age model based on tuning the GOA 

record to the NGRIP record (without violating the ash date) results in only minor changes 

to the original age model (Fig. 2.3), and improves the cross correlation between the GOA 

and NGRIP records throughout this interval (from -0.65 to -0.90; Fig. 2.2). Variations in 

marine reservoir of up to 200 yr are plausible and within the range of modern spatial 

variability, but the combination of the ash date on land and the tight correlation between 

GOA and Greenland preclude larger surface-ocean reservoir ages in this interval (Fig. 2.3).  

GOA and NGRIP again become highly synchronized (r = -0.90) just prior to abrupt 

warming into the Holocene. Following this warming, the windowed correlation between 

GOA and NGRIP changes sign at ~10 ka, suggesting a return to Pacific-Atlantic seesaw or 

decoupled behavior in an interglacial state similar to that of late-glacial time. Ice-volume 

corrected, low-pass filtered δ18O records show a more pronounced seesaw pattern (high 

positive correlation) in the Holocene and HS1 than the raw or high-pass records (Fig. 2.4). 

This suggests that the long-term (> 2 kyr) trends are inversely related during these times, 

but the short-term variability is either not sufficiently resolved or decoupled between basins 

during the Holocene and HS1.  

Variance increases within the GOA and NGRIP records prior to the abrupt warming 

transitions into the Bølling and Holocene (Fig. 2.4). High-frequency variance in the GOA 

peaks from 15-11.5 ka, coincident with the interval of synchronization, whereas in NGRIP 

high-frequency variance peaks slightly earlier. Both records show greater short-term 

variance during abrupt warming into the Bølling relative to the later warming into the 

Holocene, suggesting that earlier warming, beginning from relatively extreme glacial 

conditions, was the more abrupt climatic event in these two locations.  
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Figure 2.3. Comparison of the raw GOA data (pink, inverted axis) with the 20-yr NGRIP 
record (dark blue; Rasmussen et al., 2006) on the original age model (panel A) and on an 
age model that is tuned to the NGRIP record (panel B). The blue diamonds in panel A 
represent radiocarbon age controls with +2 s uncertainty, and the black diamond indicates 
the MEd tephra layer (see Appendix A). The age controls for the tuned record are shown in 
panel B, with the tie points to the NGRIP record shown as black stars for core EW0408-
66JC and green stars for core EW0408-26JC. The blue diamonds are the retained 
radiocarbon age controls from the original age model and the black diamond is the MEd 
tephra layer. Panel C shows the changes in marine reservoir age that result from the 
difference in the original and tuned age models for core EW0408-66JC (black) and 
EW0408-26JC (green). These differences are within the combined uncertainty of the two 
age models. The grey bars encompass the major climate reversals in the NGRIP record: 
YD: Younger Dryas, IACP: Inter-Allerød Cold Period, OD: Older Dryas.  
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Figure 2.4. Evaluation of the cross-correlation between the ice volume corrected low-pass 
filtered (2-kyr moving average, panel A) and high-pass filtered records (residuals from 2-
kyr moving average, panel B) of NGRIP (dark blue, Rasmussen et al., 2006) and GOA on 
the tuned age model (rose, inverted axis). The 2-kyr moving window cross correlation 
between the GOA and NGRIP records are shown in black for the low-pass (panel A) and 
high-pass filtered (panel B) records. Dashed gray lines in panel A reflect one-to-one 
positive and negative correlations. Panel C shows the variance for the high-pass and low-
pass records. A 200-yr windowed variance is shown for NGRIP (dark green) and GOA 
(dark blue) for the high-pass records, and a 2-kyr windowed variance is shown for NGRIP 
(light green) and GOA (light blue). The transitions into the Bølling and Holocene are 
clearly identifiable in the peaks in the high-pass variance and the abrupt shifts in the δ18O 
records at 14.7 and 11.7 ka.  
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2.4 Discussion and Conclusions 

 

Thus, we find evidence for intervals of both synchronous and asynchronous climate 

variability between the GOA and NGRIP regions.  Synchronization and an increase in 

variance preceded and extended through abrupt warming events, consistent with theory that 

highly connected systems are more susceptible to unstable tipping points (Dakos et al., 

2010; see Appendix A.5). Possible mechanisms to regulate the modes of connectivity 

between regions could be related to: 1) ice elevation in North America, 2) the opening of 

Bering Strait, or 3) routing of freshwater in the North Atlantic or Southern Ocean. During 

the Last Glacial Maximum (LGM), topographic steering of the jetstream around an 

expanded North American ice sheet and sea-ice margin would have reduced the direct 

atmospheric connection between the GOA and Greenland (Justino et al., 2005, Pausata et 

al., 2011). A gradual fall in ice height following H1 could have caused an abrupt 

reorganization of atmospheric circulation that set up a stronger meridional flow in the 

North Atlantic (Ullman et al., 2014) thereby strengthening the inter-ocean atmospheric 

coupling (Fig. 2.1). Linkages between the North Pacific and North Atlantic may also 

depend on whether the Bering Strait is open or closed, which could signal a role for the 

incursion of low salinity waters from the Arctic in the reversion to inter-ocean seesaw 

during the early Holocene (Saenko et al., 2004, Okazaki et al., Timmerman et al., 2004, 

2010, Shaffer & Bendtsen 1994, Davies et al., 2014). Alternatively, models suggest that 

freshwater forcing near West Antarctica triggers synchronous warming in the North Pacific 

and North Atlantic (Weaver et al., 2003), whereas meltwater inputs near Greenland create 

antiphased responses in the North Atlantic and North Pacific (Saenko et al., 2004, Okazaki 

et al., 2010).  

The last glacial termination demonstrates several symptoms of threshold behavior, 

including greater spatial organization through synchronization of the North Pacific and 

Greenland/North Atlantic variability (this study), elevated variance (this study, Bakke et 

al., 2009, Lenton et al., 2012), and enhanced autocorrelation of some climatic indicators 

just prior to the abrupt Bølling and Holocene transitions (Dakos et al., 2008, Livina & 

Lenton 2007). The new highly-resolved evidence we present here for inter-ocean dynamic 
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coupling between the NGRIP record in the Atlantic sector and GOA records in the Pacific 

Sector suggests that synchronization of poleward heat transport in both oceans is an 

important catalyst for abrupt warming transitions within the northern hemisphere. Although 

a tipping point may be crossed in an instant, large-scale climate systems that include ice 

sheets or deep ocean circulation may have substantial inertia, such that the full response 

may play out dynamically over an extended period of time, constituting a “tipping 

interval”.  

In the modern climate system, models suggest a tight coupling of short-term (<200 

yr) ocean-atmosphere interactions between the North Pacific and North Atlantic and 

indicate the potential for amplification of decadal-scale variability through inter-basin 

resonance (Wu & Liu 2005, Li et al., 2009). Prior to the 1970’s, variability in poleward 

heat fluxes and storm tracks in the North Pacific and North Atlantic regions were 

uncorrelated; more recently highly correlated behavior has emerged (Chang 2004). Our 

study documents that the development of such teleconnected variability between these 

regions is a fundamentally important phenomenon associated with rapid warming, 

suggesting that such properties may be high-priority targets for detailed monitoring in the 

future.  
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3.1 Abstract  

 

Observations of enhanced volcanic frequency during the last deglaciation have lead 

to the hypothesis that unloading of ice from glaciated volcanic terrains can promote 

volcanism through decompression melting in magma chambers. However, direct links 

between isostatic changes and the initiation of volcanism remains obscure due to the 

difficulty of obtaining continuous high-resolution records that can capture short-term 

variability. Marine sediment records from the Southeast Alaska margin with exceptionally 

high sedimentation rates (up to 2 cm/yr across the last deglacial transition, ~18 – 11 ka) and 

excellent age control (28 14C dates with constraints on reservoir ages) provide a decadal-

scale record of 23 tephra layers paired with foraminiferal oxygen isotopes and alkenone 

paleotemperatures. Major element compositions of eight discrete tephra layers between 

14.9 and 13.1 ka are consistent with a source from the nearby Mt. Edgecumbe Volcanic 

Field (MEVF). The onset of this eruptive sequence coincides with the onset of Bølling-

Allerød interstadial warmth, the disappearance of ice-rafted detritus (implying pull-back of 

Cordilleran outlet glaciers), and rapid vertical land motion associated with modeled 

isostatic rebound in response to glacier retreat. These data support the hypothesis that 

regional deglaciation can rapidly trigger volcanic activity. An increase in climate variance 

and a series of short-term cooling events are also associated with the interval of intense 

volcanic activity. The Southeast Alaska record thus illustrates a two-way interaction 

between climate and volcanism, in which rapid volcanic response to ice unloading may 

enhance short-term climate variability during deglaciation.   

 

3.2 Introduction 

 

Volcanism has been shown to induce short-term (sub-decadal) atmospheric cooling, 

deplete ozone, and affect the hydrologic and carbon cycles (McCormick et al., 1995, 

Robock 2000, Robock 2002, Gu et al., 2003).  On longer time-scales of centuries to 

millennia, episodes of enhanced volcanism have been associated with deglaciation, 
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hypothetically in response to gravitational unloading during high latitude ice loss (Hammer 

1980, Zielinski et al., 1996, Maclennan et al., 2002, Huybers & Langmuir 2009, Kutterolf 

et al., 2013). Debate continues on the magnitude of this effect (Huybers & Langmuir 2009, 

Watt et al., 2013), and on the response times of volcanism to isostatic triggering (ranging 

from nearly instantaneous; Maclennan et al., 2002; up to several thousand years; Kutterolf 

et al., 2013, Watt et al., 2013). Most studies have cataloged global or hemispheric averages 

of eruptive events; these have a statistical advantage of integrating many individual events, 

but a disadvantage of greater uncertainty in the timing of ice unloading and attribution to 

particular source regions, making it difficult to assess the triggers and mechanisms 

responsible for enhanced frequency of deglacial eruptions.  

The climatic response to volcanism is similarly complex and difficult to predict, 

with the potential for warming related to enhanced CO2 emissions (Huybers & Langmuir, 

2009) or lowering of albedo from ash deposition on snow or ice (Conway et al., 1996), and 

for cooling due to aerosol radiative effects in the atmosphere (Robock 2000) or by ash-

fertilized marine CO2 drawdown (Langmann et al., 2010). Therefore, the type and degree 

of climate response is likely sensitive to the location, magnitude, and composition of a 

given eruption. Furthermore, the relatively limited spatial extent of macro-tephra fallout 

and the short-term nature of these events make it difficult to identify and link a climate 

response to a given volcanic eruption. Despite the challenges in identifying particular 

climate responses to volcanic events in the geologic record, intervals of enhanced 

volcanism may contribute to climatic variance and thus be an important source of 

stochastic forcing, which may in turn help to trigger instabilities or so-called “tipping 

points” in the climate system (Praetorius and Mix, 2014).  

Ice cores preserve a detailed record of climate changes in conjunction with fine-

scale tephra and sulfate layers that can record distant eruptions. For example, the GISP2 ice 

core in Greenland documents enhanced volcanic sulfate deposition during the last 

deglaciation relative to the last 100,000 yrs (Zielinski et al., 1997). Some of these sulfate 

peaks have been linked to eruptions from Iceland (Mortenson et al., 2005), which show a 

clear enhancement of volcanism of up to 50 times modern levels during the last 

deglaciation (Maclennan et al., 2002). However, many of the tephra deposits that have been 

analyzed in Greenland ice cores have compositions distinct from Icelandic volcanoes, 
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suggesting more distal sources such as Japan, Kamchatka, the Cascades of the US Pacific 

Northwest, or volcanic systems of mainland Alaska or the Aleutian Arc (Mortenson et al., 

2005). Resolving regional volcanic histories and tephra stratigraphies will not only help to 

constrain the timing and magnitude of the response of distinct volcanic systems to deglacial 

processes, but could also identify the source regions of volcanic activity recorded in distal 

archives.  

A sequence of ashes originating from the Mt. Edgecumbe Volcanic Field (MEVF) 

have been previously identified in terrestrial deposits from southeast Alaska and generally 

dated to the Pleistocene-Holocene transition (Riehle et al., 1992a, 1992b). This sequence 

encompasses a wide compositional range from basalt to rhyolite, which likely reflects a 

stratified magma chamber. A dacite deposit near the youngest end of the sequence has been 

well dated on land via calendar-corrected radiocarbon (13.13 +/- 0.09 ka; Beget & Motyka, 

1998; recalibrated here using INTCAL13; Reimer et al., 2013), but the initiation of the 

eruptive sequence and its full extent are still poorly constrained. Here we utilize rapidly 

accumulating marine sediments from the Southeast Alaskan continental margin to construct 

a more complete and continuous record of the deglacial eruptive sequence from the MEVF 

at multi-decadal resolution, paired with climate proxies in the same samples. These records 

provide a detailed history of climate-volcano interactions in a specific system during the 

last deglacial transition. 

 

3.3 Methods 

 

Two marine sediment cores were used to form a high-resolution composite record 

spanning the late glacial to Holocene period (18-4 ka) (Fig. 3.1). Cores EW0408-66JC 

(58.87°N, 137.10°W, 426 m) and EW0408-26JC (56.96°N, 136.43°W, 1623 m) are 

proximal to the MEVF and contain a combined sequence of 23 tephras during the deglacial 

interval. We determine the age of these tephra deposits by placing them in the high-

resolution foraminiferal oxygen isotope stratigraphy, which is in turn informed by 28 

radiocarbon dates and correlation to the NGRIP isotope chronology (Praetorius and Mix, 

2014, and Appendix B). The marine reservoir age is constrained by geochemically 

fingerprinting one of the marine ashes to the Mt. Edgecumbe Dacite (MEd). The 
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geochemistry of 8 tephra layers is analyzed to evaluate the composition and source of these 

deposits.   

In co-registered samples from the same marine sediment cores, a new high-

resolution reconstruction of sea-surface temperature (SST) based on the alkenone 

unsaturation index  provides a detailed record of regional climate. The planktonic 

foraminiferal δ18O record, when corrected for  temperature (Bemis et al., 1998) and 

ice-volume (Waelbroek et al., 2002) provides a history of the isotopic composition of 

seawater (δ18OSW) related to changes in near-surface salinity. A glacial isostatic adjustment 

model was used to estimate local changes in vertical land motion and relative sea level 

related to regional ice unloading (see Appendix B for elaboration on methods). These 

records provide the highest resolution multi-proxy deglacial climate history of the high-

latitude North Pacific to-date, and allow for an in-depth evaluation of the interactions 

among regional climate, glaciation, and volcanism.  
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Figure 3.1. Gulf of Alaska study area. Large map shows the distribution of volcanoes 
(black dots) in the northern hemisphere, along with the areal extent and height of the ice 
sheets at the last glacial maximum (Peltier 2004). The location of Mt. Edgecumbe is 
indicated (black triangle), along with the modeled ash dispersal from the 1912 Alaskan 
Katmai eruption (Welchman 2012). The insert shows a more detailed view of the GOA 
study area, with major surface currents and the locations of marine sediment cores 
EW0408-66JC  (58.87°N, 137.10°W, 426m) and EW0408-26JC (56.96°N, 136.43°W, 
1623 m) (purple stars). 
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3.4 Results 

 

3.4.1 Tephra Stratigraphy 

 

The tephra sequence is compositionally and stratigraphically consistent with the 

terrestrial tephra sequence from the MEVF (Riehle et al., 1992a). The oldest tephras are 

basalts, followed by andesites, rhyolites, and rhyodacites near the top of the sequence (Fig. 

3.2, Fig. B.1). This compositional range is thought to reflect a basaltic magma chamber 

underlying a silicic magma chamber, with early mafic products erupting through a series of 

vents aligned along a crustal fissure in the MEVF, and later silicic eruptions occurring from 

the central vents of Crater Ridge and Mt. Edgecumbe (Riehle et al., 1992b). The visual 

stratigraphy, as well as microscopic inspection of individual ash layers suggests 

compositional ranges of basalts to andesites for all of the eruptions in the age range of 14.9-

13.8 ka (Fig. B.1). The earliest mafic eruptions tend to be thinner than subsequent andesitic 

and rhyolitic ash layers (Fig. 3.3), suggesting early eruptions might have been smaller 

(either in volume or areal extent) or less explosive than later eruptions.  
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Figure 3.2. A total alkali-silica (TAS) diagram (after LeBas et al., 1986) of the MEVF 
tephras analyzed in this study. The MEVF tephra set starts with basalts, and progressively 
moves into higher SiO2 content tephras, ending with dacites and rhyolites. The order of this 
sequence is consistent with the terrestrial sequences (Riehle et al., 1992a). The average age 
uncertainty for the tephra dates are + 200 years. The * denotes uncertainty for the dates of 
the ashes analyzed in the trigger core of EW0408-26, which are geochemically similar to 
sample UA2177.  
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A relatively thick (4 cm) rhyolite deposit occurs at 13.8 + 0.2 ka (UA2168). 

Following this tephra deposit, visual evidence for bioturbation is present from 0-26cm of 

the core (13.55 – 13.75 ka), despite relatively high sedimentation rates (100 cm/kyr). The 

old age of the core top and evidence for bioturbation in the upper most sediments suggests 

that sedimentation rates declined substantially after 13.55 ka at this site. Two ashes 

analyzed from the trigger core EW0408-26TC at 15 cm (UA2176) and 48 cm (UA2177) 

are both geochemically identical to the rhyolite deposit in EW0408-26JC at 27 cm, 

indicating that this tephra deposit has been bioturbated into the upper sediments and that it 

was likely one of the last major eruptions to be deposited at this location. A nearby 

sediment core located in Sitka Sound to the southeast of the MEVF (EW0408-40JC) also 

records thick rhyolitic tephra and pyroclastic surge deposits consistent with the timing and 

geochemistry of the rhyolite deposit in EW0408-26JC (Addison et al., 2010). Many of the 

terrestrial sequences mapped in Riehle et al., (1992a & b) document extensive rhyolitic 

tephra and pyroclastic flow deposits near the top of the MEVF sequence, indicating that 

this was one of the largest volumetric outpourings of the eruptive sequence. However, these 

deposits tend to be more restricted in areal extent than the subsequent dacitic eruption 

(Riehle et al., 1992b).  

Previous studies have documented only one dacite deposit near the top of the 

MEVF sequence, which is thought to reflect mixing of the basaltic and rhyolitic magma 

chambers (Riehle et al., 1992a). This eruption was sourced from Mt. Edgecumbe and is 

designated the Mt. Edgecumbe dacite (MEd). It is estimated to be of similar magnitude to 

the 1980 eruption of Mt. St. Helens in Washington, with an areal extent of 200 km2 for the 

ash fallout (Riehle 1992b). Two samples analyzed in core EW0408-66JC, at 1375 cm 

(UA2174) and 860 cm (UA2175), are rhyodacites with geochemical compositions similar 

to the MEd. These samples are separated by 5 m in the core, which corresponds to ~ 400 

years. Sample UA2174 is in bioturbated sediment whereas UA2175 is a discrete ash layer. 

The major-element geochemical composition of the two samples overlap, but the younger 

sample (UA2175) contains fewer rhyolitic shards and lower SiO2 wt% values that provide 

an average dacitic major-element composition, similar to published values of the MEd (Fig. 

3.2, Fig. B.2). Significant coefficient (SC) calculations show that UA 2175 has the highest 
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SC to reported values of the MEd (SC = 0.95; Table B.1). This is consistent with the 

geochemistry of the MEd reported by Reihle et al. (1992a,b; Fig B.2).  

The stratigraphic placement of these ashes supports the geochemical correlation of 

sample UA2175 with terrestrial deposits described as the MEd. UA2175 is the uppermost 

ash layer recorded in the EW0408 cores, similar to terrestrial observations.  On land the 

MEd occurs just below a pollen zone of apparent Younger Dryas age that indicates cooling 

in southeast Alaska (Hansen & Engstrom, 1996). Similarly, sample UA2175 is just below 

evidence of a sustained ocean cooling in core EW0408-66JC (Fig. 3.4), whereas sample 

UA2174 is present just below a short-term cooling, followed by a longer-term warming. 

The inferred marine reservoir age of 600 years (resulting from the difference of the MEd 

age and the radiocarbon dates bracketing sample UA2175) is consistent with average 

marine reservoir estimates from the British Columbia coast for this time period (Southon & 

Fedje 2003), and is supported by a “tuned” age model produced through correlation with 

the NGRIP chronology (Praetorius & Mix, 2014). An alternate correlation of sample 

UA2174 with the MEd would result in a surface ocean reservoir age of >1000 yrs, which is 

implausibly high for the surface ocean in a downwelling margin. Therefore, stratigraphic, 

climatological, and geochemical data all indicate that sample UA2175 can be correlated 

with the MEd. The additional dacitic eruption that precedes the MEd by ~400 yr has not 

previously been recognized in any stratigraphic sequence, and warrants caution when 

identifying the MEd in sediments without good stratigraphic and chronologic control.  

 

3.4.2 Timing of Volcanism 

 

The tephra sequence presented here reveals the large number of discrete eruptions 

(~23) that compose the MEVF tephra set, and indicates an age range of 14.9 -13.1 ka for 

the interval of peak volcanism (Fig. 3.3). The onset of volcanic activity from the MEVF 

closely coincides with the abrupt warming into the Bølling-Allerød warm period (BA) (Fig. 

3.4), which is the first widespread warming event in the northern hemisphere during the 

deglacial transition. The sea-surface warming of ~3°C in the GOA record occurs abruptly 

(< 90 years), consistent with Greenland ice-core records that register this transition as 

occurring rapidly (Steffenson et al., 2008).  
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The start of the MEVF eruptive sequence also coincides with the disappearance of ice-

rafted debris (IRD) in the GOA marine sediments (Fig. 3.3), documenting the retreat of 

marine-terminating outlet glaciers onto land in response to abrupt warming at the onset of 

the BA (Davies et al., 2011). This is consistent with the terrestrial tephra stratigraphy, 

which documents over 20 ashes from the MEVF overlying glacial till (Reihle et al., 1992a). 

Although global eustatic sea levels were rising throughout this time period (Waelbroeck et 

al., 2002), a surface loading model indicates a rapid fall in local relative sea level starting at 

~ 14.5 ka due to isostatic rebound from regional glacial unloading (Fig. 3.3) (see Appendix 

B).  

Thus, we find a rapid (nearly instantaneous) response of volcanism to major regional 

ice retreat and the associated isostatic adjustment. The timing of increase in volcanic 

eruptive frequency is similar to that found in Iceland (Maclennan et al., 2002), indicating 

that both these systems might respond rapidly to deglaciation. These findings of rapid 

volcanic responses in specific systems contrast with inferred lags of volcanism several 

thousand years behind sea-level rise in global compilations (Watt et al., 2013, Kutteroff et 

al., 2013). It is possible that some volcanic systems may have longer lag times behind local 

unloading; for example, arc systems in thicker continental crust may have longer response 

times than relatively isolated volcanic systems with shallow magma chambers, such as the 

MEVF and Iceland (Watt et al., 2013). Nevertheless, our findings highlight the potential for 

rapid volcanic response to crustal adjustment, and underscore the importance of well-

constrained regional studies to understand the interactions between surface processes and 

volcanic activity. 
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Figure 3.3. Timing of the MEVF ash sequence (dark purple) in relation to local 
deglaciation and isostatic adjustment. A record of ice-rafted detritus (IRD; green) is 
estimated by the percent coarse fraction >125mm in the sediment samples. Light purple 
shading is coarse fraction that is dominated by volcanic ash. Changes in the relative sea 
level (lat 57, long -135; black) are mainly controlled by changes in vertical land motion 
(rate of change shown in blue) derived from a glacial isostatic adjustment model. The onset 
of the volcanic sequence occurs near the disappearance of IRD from the marine sediments, 
and a rapid lowering of local relative sea level due to isostatic uplift in response to glacial 
unloading.  
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3.4.3 Regional Climate Change 

 

Following the abrupt warming into the Bølling (14.7-14.6 ka based on the alkenone 

paleotemperature reconstruction), progressive cooling occurs in steps until ~ 14 ka; this 

interval largely corresponds with the interval of high frequency basaltic eruptions. A large 

δ18O excursion (+0.8 o/oo) that punctuates the Bølling interval in the GOA record at 14.2 ka 

occurs just after the deposition of a 6 cm thick basaltic tephra layer (UA 2170) in core 

EW0408-26JC (Fig. 3.4). The SST record documents the coldest temperatures of the BA at 

this time, confirming that this was a major cooling event in the GOA.  

Warming occurs at 14 ka during a pause in ash deposition, but the warming trend is 

punctuated by a brief cooling of ~1 °C just after deposition of the large rhyolitic eruption at 

13.7 ka (UA 2177). A small cooling event (0.5 °C) occurs after deposition of the ash 

analyzed at 13.5 ka (UA 2174) in core EW0408-66JC. However, this ash is present within 

bioturbated sediments and occurs at the base of the core (1375cm), so it is difficult to 

constrain the precise timing of ash deposition relative to the paleotemperature change. 

Another cooling event begins at 13.2 ka, preceding the start of the Younger Dryas cooling 

by ~400 years and coinciding with the start of the Intra-Allerød Cold Period (IACP). This 

cooling is closely spaced to the deposition of the tephra deposit in EW0408-66JC that is 

correlated with the MEd at 13.16 ka (UA 2175).  

The reconstruction of δ18OSW shows maximum freshening of surface waters 

between 14.6 and 14.0 ka.  Although the rapid freshening of surface waters coincides with 

abrupt warming, the interval of freshening is not uniquely linked to the warmest 

temperatures, as there are intervals throughout the BA with equivalently high SSTs that do 

not show an apparent decrease in δ18OSW. The interval with greatest apparent freshening 

coincides with the interval of deposition of basaltic ash, which is initiated just prior to the 

rapid warming and disappearance of IRD at the onset of the Bølling Interstade (Fig. 3.4). 

Although these initial ash layers are thin (0.25 cm), the deposition of dark ash in the 

ablation zone of glaciers could have reduced albedo of the snow and ice surfaces (Conway 

et al., 1996), thereby promoting rapid melting and accelerated local meltwater output along 

with deglaciation.   
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The timing of peak volcanic activity from 14.9 – 13.1 ka coincides with maximum 

variance in the planktonic oxygen isotope and alkenone temperature records in the GOA 

(Fig. 3.4). With the exception of the Bølling transition, the largest amplitude temperature 

fluctuations of the deglaciation (16 – 11 ka) occur in direct proximity to tephra deposits, 

suggesting a role for volcanic forcing in deglacial climate variability.  

 

3.4.4. Comparison with Greenland climate and volcanic records 

 

Despite a high overall correlation between GOA and Greenland climate records 

throughout the deglacial interval (Praetorius & Mix, 2014), there are small discrepancies 

between sites in the timing and structure of the decadal and centennial-scale cooling events 

within the BA. The tuned GOA stable isotope record includes several isotopic excursions 

that coincide with the major climate reversals in NGRIP, but the GOA record also 

documents additional events not recorded in NGRIP, such as the large cooling at 14.2 ka. 

Differences in the timing and magnitude of climate fluctuations between these records 

could be explained by regional responses to volcanism. Although it is difficult to invoke 

long-term climate responses (~100 yrs) to individual volcanic eruptions, combined effects 

from clustering of events have been implicated in past episodes of cooling during the 

Holocene (Hammer 1980, Miller et al., 2012).  

The averaged sulfate record from Greenland provides a first-order measure of the 

combined northern hemisphere volcanic forcing on centennial time scales (Fig. 3.5). This 

record contrasts with the volcanic history compiled by Huybers & Langmuir (2009). 

Although the magnitude of individual sulfate peaks is greatest from ~13 - 7 ka, consistent 

with the timing of peak volcanism inferred from the global volcanic index, the sum of 

smaller volcanic events reveals earlier intervals with persistent volcanism that resulted in 

relatively large centennial-scale sulfate loadings. This is consistent with inferences of peak 

volcanism occurring from 17- 8 ka based on the original GISP2 sulfate record, especially 

when taking into account the lower sampling resolution in the deglacial interval relative to 

the Holocene (Zielinski et al., 1996).  

Apparent differences in these volcanic histories are likely related to biases in the 

preservation and detection of volcanic events. The global compilations favor silicic 
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eruptions that are more explosive with distal tephra fallout, whereas the Greenland sulfate 

record will favor deposition from more proximal volcanoes, such as Iceland. If early post-

glacial eruptions tend to be more mafic in composition, as is observed in Iceland and the 

MEVF, these eruptions could be underrepresented in the global compilations due to the 

relatively limited extent of tephra fallout. For example, the global compilation of Bryson et 

al., (2006) used in the Huybers & Langmuir (2009) study does not include any of the 

basaltic eruptions from Iceland or the MEVF during the early deglacial period. Huybers & 

Langmuir (2009) also do not include small eruptions in the assessment of deglacial 

volcanic frequency. These biases could potentially skew the inferred timing of peak 

volcanism to reflect large events and miss intervals with frequent low or moderate 

magnitude eruptions that may be more typical of early phases of eruptive sequences. 
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Figure 3.4. Comparison of GOA climate records with the MEVF tephra sequence and 
Greenland climate and volcanic records. Panel A shows the δ18O of NGRIP (black) with 
the volcanic sulfate record from NGRIP (pink; Mortensen et al., 2005) and GISP2 (dark 
blue; Zielinski et al., 1997). Dashed line is the volcanic sulfate loading from the 1912 
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Katmai eruption in Alaska (69 ppb), for a scale of reference. Panel B shows GOA climate 
proxies, with planktonic oxygen isotope composite record plotted in violet (Praetorius & 
Mix 2014), δ18Osw in dark blue, and alkenone temperature reconstructions in green. 
Constant offsets were applied to the data from EW0408-66JC based on average differences 
with data from the trigger core of site EW0408-26: δ18O = + 0.4 o/oo  and SST = + 1°C. Ash 
thickness is plotted in black for basaltic eruptions, grey for rhyolitic or dacitic eruptions. 
Panel C shows a 100-yr windowed variance for the alkenone records (dark blue shading). 
Grey bar shows the interval of MEVF volcanic activity, which also corresponds to the 
interval of peak variance in the surface ocean climate proxies.  
 
 

3.5 Discussion 

 

The association between deposition of ash and large climate fluctuations in the 

GOA records suggests a role for volcanic forcing in regional deglacial climate variability. 

Although individual eruptions are unlikely to lead to long-term climate effects due to the 

relatively short residence time (1-3 yrs) of volcanic aerosols in the upper atmosphere, a 

prolonged increase in northern hemisphere volcanism could lead to sustained climate 

perturbations through ice-albedo, sea-ice, or CO2 feedbacks. Modeling studies suggest 

hemispheric cooling of decades to centuries can be initiated by the effects of multiple 

eruptions (Pollack et al., 1993), or sea-ice feedbacks (Miller et al., 2012). 

A popular explanation for the Younger Dryas (YD) and centennial-scale cooling 

events recorded in the Greenland ice cores is freshwater input to the North Atlantic and 

attendant reduction in the thermohaline overturn and northward heat transport (Broecker et 

al., 1988, Clark et al., 2001, McManus et al., 2004). However, the occurrence of similar 

climate reversals in other regions at different times from the events in the North Atlantic 

calls into question whether such events are all sourced from the North Atlantic region. 

Volcanism has also been invoked as a possible mechanism to trigger the YD cooling 

(Berger 1990, Rind & Overpeck 1993, Zielinski, et al., 1996), based on a tight clustering of 

relatively large sulfate peaks from 13 - 12 ka. Although there is evidence for a reduction in 

the AMOC during the YD (McManus et al., 2004, Praetorius et al., 2008), questions remain 

about the source, route, and quantity of freshwater necessary to cause sufficient reductions 

in the AMOC (Tarasov & Peltier 2005, Broecker 2006, Condron & Windsor 2011). 

Intervals of sustained global volcanism could trigger “freshwater events” through rapid 
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melting of glaciers due to a reduction in albedo from ash deposition in the ablation zone. 

Alternatively, large volcanic eruptions could have initiated a rapid cooling via atmospheric 

aerosol effects, which could have been sustained through an expansion of sea-ice and 

attendant modifications to the source and strength of deepwater formation (Miller et al., 

2012), without the direct need for freshwater capping. Sea-ice and ice-albedo feedbacks 

triggered from volcanic activity could thus play a key role in modifications to the AMOC 

during the deglacial period. 

Although aerosol loading from explosive eruptions might have a stronger influence 

on short-term cooling, sustained effusive volcanism could have a significant impact on 

volcanic CO2 emissions and ice-albedo feedbacks. Notably, intervals of sustained 

volcanism occurred during Heinrich Stadial 1 (HS1) and the BA; both time periods 

encompass large meltwater discharges and increases in CO2 (Fig. 3.5). The observation of a 

large IRD pulse in the GOA sediments that coincides with the timing of H1 in the North 

Atlantic (Praetorius & Mix, 2014) points to a common forcing mechanism to induce rapid 

melting of both the Laurentide and Cordilleran ice sheets. The large number of volcanoes 

in the Pacific “ring of fire”, coupled with the prevailing westward winds, make deposition 

of ash on the Laurentide and Cordilleran ice sheets a potential contributor to glacial 

wasting and ice-sheet instability. Ash deposited in the ablation zone of glaciers accelerates 

melting because the dark ash tends to remain at the ice surface as the glacier retreats 

(Conway et al., 1996), whereas ash deposited in the glacier accumulation zone is covered 

by snowfall relatively quickly and might not have long-term effects on surface albedo.  

However, ash that was once covered in the accumulation zone will at some point be 

uncovered during deglaciation, acting as a time-delayed feedback on glacial melting.  

The interaction of complex feedbacks with different regional effects and timescales 

of response could make volcanism a key contributor to deglacial climate variability. 

Enhanced stochastic variability may precondition the climate system to more easily cross 

thresholds when coupled with longer-term climate forcing. A link between the timing of 

volcanic events recorded in Antarctica and the onset of Dansgaard-Oeschger (D-O) stadials 

has been found (Bay et al., 2004), suggesting that the climate system might be sensitive to 

volcanic forcing during intermediate ice states. Climate records have not shown typical 

early warning signs of a system approaching a tipping point prior to D-O events, making it 
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more likely that they are noise-induced transitions (Ditleveson & Johnson 2010). Volcanic 

forcing could provide such a source of noise in the climate system.  
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Figure 3.5. Comparison of averaged 100-yr volcanic sulfate record from GISP2 (blue) with 
deglacial changes in CO2 (dark blue; Monnin et al., 2004, Lemieux-Dudon et al., 2010), 
GOA SST (black), and the strength of the AMOC (green; McManus et al., 2004). Blue 
shading in the volcanic sulfate record indicates times when sulfate loadings are greater than 
the mean value of 14 ppb, whereas pink shading indicates times when sulfate is less than 14 
ppb. Although millennial-scale changes in AMOC are compatible with the broad scale SST 
record from GOA, there is considerable high-frequency variability that could be linked to 
deglacial volcanism. Sustained intervals of volcanism could have contributed to the 
deglacial rise in CO2, as well as periods of rapid glacial melting due to lowering of surface 
albedo. Major freshwater events are identified with grey shading: Heinrich event 1 and 0 
(H1 & H0; Hemming 2004), Meltwater pulse 1A and 1B (MWP1A & MWP1B) 
(Deschamps et al., 2012). 
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3.6 Conclusions 

 

An interval of enhanced volcanic eruptive frequency in the MEVF coincides with 

the retreat of regional glaciers and rapid isostatic adjustment, consistent with the hypothesis 

that ice-unloading can trigger volcanism. We find no significant lag between the timing of 

major ice retreat and the onset of volcanism, suggesting that the volcanic response to 

deglaciation is rapid in this region. The interval of high-frequency volcanism from 15 - 13 

ka is associated with high regional climate variability, suggesting a role for volcanic 

forcing of regional climate.  Early in the eruptive sequence, basaltic ashes are associated 

with surface-water freshening (δ18Oseawater), suggesting that in this region, volcanism 

triggered by deglacial unloading could accelerate melting through an albedo effect of dark 

ash on snow and ice.  The largest volcanic events in the sequence are associated with 

century-scale cooling recorded in the surface oxygen isotope and alkenone temperature 

reconstructions. Major cooling events in the Gulf of Alaska, such as the Inter-Allerød Cold 

Period, precede similar cooling trends observed in the Greenland Ice Cores. These 

observations challenge hypotheses that century-scale cooling events are uniquely linked to 

reductions in North Atlantic thermohaline overturn and oceanic heat transport in the 

Atlantic sector. Regional volcanism may play a significant role in century-to-millennial 

scale climate change, which in turn may influence volcanism through climatic forcing of 

ice cover.  
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4.1 Abstract 

 

Marine sediments from the North Pacific document an expansion and 

strengthening of the oxygen minimum zone (OMZ) during the Bølling -Allerød (BA) and 

early Holocene interstadials. These events have been associated with enhanced export 

productivity in many sites throughout the North Pacific, but the mechanisms to stimulate 

widespread productivity and ocean deoxygenation remain debated. New high-resolution 

alkenone temperature reconstructions from a marine site in the Gulf of Alaska (59°33.32′ 

N, 144°9.21′ W, 682 m) show two abrupt warming events of 4-5°C during the Bølling 

and Holocene transitions that precisely coincide with the onset of increased export 

productivity and a sudden shift to hypoxic conditions, as indicated by the presence of 

laminations, low oxygen benthic species, and the occurrence of trace metals indicative of 

suboxic/anoxic conditions. These conditions persisted from ~14.7 - 13.2 ka and ~11.5 – 

10.5 ka, while temperatures remained elevated in the SST reconstruction, suggesting a 

strong link between ocean warming and deoxygenation. A decrease in δ18O values (0.4 – 

1.0 o/oo) at intermediate and deep sites accompanied the most severe deoxygenation event 

during the BA, indicating that abrupt warming might have penetrated into the interior 

North Pacific. We propose that abrupt warming led to an expansion of the North Pacific 

OMZ through the combined effects of reduced oxygen solubility and enhanced thermal 

stratification, which then stimulated marine productivity through remobilization of iron 

from regional hypoxic sediments, as well as through favorable temperature and light 

conditions related to surface stratification, acting as a positive feedback on ocean 

deoxygenation. 

 

 

4.2 Introduction 

 

The oxygen content of the world’s oceans has important controls on nutrient 

cycling, marine productivity, and the efficiency of the biological pump, thereby 

influencing the transfer of carbon from the atmosphere to the deep ocean. The North 
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Pacific contains the world’s largest expanse of suboxic waters (Keeling et al., 2010), 

making this region particularly sensitive to thresholds of hypoxia, in which low oxygen 

levels (typically < 2 mg O2/l) can have major effects on marine ecosystems and 

biogeochemical cycling (Vaquer-Sunyer & Duarte, 2008, Conley et al., 2009). Low 

oxygen concentrations in the North Pacific result from poor ventilation of intermediate 

and deep waters, combined with high export productivity, which consumes oxygen 

through respiration of sinking organic matter, and creates an expansive oxygen minimum 

zone (OMZ) at intermediate depths.  

In recent decades, declines in ocean oxygen concentration have been observed 

(Keeling & Garcia, 2002, Whitney et al., 2007, Bograd et al., 2008, Stramma et al., 

2008), along with the occurrence of more frequent and severe episodes of hypoxia in 

coastal areas, with serious consequences for marine ecosystems and fisheries (i.e., “dead 

zones”) (Grantham et al., 2004, Diaz & Rosenberg 2008, Stramma et al., 2010). Although 

in some regions hypoxia can be linked to enhanced anthropogenic nutrient loading (Diaz 

& Rosenberg 2008), in the north Pacific the effects of climate change, including ocean 

warming and enhanced stratification, are thought to play a large role (Grantham et al., 

2004, Keeling et al., 2010).  

Models predict progressive ocean deoxygenation linked to future global warming 

(Schmittner et al., 2008, Shaffer et al., 2009). The primary effect is through a reduction in 

oxygen solubility within warmer waters, but additional effects related to ocean warming, 

such as enhanced upper ocean stratification (due to thermal buoyancy), and an increase in 

the respiratory demand in marine organisms, are thought to exacerbate oxygen depletion 

(Vaquer-Sunyer & Duarte, 2008, Shaffer et al, 2009). The relationship between ocean 

warming and oxygen depletion is thus non-linear, and is further complicated by the 

difficulty in predicting changes in marine productivity, which can have large regional 

effects on oxygen consumption as organic matter falling from the near-surface ocean is 

remineralized at depth. The response of benthic ecosystems to hypoxia is also non-linear, 

with thresholds of collapse predicted for certain species when oxygen levels fall below a 

given concentration (Conley et al., 2009). Additional stresses associated with climate 

change, such as warming temperatures, ocean acidification, and sulfidic conditions can 

also enhance sensitivity of biota and effectively reduce the tolerance of marine 
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ecosystems (Vaquer-Sunyer & Duarte, 2008), making it difficult to accurately predict the 

crossing of such thresholds.  

Once hypoxic conditions are established, changes in the marine fauna and nutrient 

cycling can cause sustained feedbacks that promote recurrent hypoxia, creating long-term 

disturbances to benthic ecosystems and biogeochemical cycling (Conley et al., 2009). 

Understanding the mechanisms that led to past episodes of widespread hypoxia help to 

illuminate the processes that contributed to ocean deoxygenation and the associated 

effects on marine ecosystems and carbon cycling, which will lead to a better predictive 

framework for future changes in ocean oxygen content linked to global warming and 

climate change.  

Marine sediment cores from intermediate depths across the North Pacific (Fig. 

4.1) document two intervals with laminated sediments during the last deglaciation, which 

reflect episodes of sedimentary anoxia indicating an expansion and strengthening of the 

OMZ (Behl & Kennett 1996, Mix et al., 1999, Ortiz et al., 2004, Cook 2005, Davies et 

al., 2011, Jaccard & Galbraith 2012). These events are generally associated with the 

Bølling -Allerød interstade (14.6 – 12.9 ka) and early Holocene interglaciation (11.6 – 

11.2 ka), both times of rapid warming and sealevel rise observed in many northern 

hemisphere locations (Behl & Kennett 1996, Davies et al., 2011). However, the 

temperature history of the North Pacific is not well constrained due to relatively sparse 

paleotemperature reconstructions and conflicting model predictions for the temperature 

response of this region relative to those in the North Atlantic (Saenko et al., 2004, 

Okumura et al., 2009, Okazaki et al., 2010), making it difficult to put these events in a 

regional climatic context.  

Two primary mechanisms have been invoked to account for widespread North 

Pacific deoxygenation during the last deglaciation: 1) a decrease in ocean ventilation 

related to changes in ocean circulation (Behl & Kennett, 1996, Hendy & Pederson, 2006, 

Okazaki et al., 2010), and 2) enhanced oxygen consumption related to increased export 

productivity (Ortiz et al., 2004, Schmittner et al., 2007, Kohfeld & Chase, 2011, Lam et 

al., 2013). Reconstructions of changes in deep and intermediate water column ventilation 

in the North Pacific during the last deglacial period have been interpreted differently 

(Galbraith et al., 2007, Okazaki et al., 2010, Lund et al., 2011, Lund 2013, Davies et al., 
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2014), but so far, no consistent pattern of decreasing ventilation rate associated with the 

hypoxic events has emerged.  

Evidence for enhanced export productivity at many sites that coincide with the 

laminated intervals suggests that an increase in oxygen utilization was likely a major 

driver of water column deoxygenation (Van Geen et al., 2003, Ortiz et al., 2004, McKay 

et al., 2004), however, the mechanism to stimulate productivity over such widespread 

locations remains puzzling. Increases in the flux of iron from continental shelves during 

sea level rise has been suggested as a potential driver of enhanced marine productivity 

(Mix et al., 1999, Davies et al., 2011), but the regional sea level history for these 

disparate locations is likely very different due to isostatic adjustments related to ice 

unloading (Kohfeld & Chase, 2011, Chapter 3). If the sealevel hypothesis is correct, it 

implies that iron released in major shelf regions, such as the Bering Sea, is transported 

long-distances, such as to the Gulf of Alaska. Other authors have suggested a 

reinvigoration of ocean circulation that upwelled dissolved nutrients from the subsurface 

to surface waters (Schmittner et al., 2007), implying low stratification (Kohfeld & Chase 

2011), while others have suggested a role for enhanced haline stratification associated 

with melting of ice in North America in promoting marine productivity through 

amelioration of light limitation (Lam et al., 2013). A difficulty for these hypotheses is the 

ambiguity of data on upper ocean stratification based on δ18O of planktonic foraminifera, 

in which thermal and haline effects are difficult to separate.  Detailed reconstructions of 

regional changes in SST, surface salinity, and ventilation rate are needed to constrain the 

causes of deglacial hypoxia in the North Pacific. 

Here we pair a new high-resolution sea-surface temperature record based on the 

 alkenone unsaturation index from the high-latitude North Pacific with proxies for 

ventilation rate, export productivity, surface stratification, and benthic faunal 

assemblages, to evaluate the sequence of oceanographic changes that lead to anoxia at a 

site located in the modern OMZ (682 m) in the North Pacific. We find that two abrupt 

warming events of 4-5°C directly coincide with an increase in export productivity and the 

sudden onset of sedimentary anoxia. No significant reduction in the salinity of surface 

waters or a reduction in ventilation rate occur with these events, suggesting that 

temperature had a dominant role in stimulating productivity and reducing the oxygen 
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content of intermediate waters. Furthermore, benthic foramininferal oxygen isotope 

evidence suggests that a transient subsurface warming accompanied abrupt sea-surface 

warming during the BA, indicating a secondary role for oxygen solubility effects during 

the formation of subsurface watermasses at this time.  

 

4.3 Methods 

 

4.3.1 Sediment Cores 

 

Marine sediment core EW0408-85JC is located on the continental slope of the 

Gulf of Alaska (59°33.32′ N, 144°9.21′ W, 682 m). In the modern setting, this site lies 

near the upper margin of the oxygen minimum zone, where oxygen concentrations are ~ 

20 µmol/kg  (Fig. 4.1). The GOA margin experiences high seasonal productivity during 

the spring and late summer months, with the highest chlorophyll levels observed along 

the northern margin (Brickley & Thomas 2004), near the site of EW0408-85JC. The 

North Pacific drift feeds into the cyclonic Alaskan gyre and Alaskan Coastal Current 

(ACC), which drives downwelling along the GOA margin (Stabeno et al., 1995, 2004). 

Sediment cores from various depths across the GOA and Northeast Pacific were also 

employed for the compilation of an oxygen isotope depth transect. Site EW0408-

26JC/TC lies along the continental slope off the southeast Alaska margin (56.96°N, 

136.43°W, 1623 m). Site EW0408-87JC is located in a more open ocean setting within 

the GOA gyre, at a depth that lies underneath the modern OMZ (58.77°N, 144.50°W, 

3680 m). Ocean Drilling Program (ODP) site 1019 is located near the Oregon/California 

margin (41.68°N, 124.93°W, 978 m) where the North Pacific drift turns into the 

southward flowing California current, driving coastal upwelling.  

 

4.3.2 Age Models 

 

The age model for site EW0408-85JC is published in Davies et al., 2014, and is 

based on 44 radiocarbon dates of mixed planktonic foraminifera, which have been 

calendar corrected using the Calib 7.0 program with the Marine13 calibration curve 
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(Reimer et al., 2013), using a marine reservoir correction of 850 + 100 yrs. The age 

models for cores EW0408-26JC/TC are published in Praetorius & Mix 2014, and consist 

of 10 radiocarbon dates on mixed planktonic foraminifera, calibrated with Calib 7.0 using 

a marine reservoir correction of 735 + 50 yrs. The age model for the trigger core of site 

EW0408-26 is poorly constrained due to low sedimentation rates, bioturbation, and 

carbonate dissolution in the upper sediments, therefore a tie point to the oxygen isotope 

stratigraphy of a nearby core with excellent age controls (EW0408-66JC) is used for the 

Holocene/YD boundary. No age controls exist for the sediments above this stratigraphic 

correlation, making the Holocene age model for this site highly uncertain. The age model 

for core EW0408-87JC is based on 19 mixed planktonic radiocarbon dates calibrated 

with Calib 7.0 using a marine reservoir correction of 850 + 100 yrs. The age model for 

ODP site 1019 is published in Mix et al., 1999.  

 

4.3.3.Radiocarbon 

 

 Benthic radiocarbon ages were measured on mixed species of benthic 

foraminifera in the same samples as planktonic measurements to give an estimate of 

ventilation changes between the surface and deep waters at site EW0408-85JC (59°33.32′ 

N, 144°9.21′ W, 682 m; Davies et al., 2014). Larger differences should reflect an increase 

in stratification and a reduction in deepwater ventilation. Benthic ventilation ages were 

also evaluated using the projection age method (Adkins & Boyle 1997), which accounts 

for changes in the atmospheric 14C history based on the preformed radiocarbon content of 

surface waters before subduction.  

 

4.3.4 Alkenones 

 

Total lipids were extracted from ~ 5 g of sediment using a Dionex ASE-200 

automated solvent extraction system and partitioned into hexane (Walinsky et al. 2009). 

Total lipids were separated into linear (alkenone containing) and non-linear fractions via 

urea adduction (Christie 2003), and the linear fraction characterized/quantified by 

capillary gas chromatography with flame ionization detection (Walinsky et al. 2009). 
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Uncertainties in the quantification of K37:2 and K37:3 were conservatively treated as the 

sum of an average baseline variability component (dominates error in low-abundance 

samples) and a 5% uncertainty in the integrated area (dominates in high-abundance 

samples). These uncertainties were then propagated into calculation of alkenone 

concentration and the  temperature index {=(37:2)/(37:2 + 37:3)} using the 

calibration equation of Prahl et al., 1988. An estimate of SST was also calculated based 

on the 

€ 

U37
K  temperature index {=(37:2 - 37:4)/(37:2 + 37:3+ 37:4)}, using the calibration 

equation of Prahl et al., 1988 (Appendix C). Modern annual SSTs in this region are 

8.3°C, whereas coretop alkenone samples from this site show SSTs of 12.4°C, indicating 

a seasonal bias towards the summer months (12.8°C) (Prahl et al., 2010). 

 

4.3.5 Oxygen isotopes 

 

 High resolution planktonic and benthic oxygen and carbon isotope records were 

published for site EW0408-85JC in Davies et al., 2011. The planktonic δ18Ο record of 

Neogloboquadrina pachyderma (Nps) is used to evaluate the changes in the δ18Ο of 

seawater (related to salinity; δ18Οsw), after correcting for local temperature (using the 

alkenone SST reconstruction and the equation of Bemis et al., 1998) and the δ18Ο 

changes related to global sea level (Waelbroeck et al., 2002). Precise depth-based SST 

and δ18Ο pairs were available for most samples, but not all alkenone and Nps 

δ18Ο measurements were made on identical sample depths.  

A compilation of oxygen isotopes from different sites along a depth transect in the 

Northeast Pacific was produced to evaluate deep ocean temperature and salinity changes 

across the deglacial transition. The record of Nps from site 85JC is used for the surface 

δ18Ο (depth = 100 m) from 1 – 17 ka, and is extended from 17-18 ka using the Nps δ18Ο 

record of EW0408-26JC (Praetorius & Mix 2014). New benthic oxygen isotopes for site 

EW0408-26JC/TC were measured on Uvigerina peregrina, and oxygen isotopes from 

site EW0408-87JC were measured on Cibicidoides wuellerstorfi. The benthic δ18Ο record 

(Uvigerina species) from ODP site 1019 (Mix et al., 1999) is also included in the depth 

composite. These records were corrected for changes in the δ18Ο related to global ice 
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volume (Waelbroeck et al., 2002). An adjustment of +0.64 permille was added to the 

δ18Ο of Uvigerina species in order to correct for species offsets relative to Cibicidoides.  

 

4.3.6 Benthic faunal assemblages 

 

 Benthic species abundance were counted from the > 150 um size fraction with 

sample splits that had ~ 200 benthic specimen. Individual specimens were classified into 

12 genera and species categories, and the percent abundance for each species was 

calculated relative to the total number of benthic species counted. Bulimina and Bolovina 

are both elongate infaunal benthic genera that are considered indicators of low-oxygen 

conditions, typically associated with high export productivity (Bernhard 1986, Bernhard 

& Reimers, 1991, Kaiho 1994). Bulimina exilis is indicative of the most severe hypoxic 

conditions (Hermelin & Shimmield, 1990). Epistominella pacifica is an epifaunal species 

that typically requires well oxygenated conditions. Therefore the relative abundances of 

these species reflect changes in bottom water oxygen concentrations, with high 

abundances of Epistominella pacifica reflecting well oxygenated conditions, Bolovina 

genera reflecting suboxic conditions, and Bulimina exilis reflecting hypoxic to anoxic 

conditions.  
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Figure 4.1. Map of modern oxygen saturation in the North Pacific. Top map shows 
oxygen concentration at 400 m depth, with the clearly defined OMZ across the North, 
Eastern, and Equatorial Pacific. The core site in this study is indicated with a red star 
(59°33.32′ N, 144°9.21′ W, 682 m), whereas other core sites that have identified similar 
deglacial hypoxic/productivity events are indicated with circles. Bottom map shows a 
depth transect from the Eastern Pacific, with the location of site EW0408-85JC near the 
upper boundary of the expansive North Pacific OMZ. Maps and data are from Ocean 
Data View.  
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4.4 Results 

 

The alkenone paleotemperature reconstruction shows average late glacial SST’s 

of ~ 5°C, with the coldest temperatures occurring at ~ 16.5 ka, roughly synchronous with 

the timing of Heinrich event 1 (H1) (16.8 ka; Hemming 2004) (Fig. 4.2). Evidence for 

peak ice-rafted debris (IRD) in the GOA has been observed to coincide with the timing of 

H1 in the North Atlantic (Gebhardt et al., 2008, Davies et al., 2011, Praetorius & Mix 

2014), therefore regional sea surface cooling could be a response to local ice rafting. 

Following H1, gradual warming of 1-2°C was initiated after 16.5 ka. The high abundance 

of Epistominella pacifica in the benthic faunal assemblages (Fig. C.1) indicates that the 

water column remained well oxygenated during the late glacial period (17-15 ka). At ~15 

ka, a rapid warming of 4-5°C occurred in the GOA, coinciding with the transition into the 

BA.  

Following warming, the onset of anoxia appears to have occurred abruptly, as 

documented by the sudden occurrence of sediment laminations, a shift to benthic 

populations dominated by the low-oxygen species Bulimina exilis, and a sharp rise in Mo 

concentration (within a transition of 4 cm depth, < 300 yrs) (Fig. 4.2). This transition also 

coincided with an increase in the concentration of biogenic silica, possibly reflecting 

enhanced export productivity (Davies et al., 2011, Addison et al., 2012). The initial rise 

in SST preceded the development of anoxia by ~ 500 yrs, but the increase in biogenic 

opal and the shift to low oxygen conditions coincided with the establishment of SSTs 

near 10°C. The increase in redox-sensitive trace metals (Mo and U; Barron et al, 2009, 

Addison et al., 2012) and low-oxygen benthic species slightly preceded the increase in 

biogenic silica (by 5 cm, 300 yrs) and total organic carbon (TOC) (by 10 cm, 600 yrs) 

during the BA transition (Fig. 4.2, Fig. C.2).  

SST’s remained relatively high (10-11°C) throughout the BA, whereas the oxygen 

isotope records from this region show stepwise reversals into the Younger Dryas, similar 

to the Greenland ice core δ18Ο records (Davies et al., 2011, Praetorius & Mix, 2014). The 

benthic faunal assemblages and trace metal data indicate that anoxic conditions persisted 

while temperatures remained elevated during the BA, whereas oxic conditions returned 

with cooling into the Younger Dryas (YD; 12.9 – 11.7 ka). Another abrupt 5°C warming 
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in the SST record occurred during the transition into the Holocene, which was 

accompanied by an increase in biogenic silica, and a second shift to hypoxic conditions. 

This hypoxic event appears to have been less severe than the BA event, indicated by 

weaker laminations and lower percent abundances of Bulimina exilis, which is consistent 

with observations from other locations in the North Pacific that suggest the most severe 

hypoxia occurred during the BA (Jaccard & Galbraith 2012). However, a second brief 

increase in Mo concentration and a peak in Bolivina following the Holocene hypoxic 

event indicate that there was a recurrence of hypoxia in the early Holocene.  

The shift in benthic faunal assemblages reveals a threshold-like response to both 

episodes of hypoxia, with a transition from near zero percent abundance of Bulimina 

exilis to the near dominance of this genus at the start of each event, indicating that the 

system switched from oxic to anoxic conditions abruptly. Shortly following the initial 

peaks in Bulimina exilis, the faunal assemblages are colonized by other low-oxygen 

Bulimina and Bolovina species (Fig. C.2), indicating a switch from anoxic to suboxic 

waters. Epistominella pacifica reappear in the faunal assemblages during the YD and 

early Holocene, suggesting the return of oxic conditions at these times.  

The benthic-planktic (B-P) radiocarbon differences show no significant deviation 

from the long-term mean (725 + 200 yrs) during either of the hypoxic events. In contrast, 

an increase in the B-P age (1400 yrs) occurs during the YD. However, the benthic 

radiocarbon ages based on the projection age method reach maximum values (2200 – 

2800 yrs) during the BA and early YD (Lund et al., 2011, Lund 2013, Davies et al., 

2014), which may be consistent with reduced ventilation during the BA hypoxic event. 

Benthic projection ages decrease during the second half of the YD and do not show a 

clear increase for the first Holocene hypoxic event. Benthic projection ages increase 

following the Holocene transition and are coincident with the second early Holocene 

hypoxic event (as observed in the trace metal and faunal data). Differences in the 

apparent ventilation histories based on B-P ages versus projection ages are likely related 

to the mixing of different source waters within the deep northeast Pacific.  

The δ18Οsw (Fig. 4.2) varies near the onset of the BA hypoxia event, but there are 

no consistent trends that reflect a sustained freshening of the surface ocean throughout 

either of the events at this location. A record of the δ18Οsw from a nearby site in the 
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GOA (EW0408-26JC) shows evidence for some surface freshening during the Bølling  

(Chapter 3), making it likely that there were regional variations in freshwater runoff 

throughout the GOA. Nevertheless, the presence of subtropical planktonic species 

Orbulina universa in the faunal assemblages of this same site (EW0408-26JC) during the 

Bølling implies that SSTs were at least 10°C (Praetorius & Mix 2014), consistent with the 

SST reconstruction from site EW0408-85JC that indicates the large decrease in δ18Ο at 

the Bølling transition predominantly reflects a major warming event.  

The benthic Uvigerina δ13C data do not show any clear trend during the hypoxic 

events, making it unlikely that enhanced upwelling of nutrient-rich deep water 

contributed to enhanced productivity (Davies et al., 2011). However, the δ13C of 

Uvigerina species is not always considered a reliable proxy for bottom water 

concentrations due to its shallow infaunal habitat and the potential influence of organic 

matter remineralization on the δ13C in sediment pore waters (Galbraith et al., 2007) 

A low δ18Ο excursion (- 1 o/oo) in the benthic record at this site has previously 

been documented during the BA (Davies et al., 2011). If this change in δ18Ο were due to 

an increase in temperature alone, it would imply a warming of ~ 4-5 °C at a depth of 682 

m. The apparent implausibility of the magnitude of this warming at such a depth has lead 

to the interpretation that it reflects a pulse of low salinity waters, possibly related to brine 

formation or a hyperpyncnal flow (Davies et al., 2011). However, the occurrence of low 

δ18Ο values (- 0.4 – 0.6 o/oo) in deeper sites in the Gulf of Alaska and Oregon margin 

during the BA (Fig. 4.3, Fig. C.2) warrants a reevaluation of the temperature component 

of this transient δ18Ο anomaly.  

An average δ18Ο change of -0.5 o/oo would reflect a change in temperature 

equivalent to a ~2.0°C warming (Shackleton 1974). Accounting for only changes in 

oxygen solubility as a function of temperature, this would reduce the oxygen 

concentration by ~17 µmol/kg (Benson & Krause 1984). In the modern ocean, this 

change in oxygen concentration would drive the site of 85JC to suboxia (< 5 µmol/kg) 

and result in an expansion of the OMZ by ~ 500 m (Fig. 4.1). However, oxygen levels 

prior to the BA were likely higher than in the modern setting, based on the faunal 

assemblages in the late glacial sediments, indicating that an even larger reduction in 
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ocean oxygen concentration is needed to account for the widespread expansion of the 

North Pacific OMZ during the deglacial interval.  
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Figure 4.2. Data from core EW0408-85JC. Panel A shows planktonic (Nps) δ18Ο data 
(Davies et al., 2011; dark blue), the alkenone SST reconstruction (purple), biogenic opal 
(Davies et al., 2011; blue), Mo concentration (Addison et al., 2012; green), low-oxygen 
benthic genera abundance (Bolovina: pink, Bulimina: black). Panel B shows proxies 
related to ocean circulation: Benthic-Planktonic radiocarbon ages (blue) and benthic 
projection ages (black) (Davies-Walczak et al., 2014), a reconstruction of δ18Οsw (pink), 
and benthic δ13C data (Davies et al., 2011). The timing of major climate intervals are 
indicated at the top of the plot: Holocene (11.6 – 0 ka), Younger Dryas (YD; 12.9 – 11.7 
ka), Bølling  Allerød (BA; 14.6 – 12.9 ka), late glacial (LG; 18 – 14.7 ka).
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Figure 4.3. An intermediate water depth transect of δ18Ο in the Northeast Pacific 
spanning the last deglacial period. Planktonic data (Nps δ18Ο) from site EW0408-85JC is 
used for the subsurface thermocline (depth = 100m). Benthic δ18Ο data (Uvigerina 
perigrina) from various core sites is plotted at depth: site EW0408-85JC (682 m; Davies 
et al., 2011), ODP site 1019 (980 m; Mix et al., 1999), site EW0408-26JC (1620 m). 
Benthic δ18Ο data from site EW0408-87JC (Cibicidoides) is plotted at depth 3600 m to 
extend the depth transect (Fig. C.3), but the map is cutoff at depth 2000 m to focus on 
intermediate water changes. All data is corrected for changes in global ice volume using 
the δ18Ο ice volume reconstruction of Waelbroeck et al., 2002. Labels at the top of the 
plot identify climate intervals: Holocene (11.6 – 0 ka), Younger Dryas (YD; 12.9 – 11.7 
ka), Bølling  Allerød (BA; 14.6 – 12.9 ka), late glacial (18 – 14.7 ka). The timing of the 
two hypoxic events are indicated with pink bars.  
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4.5 Discussion 

 

The association between the intervals of abrupt deglacial warming and the 

episodes of high export productivity and sedimentary anoxia implies a link between 

ocean warming, marine productivity, and deoxygenation. The increase in SST precedes 

both the increase in productivity and the onset of anoxia, making it likely that 

temperature exerted a primary control in these changes. This presents two possible 

scenarios: 1) rapid warming stimulated enhanced marine productivity, which drove 

sedimentary anoxia through respiration of organic matter, or 2) rapid warming led to 

regional hypoxia, which stimulated marine productivity through the remobilization of 

nutrients (iron) in hypoxic sediments (Scholz et al., 2014). In both cases, an increase in 

ocean temperature would have caused a reduction in oxygen solubility and reduced the 

threshold for hypoxia. However, the former scenario implies that changes in marine 

productivity were the dominant mechanism driving the system into a hypoxic state, 

whereas the later implies that temperature was the dominant control on ocean 

deoxygenation. This has important implications for future assessment of oxygen 

depletion related to global warming.  

 

4.5.1 Temperature controls on productivity 

 

Empirical observations suggest a negative relationship between primary 

productivity and increasing SST in low-latitude waters (>15°C), which is mostly 

attributed to the effects of enhanced thermal stratification suppressing the upwelling of 

nutrients from deeper waters (Behrenfeld et al., 2006). However, the same relationship 

does not hold for high-latitude regions, which appear to have a more consistently positive 

relationship between temperature and primary productivity (Neori & Holm-Hansen, 

1982, Behrenfeld et al., 2006). In cold waters, photosynthesis can be limited by metabolic 

rates, such that an increase in temperature from 1-7°C results in a doubling of 

photosynthetic rates, whereas an increase to much higher temperatures (28°C), results in 

a suppression of growth rate (Neori & Holm-Hansen, 1982). In high-latitude regions that 

are prone to deep vertical mixing as a result of strong winds, primary productivity can 
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also be predominantly light limited, therefore enhanced thermal stratification may 

promote surface productivity through stabilization of the euphotic zone. Modern 

observations indicate a 30-60 % decrease in primary productivity in response to an SST 

increase of 1-3°C in tropical and subtropical waters, whereas a similar increase in SST in 

the marginal seas of the high latitude North Pacific was associated with increases in net 

primary productivity of up to 60% (Behrenfeld et al., 2006).  

Effects of temperature on productivity are further complicated by the enhanced 

rate of remineralization in the euphotic zone with increasing temperatures, which tend to 

decrease export efficiency (Laws et al., 2000). However, export efficiency also depends 

on the quantity and size of biogenic particles, as well as the flux of lithogenic ballasting 

(Dunne et al., 2007). Large phytoplankton such as diatoms are considered major players 

in the export of organic carbon to the subsurface ocean (Boyd & Newton 1995). 

Conditions that favor large diatom species include high near-surface stratification and the 

availability of iron (Kemp & Villareal 2013). The strong association between the two 

abrupt warm intervals and the high concentrations of biogenic silica implies that surface 

conditions during these times were favorable for diatoms.  

 

4.5.2 Temperature effects on oxygen solubility 

 

Although oxygen solubility with respect to temperature is well known (-7 

µmol/kg /°C at normal oceanic salinities for temperatures ranging from 0-10°C; Benson 

& Krause 1984), the real-world effect of subsurface oxygen depletion related to an 

increase in SST is confounded by mixing of subsurface watermasses, as well as changes 

in export production. For a temperature change of 6 to 10°C, equivalent to the SST 

increase at the Bølling transition based on the alkenone Uk’37 index, the dissolved 

oxygen concentration would have decrease by ~28 µmol/kg, accounting only for 

solubility effects. This represents approximately 10% of the dissolved oxygen in modern 

surface waters, making it difficult to account for subsurface anoxia through solubility 

effects alone.  

Modern observations indicate that the true change in oxygen concentration related 

to ocean warming is many times higher (~ 3 times) than that predicted for the solubility 
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of dissolved gases, signaling a dominant role for changes in biological activity linked to 

ocean warming and enhanced stratification (Keeling & Garcia 2002). Keeling and Garcia 

(2002) estimate an effective average rate of O2 decrease of -22 µmol/kg /°C for waters in 

the thermocline between 6 and 18 degrees, which is approximately three times larger than 

that expected based on O2 solubility alone.  

In the modern setting, site 85JC lies in the OMZ, where oxygen levels are 

typically ~20 µmol/kg. By the estimates of Keeling and Garcia, a warming of 1°C would 

drive the Pacific OMZ to anoxic conditions. Although oxygen concentrations during the 

late glacial and YD were likely higher than modern conditions (based on the faunal 

assemblages), oxygen levels would have to be ~5 times greater relative to the modern 

setting (100 µmol/kg) to prevent water column anoxia from a thermocline warming of 4-

5°C. Thus, if empirical observations serve as a reasonable approximation for ocean 

deoxygenation as a function of temperature in the past, the abrupt warmings at the start of 

the Bølling and Holocene would likely account for water column anoxia at this site, as 

well as the expansion of the OMZ across sites in the North Pacific.  

Temperature reconstructions from other sites in the northeast Pacific show similar 

SST trends as the GOA SST record (Fig. 4.4) (Barron et al., 2003, Kienast & McKay, 

2001), indicating that these were likely large scale regional climate fluctuations. It is 

important to keep in mind, however, that these estimates combine the effects of 

temperature on oxygen solubility, stratification, and biological productivity, implying that 

similar changes would have had to accompany the Bølling and Holocene warm events to 

account for sustained regional hypoxia. 

 

4.5.3 Nutrient input to stimulate productivity 

 

Previous studies have interpreted enhanced export productivity as the cause of 

sedimentary anoxia (Kohfeld & Chase, 2011, Davies et al., 2011, Addison et al., 2012, 

Lam et al., 2013). Mechanisms to stimulate North Pacific-wide ocean productivity have 

typically invoked an increase in nutrient availability, and included: 1) rising sea levels 

which caused flooding of continental shelves and the remobilization of iron-rich glacially 

derived sediments (Davies et al., 2011), 2) a reinvigoration of ocean circulation, which 
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enhanced upwelling of nutrients from the deep ocean (Schmittner et al., 2007, Kohfeld & 

Chase 2011), or 3) an increase in the delivery of iron via surface processes, such as 

enhanced dust flux, volcanic ash, or riverine discharge (Martin 1990).  

The sealevel hypothesis has been challenged based on regional differences for the 

timing of isostatic adjustment (Kohfeld & Chase 2011) and for the lack of evidence for 

an increase in iron associated with the BA productivity maxima in the NW pacific (Lam 

et al., 2013). Our records show no clear evidence for a reduction in ventilation age or a 

decrease in carbon isotopes during the hypoxic events, making it unlikely that enhanced 

upwelling was responsible for the increase in primary productivity. Enhanced dust flux is 

observed to peak during stadial periods, therefore this is an unlikely mechanism to 

stimulate the productivity events during the BA and early Holocene warm periods.  

Volcanism has been observed to peak during the last deglacial period (Zielinski et 

al., 1996, Huybers & Langmuir 2009), and volcanic events from the Aleutian arc have 

been shown to fuel phytoplankton blooms in the GOA (Langmann et al., 2010). Nearby 

sediment cores from the Gulf of Alaska record an episode of volcanic activity sourced 

from the Mt. Edgecumbe Volcanic Field (MEVF) that coincides in timing with the 

laminated interval during the BA (Chapter 3). Although these eruptions might be 

expected to enhance productivity in the vicinity of the MEVF, it is unlikely that they 

could account for enhanced productivity farther afield than the GOA. Therefore, in order 

for volcanism to account for the pan-Pacific productivity events, volcanoes in the ring of 

fire must be synchronized to climate forcing such that rapid warming and removal of ice-

loading would trigger a virtually instantaneous volcanic response. A lack of evidence for 

volcanic input in sediments from the NW Pacific during the deglaciation (Lam et al., 

2013) makes this scenario unlikely.  

Other authors have suggested primary productivity was not nutrient limited, but 

light limited during the late glacial period due to enhanced vertical mixing related to an 

increase in North Pacific Deep Water formation (Okazaki et al., 2010), and therefore 

invoke enhanced freshwater stratification during the BA to promote high surface ocean 

productivity (Lam et al., 2013). We find no direct evidence for surface freshening at this 

site. However, enhanced stratification related to thermal buoyancy could be consistent 

with this hypothesis.  
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The radiocarbon data gives a conflicting picture of ventilation changes throughout 

the deglaciation based on the B-P and projection age methods. Neither method reveals a 

consistent relationship showing a decrease in ventilation rate that uniquely coincides with 

the hypoxia events (Fig. 4.2). However, if enhanced stratification did contribute to the 

BA productivity maxima and the decrease in subsurface oxygen content, this would 

imply that the projection age method is a more accurate reflection of the ventilation 

history in this region than the B-P age differences.  

The combined proxy data from site EW0408-85JC suggests that temperature 

exerted a primary control in the episodes of high export productivity and the development 

of anoxic conditions that persisted for millennia during the BA and early Holocene. An 

increase in the trace metals linked to low oxygen conditions (U and Mo) slightly 

preceded the increase in export productivity during the BA hypoxic event (~ 300 yrs), 

indicating that initial deoxygenation was related to physical controls from ocean 

warming, such as a reduction in oxygen solubility and thermal stratification. Enhanced 

productivity was likely a response to ocean warming (through optimization of 

temperature and light conditions) and deoxygenation (through release of nutrients from 

suboxic sediments; Scholz et al., 2014), which then acted as a strong feedback on ocean 

deoxygenation through further consumption of oxygen from remineralization of sinking 

organic matter.  

 

4.5.4 Feedbacks on the carbon cycle 

 

The timing of the North Pacific hypoxic events approximately coincided with two 

intervals of abrupt increase in atmospheric N2O and a cessation in the rise of atmospheric 

CO2 (Fig. 4.4). Other authors have suggested that the widespread expansion of suboxic 

zones in the North Pacific could have lead to significant denitrification, largely 

accounting for the two abrupt increases in atmospheric N2O, while the enhanced export 

flux and burial of organic carbon may have helped to stabilize the rise in atmospheric 

CO2 (Jaccard & Galbraith 2012). Thus, the temperature evolution of the North Pacific 

could play a prominent role in the regulation of greenhouse gases. Initial deglacial 

warming could promote out gassing of deep-ocean respired carbon. Continuous and/or 
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abrupt warming could have pushed large areas of the North Pacific across thresholds of 

hypoxia, in which the cycling of nutrients and carbon was fundamentally altered, 

contributing to expansive denitrification and the release of N2O gases. However, the 

development of widespread hypoxia could ultimately act as a negative feedback on rising 

CO2 and global warming, with the release of nutrients from hypoxic sediments acting to 

stimulate surface productivity (in particular, diatoms with high efficiency for carbon 

export; Kemp & Villareal 2013) and the decrease in water column oxygen concentration 

helping to promote carbon burial. Thus, thresholds of hypoxia in the North Pacific linked 

to ocean warming could switch this region from a source to sink of carbon.  
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Figure 4.4. Northeast Pacific SST records compared with atmospheric greenhouse gases. 
The CO2 records from EDC (Monnin et al., 2004; dark blue), the GOA SST record 
(purple), an SST record from the California margin (Barron et al., 2003; black), a record 
of N2O from TALOS Dome (Schilt et al., 2010; blue). Grey shaded bars indicate the two 
hypoxic intervals, which correspond to increases in atmospheric N2O and plateaus in 
atmospheric CO2.  
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4.6 Conclusions 

 

Our new alkenone SST record indicates that abrupt sea surface warmings of 4-

5°C were linked to the onset of two episodes of enhanced export productivity and 

sedimentary anoxia. Two possible mechanisms could account for these coevals changes: 

1) an increase in SST and associated (thermal) stratification lead to favorable growth 

conditions (i.e. amelioration of light and thermodynamic limitations), and 2) ocean 

warming lead to regional hypoxia, which released nutrients into the water column and 

stimulated marine productivity (i.e. amelioration of nutrient limitation). An evaluation of 

the sequence of changes in bottom water oxygen and export productivity at this site 

suggests that the later scenario was most likely the trigger for the abrupt increase in 

export productivity, however, both mechanisms probably acted in concert. 

Reconstructions of the δ18O of seawater show no evidence for a reduction in 

surface ocean salinity, making it unlikely that salinity stratification was responsible for 

the decrease in oxygen concentration at this location. Subsurface radiocarbon 

reconstructions based on benthic-planktonic differences show no evidence for enhanced 

water column stratification during either event, whereas ventilation rates based on the 

projection age methods are consistent with a reduction in subsurface ventilation during 

the BA and early Holocene. Although these conflicting ventilation histories make it 

difficult to come to definitive conclusions on the role of upper ocean stratification in 

subsurface oxygen depletion, the reconstructions of water column δ18O indicate an 

increase in the surface to deep density gradient during the hypoxic events, and the high 

abundance of diatoms in these intervals support a role for near surface stratification 

related to sea surface warming.  

 These records show that the development of persistent hypoxia in the past was 

directly linked to abrupt ocean warming, with alkenone SST estimates ranging from 10-

13°C during the two hypoxic intervals. Coretop alkenone samples from this site register 

SSTs of 12.4°C (Prahl et al., 2010), indicating that modern temperatures are already in 

the range observed to have occurred during past hypoxic events. Projected anthropogenic 

sea-surface warming by the mid 21st century for this region is 1-1.5°C (Wang et al., 
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2010), which would imply regional SSTs exceeding the maximum temperatures observed 

in the paleoreconstruction. Modern observations suggest a persistent decline in ocean 

oxygen concentrations in the past decades (Stramma et al., 2008), and models predict 

further declines in the future associated with global warming (Shaffer et al., 2007, 

Schmittner et al., 2008). These data indicate that hypoxic and anoxic events may become 

increasingly common in the future, and could signal the potential for major thresholds on 

marine ecosystems (Vaquer-Sunyer & Duarte, 2008). While severe hypoxia is potentially 

catastrophic for certain marine ecosystems and fisheries, the development of low oxygen 

conditions could provide a negative feedback on rising CO2 through stimulation of 

marine productivity and enhanced burial of organic carbon.  
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      Chapter 5 
Conclusions 

 

 

The studies comprising this dissertation examine deglacial changes occurring in 

the Northeast Pacific in order to illuminate how this region may dynamically interact 

with other regions of the globe to amplify or dampen global climate changes. Oxygen 

isotope records in the GOA are observed to switch between correlated and anticorrelated 

patterns relative to the NGRIP oxygen isotope record, suggesting that climate variability 

in the North Pacific and North Atlantic regions may operate in both synchronous and see-

saw modes. Correlated behavior occurs prior to and throughout the most abrupt climate 

changes of the past 20,000 years, implying that synchronization of heat transport in both 

regions may promote abrupt climate events in the northern hemisphere. 

We observe rapid (< 100 years) surface ocean temperature fluctuations in the 

Gulf of Alaska, the most dramatic of which correspond to SST warmings of ~ 5°C at the 

Bølling and Holocene transitions. Coeval with the onset of Bølling warmth, we find 

evidence for a pullback of glaciers and an increase in the frequency of volcanic eruptions 

sourced from the Mt. Edgecumbe volcanic field, consistent with the idea that regional 

deglaciation can trigger volcanic activity. The timing of intense volcanic activity also 

coincided with a period of high climatic variance in the foraminiferal oxygen isotopes 

and alkenone temperature records, suggesting a possible feedback between climate and 

volcanism, in which isostatically induced volcanism may enhance climate variability 

during the deglaciation.  

Rapid warming at the Bølling and Holocene transitions was also linked to the 

sudden onset of hypoxic conditions in the subsurface ocean (depth 682 m). Based on the 

sequence of events recorded in proxy data of the same core, we suggest that abrupt 

surface (and possibly subsurface) ocean warming lead to a reduction in oxygen solubility, 

enhanced thermal stratification, and stimulation of marine productivity through a 

stabilization of the euphotic zone, as well as an increase in the supply of iron from 

hypoxic shelf sediments. Thus, the expansion of the North Pacific OMZ was likely 
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primary a response to ocean warming, while feedbacks on marine productivity created a 

threshold like response, in which the development of hypoxic conditions helped to 

stimulate further productivity, ultimately acting as a positive feedback on ocean 

deoxygenation.   

The emergence of critical transitions in complex systems typically involves the 

interaction of key ingredients, including high variability, interconnectivity, and gradual 

forcing that pushes a system from one stable state to another. Our reconstructions of 

North Pacific climate reveal that all of these variables were in play during the last 

deglaciation, including steady forcing provided by rising CO2, enhanced connectivity 

between the North Pacific and North Atlantic, and high climate variance, possibly linked 

to northern hemisphere climate resonance and/or an increase in deglacial volcanic 

activity. All of these forcing elements could have primed the climate system for the 

abrupt transitions that were observed during the last deglaciation. The development of 

hypoxic conditions lasting several millennia during the most abrupt climate transitions 

further suggests that these events were capable of pushing ecosystems across thresholds, 

in which biogeochemical cycling was altered on large scales. 

As we confront future climate change, it is essential that we take into 

consideration the possibility of abrupt threshold crossings in the climate and ecosystems. 

Because anthropogenic climate change represents a no-analog situation, it becomes more 

challenging to identify the components of the climate system that may be poised for 

future thresholds, as the same script of events that lead to past abrupt climate events will 

not play out in the future. Therefore, it is important to understand the fundamental 

ingredients that contribute to tipping points, as well as to identify and monitor systems 

that may be most susceptible to thresholds related to future climate change.  
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Appendix A – Synchronization of North Pacific and Greenland climates preceded 

abrupt deglacial warming 

 

A.1 Materials and Methods 

 
A.1.1 Gulf of Alaska core locations 
 
 

Sediment cores EW0408-66JC  (58.87°N, 137.10°W, 426m), EW0408-26JC 

(56.96°N, 136.43°W, 1623 m), and EW0408-85JC (59.56°N, 144.15°W, 682 m) are 

located along the Gulf of Alaska (GOA) margin. These sites lie under the flow path of the 

Alaska Coastal Current (ACC), which is a north-westward flowing current system that is 

part of the larger cyclonic Alaskan gyre that moves subtropical waters into the GOA (Fig. 

A.1; Stabeno et al., 2004). The strength of the ACC is strongly linked to atmospheric 

circulation through wind-driven onshore Ekman transport and accelerated by regional 

freshwater input.  These processes drive downwelling and a depression of the 

thermocline along the margin. Despite the predominance of downwelling along the 

margin, occasional upwelling still occurs due to topographic mixing.  

Oxygen isotopes were measured in two species of planktonic foraminifera, 

sinistral Neogloboquadrina pachyderma (Nps), and Globigerina bulloides (Gb), to 

reconstruct changes in the regional sea-surface hydrography over the past 18,000 yrs. The 

Nps species typically grow in the spring to summer months (Kuroyanagi et al., 2008), 

however because their depth habitat is in the shallow subsurface thermocline (Kohfeld et 

al., 1996, Bauch et al., 2002, Simstich et al., 2003), which ventilates during winter 

mixing events, their δ18O composition approximately records annual average sea-surface 

temperatures (SST) and salinity (SSS) (Fig. A.2). The Gb species live nearer to the sea 

surface than Nps and may shift their season of growth based on food availability (Ortiz et 

al., 1995), therefore Nps is considered a more reliable recorder of long-term changes in 

annual average SST.  
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Figure A.1. Gulf of Alaska core sites (Figure after Stabeno et al., 2004). Sites EW0408-
66JC  (58.87°N, 137.10°W, 426 m), EW0408-26JC (56.96°N, 136.43°W, 1623 m), and 
EW0408-85JC (59.56°N, 144.15°W, 682 m; Davies et al., 2011) are used to form a high-
resolution composite isotope record. The location of Mt. Edgecumbe is indicated (red 
triangle), which is the source of the tephra deposits in cores EW0408-66JC & EW0408-
26JC.  
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Figure A.2. North Pacific thermocline temperatures. Analysis of modern water column 
structure within the Gulf of Alaska and Bering Sea from World Ocean Atlas data (2009), 
showing that in the high North Pacific summer temperatures averaged from 30-50 m (the 
upper thermocline, where primary foraminiferal calcification occurs) are good 
approximations of annual average temperatures at the sea surface (R2=0.95, 
RMSE=0.4oC).  A similar effect applies to salinity (R2=0.95, RMSE = 0.09) but at very 
low salinities the mean annual surface salinities are systematically lower than subsurface 
summer values. 
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A.1.2 Age Model 
 

Radiocarbon measurements were made on mixed planktonic foraminifera, 

sinistral Neogloboquadrina pachyderma (Nps) and Globigerina bulloides (Gb) picked 

from the >150 um size fraction. Radiocarbon samples were analyzed at the Keck AMS 

facility at U.C. Irvine. One depth interval was radiocarbon dated with monospecific 

samples of Gb and Nps to examine the potential age offset between species due to 

different depth habitats in the water column. These two samples (EW0408-66JC, 403-405 

cm) resulted in identical 14C age and +1-σ uncertainty (11,085 + 35 14C yrs). Age models 

for EW0408-66JC and EW0408-26JC were constructed from a total of 28 14C dates (Fig. 

A.3, Table A.1). Five 14C dates were excluded from the age model due to small age 

reversals.  Calendar corrections were made using the Calib 7.0 calibration software with 

the Marine13 calibration curve (Reimer et al., 2013). The midpoint of the 2-σ age range 

was used as the central estimate for the age model, unless there was a bimodal 

distribution in the calibration curve, in which case the midpoint of the highest probability 

age range was taken.  

A marine radiocarbon reservoir correction of 595 + 50 yrs was applied to core 

EW0408-66JC, consistent with the presence of a tephra layer in core EW0408-66JC 

which is correlated to a terrestrial tephra layer from Mt. Edgecumbe, characterized 

(Riehle et al., 1992) and dated on land to 13,130 + 90 yrs cal BP (Beget & Motyka 1998). 

A marine reservoir correction of 735 + 50 yrs was applied to core EW0408-26JC based 

on the average age difference between terrestrial plant material and marine bivalves from 

nearby core sites (Addison et al., 2010). The previously published age model for 

EW0408-85JC (Davies et al., 2011) was updated using the Marine13 calibration curve 

with a marine reservoir correction of 800 + 50 yr for planktonic foraminiferal dates, in 

order to best align isotopic features between sites in the early Holocene. Marine reservoir 

ages are consistent with (Southon & Fedje, 2003), which indicate average reservoir ages 

of 600-800 yrs along the British Columbia coast throughout the past 13 ka. However, 

other studies have documented marine reservoir ages of up to 1100 yrs in similar regions 

during the last deglaciation (Kovenan & Easterbrook, 2002). 
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Alternative age models for these cores were generated using the OxCal 4.2 

program (Ramsey 2009), which uses a Bayesian approach to constraining the age 

distribution of radiocarbon samples in a depth sequence. The OxCal age model resulted 

in midpoint ages similar to the Marine13 age model, with an average age difference of 64 

yrs between the age models (Table A.2). An age model based on tuning the δ18O changes 

in the GOA record to the NGRIP δ18O record was also produced (Fig. 2.3), which results 

in relatively small offsets from the original age model (average age difference is 44 yrs; 

Table A.2). The differences in these age models could reflect uncertainties in the 

radiocarbon calibration, the NGRIP chronology (which range from 100-200 yrs 

throughout this interval), or changes in surface-ocean marine reservoir age. The 

maximum difference between the two age models is 200 yrs and occurs near the onset of 

the Younger Dryas. These changes could indicate a slight increase in marine reservoir 

age during the early Younger Dryas, which is consistent with changes reported in 

(Southon & Fedje 2003).  However, the consistency between age models suggests 

relatively small changes in surface marine reservoir age in the GOA and supports overall 

synchroneity between the GOA and NGRIP records from the Bølling to early Holocene.  
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Figure A.3. Age Model for EW0408-66JC and EW0408-26JC. Black dots are 
uncorrected radiocarbon ages on mixed planktonic foraminifera. Analytical uncertainties 
for the radiocarbon analysis are smaller than the symbols used in the plot (typically 20 – 
50 yrs). The red stars are radiocarbon dates excluded from the age model due to small age 
reversals. The blue squares represent the calibrated midpoint age BP (i.e., relative to 1950 
AD), with + 2 σ uncertainty bars, using the Calib 7.0 software with the Marine13 
calibration curve (Reimer et al., 2013). The upper and lower bounds of the 1-σ range of 
the OxCal age model are also plotted for comparison (light blue lines). A tephra layer 
correlated to the Mt. Edgecumbe dacite (MEd) is indicated with its terrestrial radiocarbon 
age (Beget & Motyke 1998), which is equivalent to 13,130 + 90 yrs cal BP. 
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Table A.1 
Radiocarbon ages and analytical uncertainty on mixed planktonic foraminifera from cores 
EW0408-66JC and EW0408-26JC. Five radiocarbon ages were excluded from the age 
model due to small reversals (indicated with *). Age calibrations were made using the 
Marine13 calibration curve, in which the midpoint of the 2-σ range was used (rounded to 
the nearest decade). A tephra layer at 860 cm in core EW0408-66JC is correlated to the 
Mt. Edgecumbe dacite (MEd), which has a terrestrial radiocarbon age of 11,250 + 50 yrs 
(Beget & Motyke 1998). 
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Table A.2 
Comparison of the GOA age models produced using the Calib 7.0 and OxCal programs, 
as well as an age model produced by “tuning” the GOA isotope record to the NGRIP 
record. The tuned age model consists of 5 tie points to the NGRIP record (in bold) and 15 
retained ages from the original Calib 7.0 age model. The differences between the 
midpoint ages for the age models are shown. 
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A.1.3 Composite Isotope Records 
 

Stable isotope analyses were analyzed at the Oregon State University Stable 

Isotope Laboratory (http://stable-isotope.coas.oregonstate.edu/). Planktonic species Nps 

and Gb were picked from the 150-255 um size fraction. Approximately 25 specimens of 

Nps and 15 specimens of Gb were used for each sample measurement. Oxygen isotopes 

from core EW0408-66JC were analyzed at continuous 2 cm intervals from 0-250 cm, and 

5 cm resolution from 250 – 1375 cm. Core EW0408-26JC was analyzed at 2 cm intervals 

from 0 – 165 cm, and 5-10 cm resolution from 165 - 890 cm. Samples were 

ultrasonicated in methanol and rinsed with deionized water prior to analysis. Data are 

reported in delta notation, δ18O  = [(18O/16O)sample/(18O/16O)standard] − 1), relative to the 

Vienna Pee Dee Belemnite (VPDB) standard, with an average external precision of + 

0.04 o/oo via replicate analyses of an internal lab calcite standard (Wiley) and the 

international calcite standard NIST-‐8544 (NBS-‐19).  

A composite record assembled from three nearby marine sediment cores provides 

an exceptionally high-resolution record from the Gulf of Alaska (Fig. A.1). Cores 

EW0408-66JC  (58.87°N, 137.10°W, 426 m; 4.5-13.4 kyr cal BP) and EW0408-26JC 

(56.96°N, 136.43°W, 1623 m, 13.3-18.3 kyr cal BP), have sedimentation rates ranging 

from 200 – 2000 cm/kyr throughout the last deglacial interval (Fig. A.3), with average 

sample spacing of 20 yrs between 11.5 and 18.5 kyr BP. Sedimentation rates at site 

EW0408-66JC are relatively low during the Holocene, therefore a previously published 

record from a nearby site (EW0408-85JC, 59.56°N, 144.15°W, 682 m; Davies et al., 

2011) provides a well-dated high-resolution record of Holocene time (constrained by 16 

planktonic foraminiferal 14C ages between 1 and 11 kyr cal BP) with an average 

sedimentation rate of 70 cm/kyr and average sample spacing of <80 yr. Alternate 

approaches to calibration of radiocarbon reservoir ages (Davies et al., 2014) justifies use 

of constant reservoir ages for planktonic foraminifera (within uncertainties of a few 

hundred years) as a good approximation on this dominantly downwelling margin.  These 

three cores are spliced together to form a high resolution composite record spanning ~1-

18.2 kyr cal BP (Fig. A.4), with chronologies constrained by 39 planktonic foraminiferal 

radiocarbon dates, 23 of which are within the deglacial interval. The combination of these 
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records provides the highest resolution (decadal to centennial) North Pacific δ18O record 

currently available, with excellent age control throughout all climate intervals.  

An empirical isotopic correction for seawater δ18O (related to salinity) and local 

temperature differences between the sites is applied based on overlapping intervals; +0.3 
o/oo was added to δ18O of Nps in core EW0408-66JC for the Holocene interval (4-11 ka), 

and +0.4 o/oo was added for the remainder of the record (11-13.5 ka), justified by the 

location of core EW0408-66JC near a relatively low salinity source from Icy Strait. No 

δ18O corrections were made to cores EW0408-26JC and EW0408-85JC.  

A composite record was also made from the δ18O of Gb using the same steps as 

outlined above (Fig. A.5). Gb are thought to be more sensitive to changes in SSS due to 

their shallow depth habitat (Ortiz et al., 1995). Small differences in the two species (Gb – 

Nps δ18O) tend to be negative during cold periods and positive during warm periods. 

These offsets are most apparent during Heinrich Stadial 1 (HS1) and the Younger Dryas 

(YD), and likely reflect lower δ18O in Gb due to a freshening of the sea surface during 

times of high glacial meltwater flux. This is especially apparent in a pulse of low δ18O in 

Gb coinciding with the period of high ice-rafted detritus (IRD) input. However, the 

overall similarity of the Nps and Gb records indicates that biases in temperature are likely 

small relative to the long-term climate changes occurring in this region over the last 

18,000 yrs. We favor the Nps record as a more faithful recorder of regional temperature 

changes, which is supported by the strong agreement between an independent 

paleotemperature record from the NE Pacific and the ice volume corrected Nps δ18O 

record (Fig. A.7).
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Figure A.4. Steps involved in forming the GOA δ18O composite record. Panel A shows 
planktonic Nps δ18O isotopes for cores EW0408-66JC (light pink) and 26JC (light blue) 
on their calibrated age models, with the Nps δ18O isotope record from EW0408-85JC 
(Davies et al., 2011) on an adjusted age model using Marine13 with a 800 + 50 yr 
reservoir correction (green). All records are plotted on an inverted axis. The 25-yr linear 
interpolated records for EW0408-66JC (violet) and EW0408-26JC (dark blue) are plotted 
over the raw records and are used for the composite records. Panel B shows adjusted δ18O 
for EW0408-66JC, which has been anchored to EW0408-85JC using a +0.3 o/oo 
correction from ~4 – 10 ka, and a +0.4 o/oo correction from 10-13.5 ka. Dark blue line 
from 13-11 ka is the Nps record from EW0408-26TC, which is used to extend the record 
from EW0408-26JC, and shows good agreement with the adjusted δ18O values for core 
EW0408-66JC. Age controls for EW0408-26TC are based on one radiocarbon date near 
the base of the 50cm core (11,140 + 35 yrs), and a tie point to the isotopic shift at the 
onset of the Holocene in core EW0408-66JC. Due to the low sedimentation rates for 
26TC and the evidence of bioturbation, this core is not used in the composite record. The 
composite record (Panel C, black line) consists of 85JC from 1-11 ka, 66JC from 11-13.4 
ka, and 26JC from 13.4-18.3 ka, which preserves the highest resolution components of 
each record.  
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Figure A.5 Composite records of Gb (black) and Nps (violet) δ18O from the GOA. A 1 
kyr moving average of the difference in δ18O between species (Gb – Nps) is shown with 
negative values (blue) and positive values (red). Gb tend to record lighter δ18O during 
colder periods (Younger Dryas: YD, Allerod: AD, and Heinrich Stadial 1: HS1) and 
heavier δ18O during warm periods (Holocene, Bølling: B) relative to Nps. The light δ18O 
pulse in Gb at 17.5 ka coincides with the timing of high IRD input (course fraction: 
green), and likely reflects sea surface freshening related to glacial meltwater.  
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A.2 Comparison of the GOA and NGRIP δ18O records 
 
 

The GOA and NGRIP (Rasmussen et al., 2006) δ18O records were linearly 

interpolated at a 25-yr time step and the time-variable cross-correlation was evaluated 

using a 2-kyr moving window for the raw records on the original and tuned age models 

(Fig. 2.2), as well as for records corrected for the isotopic effects of global ice volume 

change (using the reconstructed eustatic sealevel equivalent δ18O of (Waelbroeck et al., 

2002) (Fig. A.6), and ice-volume corrected low-pass and high-pass components of the 

data (Fig. 2.4). Removing the global ice volume component of the δ18O from both records 

results in higher cross correlation throughout the interval of synchronization (Fig. A.6). 

Changes in variance were evaluated in sliding windows of 200-yr for the high-pass 

records and 2-kyr for the low-pass records (Fig. 2.4). All sliding windows are calculated 

and plotted for the center point of the window.  

The NGRIP and GOA δ18O records display a high negative correlation from 

15.5 – 11ka in all versions of the data. The highest correlation between records occurs a 

few hundred years prior to, and during the abrupt Bølling and Holocene transitions. 

Average data resolution for the GOA records in this interval is ~20 yrs from 15.5 – 13.5 

ka and ~10 yrs from 13.5 – 11.6 ka, with at least 10 data points comprising the Bølling 

and Holocene transitions (Fig. 2.3). Despite an overall high correlation throughout this 

interval, discrepancies in the timing of the δ18O reversals in the Allerød and Younger 

Dryas can be seen between records. The difference in timing for the these events are 

within the range of combined uncertainty for the GOA and NGRIP age models, such that 

they might actually represent the same climatic events. However, they might also 

represent true leads and lags between regions, or locally forced climate events. 

For example, the GOA δ18O record cools abruptly at 14.2 + 0.3 ka, which is 

within analytical uncertainty of the timing of Older Dryas cooling in NGRIP at 14.05 + 

0.17 ka (Fig. 2.3). However, this isotopic excursion occurs just after the deposition of a 6 

cm thick basaltic tephra layer in core EW0408-26JC, which suggests the potential for a 

significant local climatic response to a nearby volcanic eruption. Therefore we do not 

tune this event in the GOA record to the Older Dryas event in the NGRIP chronology.  
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Another abrupt δ18O increase of +0.8 o/oo in the GOA (13.2 + 0.2 ka) precedes 

the start of the YD, and appears to be coincident with the Intra-Allerød Cold Period 

(13.2-13.0 ka in NGRIP). The timing of this abrupt cooling is constrained by the presence 

of a volcanic ash layer in the marine record from nearby Mt. Edgecumbe (13.13 + 0.09 

ka, based on corrected terrestrial organic 14C dates; Beget & Motyka 1998). In core 

EW0408-66JC this ash occurs 50 cm above the δ18O cooling event (~100 yr younger, 

based on calibrated 14C dates at 905 cm; 13.23 ka). These constraints require that abrupt 

cooling in GOA precedes the classical onset of YD cooling in Greenland. 
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Figure A.6. Comparison of ice volume corrected NGRIP (dark blue) and GOA δ18O 
records (violet; tuned age model). Removing the ice volume component of the δ18O 
records strengthens both the negative cross correlation during the interval of 
synchronization and the positive correlation during HS1 and the early Holocene.  
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A.3 Oxygen isotopes as a proxy for Sea Surface Temperature  

 

Comparison of the ice volume corrected GOA and NGRIP δ18O records with 

regional SST records indicate that the oxygen isotopes primarily reflect temperature 

changes in the high latitude North Pacific and North Atlantic (Fig. A.7). A SST record 

based on planktonic foraminifera assemblages from the subpolar North Atlantic 

(Waelbroeck et al., 2001) tracks changes in NGRIP δ18O, and shows similar trends in the 

moving-windowed cross correlation when compared with a lower resolution version of 

the GOA δ18O record. Some SST reconstructions from lower latitude sites in the North 

Atlantic show a more pronounced cooling during HS1 (Bard et al., 2000) than NGRIP or 

the higher latitude SST records (Waelbroeck et al., 2001, Benway et al., 2010). This 

could reflect diminished meridional exchange between the mid and high latitudes in the 

North Atlantic during periods with a large Laurentide Ice Sheet and extensive sea-ice 

cover in the Nordic Seas (Ullman et al., 2014), similar to what is proposed to reduce 

atmospheric exchange between the North Pacific and Greenland during HS1.  

An alkenone SST record from the NE Pacific (Barron et al., 2003) shows similar 

amplitude and trends relative to the temperature equivalent δ18O changes in the GOA 

over the past 15,000 yrs. Although this record does not extend as old as the GOA stable 

isotope record, lower resolution alkenone SST reconstructions and oxygen isotopes 

records from the NE Pacific (Prahl et al., 1995), NW Pacific (Max et al., 2012, Hoshiba 

et al., 2006), and Bering Sea (Caissie et al., 2010) suggest that temperatures were 

relatively cold during HS1, with initial warming starting at approximately 16 ka, similar 

to the temperature trends inferred from the GOA δ18O record. However, some debate 

remains about the North Pacific-wide patterns of Holocene temperatures relative to those 

in the North Atlantic, with evidence for a see-saw pattern similar to findings in this study 

(Barron et al., 2003, Kim et al., 2004), and evidence against this observation (Max et al., 

2012). We note that both the North Pacific and North Atlantic SST records show two 

warm periods of comparable amplitude within the BA interval, whereas both GOA and 

NGRIP δ18O records show a progressive δ18O reversal throughout the BA. 
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Figure A.7. Comparison of ice volume corrected NGRIP (light blue) and GOA (light 
purple) δ18O records with SST reconstructions from the North Atlantic (56°N, 15°W; 
Waelbroeck et al., 2001) and North Pacific (42°N, 125°W; Barron et al., 2003). The 
GOA δ18O record is scaled to the temperature equivalent of the NE Pacific SST record 
(0.25 o/oo /°C). A 2-kyr moving windowed cross correlation (black) is shown between the 
GOA δ18O and North Atlantic SST records (interpolated on a 200 yr timestep).  
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A.4 Evaluation of cross correlation structure with alternative age models and composite 
records 
 

An alternative GOA composite was constructed by averaging all three of the 

GOA records for their overlapping time intervals. This was to insure that the splice points 

or individual records used in the high-resolution composite record did not overly 

influence the trends in the correlation to the NGRIP record. The average composite 

reduces the short-term variability in all but the 1-4 ka section, which is comprised solely 

of the EW0408-85JC record (Fig. A.8). This method produces approximately the same 

trends in the 2-kyr moving windowed cross-correlation as the high-resolution spliced 

composite, indicating that this is a robust trend between the GOA and NGRIP records.  

We also evaluated the cross correlation with alternative GOA age models in order to 

account for the uncertainty in the radiocarbon calibration and the potential for changes in 

the marine reservoir age through time. The GOA age model was perturbed by +/- 200 

years, which resulted in a slight reduction in the cross correlation for the interval of 

synchronization, but retained the overall structure of the moving correlation between the 

GOA and NGRIP records (Fig. A.9).  

The consistency between the radiocarbon age model and the tuned age model 

indicates that changes in marine reservoir are likely less than 200 years throughout the 

deglacial period (14.7 – 11.6 ka), and estimates from (Southon & Fedje 2003) suggest 

relatively constant marine reservoir ages throughout the Holocene. It is difficult to assess 

the constancy of the marine reservoir age for the late glacial period (18 – 14.7 ka) due to 

the lack of clear tie points between records. Extremely large changes in surface-ocean 

reservoir age (~2,000 yrs) have been suggested for upwelling regions of the Antarctic and 

North Atlantic during the last glacial interval (Skinner et al., 2010, Thornally et al., 

2011). Such large changes in surface reservoir age are highly unlikely for the GOA core 

sites in this study because they are situated on a downwelling margin. The dominance of 

downwelling here is driven by onshore Ekman transport, and is robust to reasonable 

changes in wind forcing during glacial time, which most likely would have strengthened 

downwelling. 

To test whether the switches between synchronous and asynchronous behavior 

in GOA and NGRIP are not artifacts of changes in marine reservoir age, we attempted to 
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tune the late glacial and Holocene portions of this record to Greenland to see whether we 

could produce a continuous negative correlation between records. Accounting for even 

very large changes in surface-ocean reservoir age of 2,000 yrs for the late glacial period 

still does not result in a change in the overall correlation structure between the GOA and 

Greenland records (Fig. A.10). This is consistent with our finding that the low-pass 

records exhibit anti-correlated behavior during the Holocene and late glacial periods. 

We also examined the cross correlation between records without the Bølling 

and Holocene transitions in order to evaluate changes in the correlation between records 

without these high variance intervals being incorporated into the moving windowed 

calculation. The cross correlation between the GOA and NGRIP records (Gaussian 

interpolated on a 50 yr timestep with a 150 yr filter) was evaluated in stationary 800-yr 

windows throughout the record, without including data from a 200-yr window 

encompassing the Holocene and Bølling transitions (Fig. A.11). The stationary cross 

correlation shows positive correlation in the 800-yr bins from ~18.0 - 15.6 ka, and a 

switch to negative correlation in the 800-yr window prior to the Bølling transition. The 

cross correlation between records was also evaluated in a 2,000-yr moving window 

without incorporating the abrupt transitions. Data was removed from each record in a 200 

yr interval encompassing each transition (11.55-11.75 ka and 14.55-14.75 ka for the 

Holocene and Bølling transitions, respectively), and the records were adjusted by the total 

value of the step change. These records were then Gaussian interpolated on a 50 yr 

timestep with a 150 yr filter. The cross correlation was evaluated in a 2,000 yr moving 

window. Both analyses show the onset of synchronization occurring at ~15.5 ka, 

consistent with the trends observed from the 2,000 yr moving windowed cross correlation 

on the original records, however, the removal of the transitions results in a slight decrease 

in the overall values of the cross correlation relative to the analysis that incorporates 

them.  
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Figure A.8. Comparison of NGRIP (60-yr smooth, dark blue) and GOA composite 
(violet, inverted axis) records. The GOA composite was constructed by averaging the 
overlapping sections of the 25-yr linear interpolated δ18O records of cores EW0408-85JC, 
EW0408-66JC, and EW0408-26JC. The variance is reduced in the GOA record in all but 
the 1-4 ka sections, which consists solely of the EW0408-85JC record. The 2-kyr moving 
window cross-correlation is shown in black (inverted axis). Pink shading reflects times of 
high negative correlation (synchronization), whereas the grey shading reflects time of 
either positive correlation or no significant correlation between records. 
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Figure A.9. Adjusted GOA age model (+ 200 yrs; light blue, -200 yrs; purple) compared 
with the NGRIP record (dark blue). The 2-kyr moving windowed cross correlation is 
shown for the original GOA age model (black line) and offset age models (light blue for 
+200 yrs, purple for -200 yrs). 
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Figure A.10. Modifications to the GOA age model using tie points to the NGRIP 
chronology (black stars). This is an attempt to force more synchronous behavior between 
records for the Holocene and late glacial periods by allowing for large changes in marine 
reservoir age. These records still show little to no correlation throughout these time 
periods in the 2-kyr moving cross correlation (black line). 
 

 

 



 

 

 

120 

 
Figure A.11. Evaluation of stationary cross correlation excluding the Bølling and 
Holocene transitions. The GOA and NGRIP records were Gaussian interpolated on a 50 
yr timestep with a 150 yr filter. A stationary 800-yr windowed cross correlation is shown 
with red shading (negative correlation) and blue shading (positive correlation). The 
original 2,000 yr moving windowed cross correlation shown in Fig. 2.2 is plotted for 
comparison. The change from positive to negative correlation ocurrs prior to the Bølling 
transition, at ~ 15.5 ka.  
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Figure A.12. Evaluation of the moving windowed cross correlation without the Bølling 
and Holocene transitions. Records were Gaussian interpolated on a 50 yr timestep with a 
150 yr filter. Data was removed from a 200 yr window encompassing the abrupt 
Holocene and Bølling transitions and the records were adjusted by the total value of the 
δ18O change for each transition. A 2,000 yr moving windows cross correlation is shown 
for records that have had the transitions removed (black). The change from positive to 
negative correlation ocurrs at ~ 15.5 ka, prior to the Bølling transition and the switch 
back to negative correlation in the Holocene ocurrs at ~ 11 ka.  
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A.5 Dynamic coupling model 

 

 

To illustrate the effect of dynamic coupling in a simple model, we compare 

two time series forced by Gaussian white noise (Fig. A.13).  All model input and output 

is calculated in standard deviation units (i.e., mean of zero, standard deviation of 1).  In 

decoupled mode, these time series respond to the white noise input with a single 

exponential time constant of 5 timesteps (i.e., under a step perturbation it approaches 

equilibrium after 15-20 timesteps).  This has the effect of converting the white noise to 

red (autocorrelated) noise, with more variance at longer periods, in a way analogous to 

the climate system.   These two time series are plotted in panel (a), over 1500 timesteps 

(Series 1 is blue and Series 2 is red).  These two time series have a correlation coefficient 

of zero over their full length.  

In panel (b) at timestep 500, Series 2 becomes coupled to Series 1 with a time 

constant of 2 timesteps (i.e., Series 1 becomes part of the forcing of Series 2, and under 

steady forcing would approach equilibrium in 6 to 8 timesteps).  This coupling parameter 

is turned off again at timestep 1000.  Panels (c) and (d) show close-ups of the onset and 

termination of the coupling (marked by vertical gray bars).  Note that in the time interval 

500-1000, the red and blue curves are synchronized, but not identical, as would be 

expected for a realistic climate response where some regional variability exists.   

Panel (e) shows a correlation between the two timeseries calculated in moving 

windows 101 steps wide.  The correlation coefficient r is plotted at the center of each 

moving window.  Here, the red line is the moving correlation between the two uncoupled 

series from panel (a).  These series include brief episodes of positive correlation with r 

values between 0 and about +0.4, by random chance, as expected for autocorrelated 

noise; such intermittent correlations are not significant.  In contrast, the blue line shows 

the windowed correlation for the two series from panel (b).  In this example, the onset of 

coupling at timestep 500 is associated with a jump in correlation between the two series. 

The resulting sustained interval of high correlation falls again when the coupling is 

turned off at timestep 1000. Note that the time of onset of coupling occurs not at the 
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initial rise in correlation, but at the point that the correlation clearly emerges from the 

random chance levels of partial correlation.   

In panel (f) we calculate the windowed-pooled variance (based on the average 

of Series 1 and Series 2 at each step) for the decoupled (blue line) and coupled (red line) 

pairs.  When decoupled, pooled variance is relatively low, but can be slightly higher or 

lower by random chance.  This occurs because the poorly correlated variations in the two 

timeseries generally cancel each other in the average.  When coupled, the pooled variance 

increases abruptly by a factor of two or more; this occurs because the coupled timeseries 

are highly correlated and their signals reinforce each other.  Although no threshold exists 

in this simple model, this illustrates the synchronization effect we propose for coupling of 

the North Pacific (Gulf of Alaska) and North Atlantic (Greenland) variability just prior to 

the last deglaciation. Should the climate system occupy a state near a tipping point, 

coupling amplifies the pooled variance and thus increases the probability that the tipping 

point will be crossed.   

In various experiments with this model (not shown), we find that an increase in 

correlation always occurs approximately at the onset of coupling, although the extent of 

correlation is suppressed by longer response time constants.  The onset of amplified 

variance relative to coupling is less consistent, and may occur by random chance either 

coincident with the coupling or at some time following behind the coupling.  In the 

context of this simple model, sustained high correlation is the most reliable diagnostic 

indicator of coupling.  An implication of this simple experiment is that such a system 

might cross a tipping point by random chance at some unpredictable time after coupling 

commences.  
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Figure. A.13. A simple numerical model illustrating the effects of dynamic coupling on 
the correlation and variance of two timeseries. Panel A shows two timeseries forced with 
white noise (with a reddening parameter applied to mimic the shift towards lower 
frequencies in the climate system). Panel B shows the timeseries with a coupling 
parameter applied from timesteps 500 to 1000. Panels C and D show an expanded view 
of the onset and termination of the coupling (respectively). Panel E shows the windowed 
(101 timesteps) cross correlation between the uncoupled timeseries from Panel A (red) 
and the coupled timeseries from Panel B (blue). Panel F shows the windowed pooled 
variance of the uncoupled timeseries (blue) and the coupled timeseries (orange). The 
pooled variance increases in the window of synchronization because the variance is 
positively correlated.  
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Appendix B – Interaction between climate, volcanism, and isostatic rebound in 

Southeast Alaska during the last deglaciation 
 
 
 

B.1 Materials and Methods  

 

B.1.1 Stratigraphy 

 

Two nearby marine sediment cores were used to form a high-resolution composite 

record of planktonic oxygen isotopes spanning the late glacial to Holocene period (18-4 

ka) (Praetorius & Mix, 2014). These sediment cores, EW0408-66JC (58.87°N, 

137.10°W, 426 m) and EW0408-26JC (56.96°N, 136.43°W, 1623 m) are located in 

proximity to the MEVF and record a combined sequence of 23 tephras during the 

deglacial period. Core EW0408-26JC spans 13.5-18.2 ka and records the majority of 

tephra layers (21) in non-bioturbated sediments with high sedimentation rates (100 – 800 

cm/kyr) (Fig. B.1). Visual evidence for bioturbation is present in the upper 27 cm of this 

core, making detection of discrete ash layers difficult, but rhyolitic ash shards are present 

in the sediments. The 48 cm trigger core from site EW0408-26 is used to extend the 

record into the Holocene, but low sedimentation rates and bioturbation in these 

uppermost sediments preclude a well-constrained age stratigraphy. Core EW0408-66JC 

spans 4.3-13.5 kyr cal BP, with sedimentation rates ranging from 200 – 2000 cm/kyr 

during the deglacial period and 10 cm/kyr during the Holocene, and is thus used to extend 

the regional climate and tephra history into the mid Holocene.  

 

B.1.2 Age Model 

 

The age model for these cores is published in Praetorius & Mix (2014) and 

consists of 28 radiocarbon dates on mixed planktonic foraminifera, Neogloboquadrina 

pachyderma sinistral (Nps) and Globigerina bulloides (Gb) picked from the >150 mm 

size fraction (Fig. B.1). Calendar corrections were made using the Calib 7.0 calibration 

software with the Marine13 calibration curve (Reimer et al., 2013). A tephra layer in core 
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EW0408-66JC is matched (based on major element chemistry and stratigraphy, Fig. B.2) 

to a terrestrial tephra layer from Mt. Edgecumbe (well dated on land at 13.22-13.1 kyr cal 

BP; Beget & Motyka 1998).  This provides an additional age control and an estimate of 

the marine reservoir correction in core EW0408-66JC during the deglacial interval. A 

surface-ocean marine reservoir correction of 600 + 50 yrs was applied to core EW0408-

66JC based on the difference between the terrestrial radiocarbon age for the Mt. 

Edgecumbe dacite deposit and the planktonic foraminifera radiocarbon ages bracketing 

the dacite deposit in EW0408-66JC (Fig. B.1). A marine reservoir correction of 735 + 50 

yrs was applied to core EW0408-26JC based on the average age difference between 

terrestrial plant material and marine bivalves from a nearby core site (Addison et al., 

2010).  

An alternative age model was produced by correlating the oxygen isotope 

changes in the GOA record to the NGRIP chronology to allow for small changes in the 

marine reservoir age (Praetorius & Mix, 2014). This adjusted age model preserves the 

age control provided by the MEd correlation, and results in only minor (< 200 years) 

changes from the original age model, indicating relatively constant marine reservoir ages 

in this region throughout the deglaciation. We adopt the tuned chronology in the records 

presented here in order to evaluate the timing of the MEVF eruptions relative to those 

recorded in the Greenland ice cores.  

 

B.1.3 Tephra Analysis 

 

Eight tephra samples were analyzed for major element concentrations (calculated 

as oxides) in cores EW0408-66JC, EW0408-26JC, and EW0408-26TC (Fig. B.1, Table 

B.1). Tephra analyses were conducted at University of Alberta by wavelength dispersive 

electron microprobe analysis (WDS-EMPA) on a JOEL 8900 superprobe. Each analysis 

represents a single glass shard. For detailed sample preparation methods see Jensen et al., 

(2008). Analytical conditions were chosen to minimize Na-loss and include a defocused 

beam of 10 m, a 6nA current and 15 KeV voltage. Calibration is by natural mineral and 

glass standards. Two secondary standards of known composition, the Old Crow tephra 

and Lipari obsidian ID 3506 (Kuehn et al., 2011), were analyzed at the start and end of 
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each day, as well as after every ~100 analyses, and the end of each day to track the 

quality of calibration drift and allow accurate comparison between datasets collected on 

different days. All data are normalized to 100 % on a volatile and water-free basis, and 

non-zero values are included in averages.   

 

B.1.4 Alkenone Measurements 

 

Total lipids were extracted from selected intervals of freeze-dried sediment (~5g) 

from EW0408-66JC and EW0408-26JC with a 3:1 mixture of methylene 

chloride:methanol using a Dionex ASE-200 automated solvent extraction system and the 

extracts subsequently partitioned into hexane (Walinsky et al. 2009). Total lipid extracts 

were separated into adducted (alkenone containing) and non-adducted fractions using a 

standard urea adduction technique (Christie 2003). The alkenone-containing fraction was 

characterized quantitatively by capillary gas chromatography with flame ionization 

detection (Walinsky et al. 2009). Uncertainties in the quantification of di-(K37:2) and tri-

unsaturated (K37:3) alkenones were conservatively treated as the sum of an average 

baseline variability component (dominates error in low-abundance samples) and a 5% 

uncertainty in the integrated area (dominates in high-abundance samples). These 

uncertainties were then propagated into calculation of alkenone concentration and the 

 temperature index.  

 

B.1.5 Isostatic Adjustment Modeling 

 

Predictions of relative sea level (RSL) and vertical land motion were generated 

using a model of glacial isostatic adjustment (GIA). The sea-level component of this 

model is based on the theory outlined in Mitrovica and Milne (2003) and the algorithm 

described in Kendall et al., (2005). GIA-induced perturbations in Earth rotation are also 

included in the model simulations (Milne and Mitrovica, 1998; Mitrovica et al., 2005). 

The sea-level curve (Fig. 3.3) includes vertical motion of the ocean floor (through 

isostatic deformation) and the ocean surface (through changes in the local gravitational 

potential and eustasy). The global ice loading model ICE-5G and its partnering viscosity 
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model (VM2) (Peltier, 2004) were used as input to produce the simulations shown in 

Figure 3.4. It is the former that governs the timing of rapid RSL fall at ~ 14.5 ka.  

 

 B.1.6 Averaged Greenland volcanic sulfate record 

 

The GISP2 volcanic sulfate record is sampled at a higher resolution for the 

Holocene (average sample spacing = 2 years) than for the deglacial interval (sample 

spacing 2 – 10 years), therefore the frequency of deglacial volcanic events is under 

represented relative to the Holocene (Zielinski 1996). We interpolated this record on a 10 

year time step in order to correct for sampling bias, and then calculated a 100-yr moving 

average to estimate the relative centennial-scale sulfate loadings throughout the past 20 

ka.  
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Figure B.1. Age Model for EW0408-66JC and EW0408-26TC/JC (Praetorius & Mix 
2014). Black dots are radiocarbon ages on mixed planktonic foraminifera. Analytical 
uncertainties for the radiocarbon analysis are smaller than the symbols used in the plot 
(typically 20 – 50 yrs). The red stars are radiocarbon dates excluded from the age model 
due to small age reversals. The blue squares represent the calibrated midpoint age BP 
(1950), with + 1-σ uncertainty bars, using the Calib 7.0 software with the Marine13 
calibration curve (Reimer et al., 2013). The grey lines represent tephra layers in the cores. 
The eight tephra samples that were analyzed are labeled with their lab code and general 
compositions, which are plotted in more detail in Fig B.2. The inferred Mt. Edgecumbe 
dacite (MEd) is indicated with its radiocarbon age (Beget & Motyka 1998). A core photo 
is shown of the tephra sequence in core EW0408-26JC, which captures 21 ash layers in 
non-bioturbated sediments.  
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Table B.1. Table of major-element geochemistry for the eight tephras analyzed for this 
study. The average oxide concentrations for the Mt. Edgecumbe dacite (MEd) are shown 
at the bottom (Beget & Motyka 1998). The SIMAN similarity coefficient (SC) 
(Borchardt 1974) between the average oxide concentrations for the MEd the tephras 
analyzed in this study are shown in the last column (Cl and H2O are not included in the 
calculation). Sample UA 2175 has the highest SC to the MEd tephra (SC = 0.95).  



 

 

 

133 

    
 

Figure B.2. Comparison of the average oxide content of the Mt. Edgecumbe dacite 
deposits analyzed in Beget & Motyka (1998), and UA2174 and UA2175 in core 
EW0408-66JC. Sample UA2175 is the only sample with an average dacitic composition 
in cores EW0408-66JC & EW0408-26JC, and compares well with the MEd (SC = 0.95). 
In particular, the average composition of UA2175 plots closely with proximal sample 
IR75a, which was originally reported in Riehle et al., 1992a.  
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Figure B.3.  Comparison of the GISP2 volcanic sulfate record from 0 – 2 ka in the 
Holocene (A) and 15.5 – 17.5 ka in Heinrich Stadial 1 (B). The original record is sampled 
at a higher resolution for the Holocene (average sample spacing = 2 years; light green 
line) than for the deglacial interval (sample spacing 2 – 10 years; light blue line), 
therefore the frequency of deglacial volcanic events is under represented relative to the 
Holocene. The record was interpolated on a 10 year time step in order to correct for 
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sampling bias (dark green, dark blue). The sulfate loadings of large historical eruptions 
with documented climate effects are labeled in (A). There are 10 events from 0-2 ka that 
exceed 69 ppb in the original high-resolution record, whereas in the 10-yr interpolated 
record, only 2 events are captured that exceed this magnitude. Therefore the volcanic 
sulfate loadings for the deglacial period are likely many times greater than what is 
recorded, due to the lower sampling resolution. Despite this bias, the volcanic sulfate 
record shows a much greater density and magnitude of events in the deglacial interval 
relative to the Holocene. For example, the interval from 17 – 16 ka shows a near 
continuous baseline of 40 ppb, which is equivalent to the sulfate deposition for the 1883 
Krakatau eruption. The interval from 16.6 -16.4 ka shows a sustained sulfate deposition 
similar to the concentration of the 1912 Alaskan Katmai eruption (69 ppb), which was the 
largest eruption of the 20th century.  
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Appendix C – North Pacific deglacial anoxic events linked to abrupt ocean warming 
 

 

C.1 Supplementary data 
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Figure C.1. Proxy data from core 85JC in depth. This plot shows similar data to that 
shown in Fig. 4..2, but for the entire core. Additional data shown here is the record of 
total organic carbon (TOC; Addison et al., 2012), the concentration of U (Addison et al., 
2012) and a record of the percent abundance of Epistominella pacific, which live in oxic 
bottom waters.  
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Figure C.2. Depth transect of benthic oxygen isotopes from the Northeast Pacific. This 
data is used to make the depth-time map shown in Fig. 4.3. Planktonic oxygen isotopes 
(Nps) from site EW0408-85JC (Davies et al., 2011; dark blue), benthic oxygen isotopes 
from site EW0408-85JC ( Davies et al., 2011; green), site ODP 1019 (Mix et al., 1999; 
light blue), site EW0408-26JC, and site EW0408-87JC.  
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Figure C.3. Comparison of SST estimates based on the 

€ 

U37
K

 (purple) and  (black) 
indices. Temperatures based on the 

€ 

U37
K  index show a larger glacial-interglacial change, 

with colder SSTs during the late glacial period and warmer SST for the Holocene. 
Temperature estimates for the deglacial period, including the two hypoxic intervals and 
the Younger Dryas, are virtually identical between methods, giving confidence that 
diagenetic effects are not influencing the alkenone ratios during the hypoxic warm 
events. Alkenone concentrations are high during the two hypoxic events (blue), 
consistent with other proxy evidence for high productivity and/or excellent preservation 
of organic matter during these events.  



 

 

 

 




