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ABSTRACT 

HISTORY OF ICE-RAFTING IN THE ARCTIC OCEAN DURING GLACIAL MAXIMA 
THROUGH MARINE ISOTOPE STAGE 6 

 

Shannon M. Cofield 
Old Dominion University, 2023 

Director: Dr. Richard Hale 

 

Numerous studies attempted to reconstruct Arctic paleoclimate, specifically ice mass 

timing and locations, during glacial maxima. While some regions, like the Barents-Svalbard Ice 

Sheet (BSIS) are well-studied, they may benefit from a high-resolution paleo proxy. Other 

regions are highly contested, such as the East Siberian Sea or the presence of a central Arctic 

Ocean ice mass. 

This research uses an Fe-grain provenance method to (1) define how the BSIS behaved 

during Marine Isotope Stage (MIS) 2, 4, and 6, and when it retreated; (2) determine the presence 

and ages of Shelf Ice Masses (SIMs) in the Beaufort Sea and East Siberian Sea, or if these SIMs 

broke up during MIS 2, 4, and 6; and (3) identify whether large ice masses existed in the central 

Arctic Ocean that might have reduced or prevented ice-rafting during MIS 2, 4, and 6. This study 

uses elemental compositions of sand-sized Fe-grains within ice rafted debris (IRD) from the 

deep-sea marine sediment core HLY0503-JPC22 as a proxy for ice transport from 41 circum-

Arctic Ocean Source Areas (SAs), and also develops new age model and sedimentation rates 

through MIS 6. The combined >63 µm IRD and Fe-grain peaks in the last three glacial stages 

indicate ice sheet collapses near the middle of glacial stages and often again near the termination. 

MIS 4 is a weak glacial stage with smaller ice sheets than MIS 2 and especially smaller than MIS 

6. SIMs on the Beaufort Shelf or East Siberian Shelf are problematic during MIS 2 and 4 but 



 

   
 

could have existed during MIS 6 where the data are inconclusive. Distinct >1 kyr hiatuses in IRD 

and Fe-grain transport are only observed in MIS 6, suggesting a central Arctic ice mass existed, 

and probably consisted of grounded icebergs or shelf ice that reached the Lomonosov Ridge. 

This study provides an increased understanding of Arctic Ocean ice transport during MIS 2, 4, 

and 6, for the Barents-Svalbard Ice Sheet in the Eastern Arctic, the East Siberian Sea in the 

Western Arctic, and the Central Arctic Ocean.
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NOMENCLATURE 

 

AO  Arctic Oscillation 

A1  Initial core age (ka) 

A2  Secondary core age (ka) 

BG  Beaufort Gyre 

BSIS  Barents-Svalbard Ice Sheet 

D-O  Dansgaard-Oeschger Event 

D1  Initial core depth (cm) 

D2   Secondary core depth (cm) 

FIS  Ferro-Scandinavian Ice Sheet 

GIS  Greenland Ice Sheet 

GRIP  Greenland Ice Core Project 

HOTRAX Healy-Oden Trans-Arctic Expedition 2005 

IIS  Innuitian Ice Sheet 

IRD  Ice Rafted Debris (or Detritus) 

JPC22  Abbreviation for sediment core HLY0503-JPC22 

KARM/K  Magnetic grain proxy 

Ka  Thousands of Years Ago 

Kyr  Thousands of Years 

LGM  Last Glacial Maximum 

LIS  Laurentide Ice Sheet 

LR04  Oxygen isotope benthic stack (Lisiecki and Raymo, 2005)) 
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MIS  Marine Isotope Stage 

NaN  Not a Number 

PCHIP  Piecewise Cubic Hermite Interpolating Polynomial 

SA  Source Areas 

SEM  Scanning Electron Microscopy 

SIM  Shelf Ice Mass 

TPD  Transpolar Drift 

δ18O  Ratio of oxygen-16 and oxygen-18   
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 PROBLEM 

In the past few decades, the Arctic Ocean has become a visible indicator of Earth’s 

changing climate through reduced sea ice, glacier retreat, and warming sea surface temperatures. 

Likewise, in the past, the Arctic experienced dramatic climate changes during glacial periods 

related to global climate feedback loops impacting ice volume, sea level, ocean currents, and 

atmospheric conditions. Some of these conditions are well-constrained while others remain 

uncertain. The Barents Sea glacial history is well-documented, especially for MIS 2 (Elverhøi et 

al., 1993). However, high-resolution sediment analysis of a core taken near the Fram Strait can 

help address data gaps to resolve the dynamic, episodic history of the Svalbard-Barents Ice Sheet 

as it retreated during the Last Glacial Maximum (LGM) and even the preceding glacial maxima, 

MIS 6, which is poorly constrained at present (Fig. 1). 

Previous studies have assumed much of the shelf under the East Siberian Sea near the 

Taymyr Peninsula to just east of Wrangel Island remained ice free during the LGM (Fig. 1). 

Likewise, new data suggest ice may have been present on the Chukchi Borderland (also referred 

to as the Chukchi Plateau) and East Siberian Sea, but the ages of these ice sheets remain 

uncertain (Basilyn et al., 2010; Dove et al., 2014) (Fig. 1). 

If large ice masses existed on the East Siberian Shelf near Wrangel Island, the shelf regions 

of the Beaufort Sea (including the Chukchi Borderland), or the New Siberian Islands during 

glacial maxima, there should little to no ice-rafted detritus (IRD) from these areas during the 
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period of ice growth (Fig. 1). If this area was occupied by grounded ice, little calving or sediment 

entrained sea ice could form and drift toward Fram Strait until the grounded ice mass 

disintegrated (Fig. 1). Since ice masses require much longer intervals to build than to disintegrate 

(Carlson, 2011), a large ice mass would prevent circum-Arctic ice transport; hence there should 

be hiatuses in IRD transport for long durations, likely exceeding 1 kyr. 

Studies have hypothesized a large, floating ice sheet, or marine ice dome, in the central 

Arctic Ocean during glacial periods (Hughes et al., 1977; Grosswald and Hughes, 1999). A 

central Arctic Ice Sheet may have reached the Lomonosov Ridge as suggested by ice grounding 

evidence dating to MIS 6 ~130-191 ka (Jakobsson et al., 2013) (Fig. 1). However, broad 

evidence for these large, partially grounded central ice shelves, or an explanation of how they 

grew from adjacent landmasses or SIMs remains unknown (Jakobsson et al., 2013). 

While age dates for deep-sea sediment cores from the Holocene are well constrained 

through radiocarbon chronology (Polyak et al., 2004; Darby et al., 1997, 2006) the lack of 

abundant forams throughout older Arctic sediment cores, and the maximum dating range of 14C 

dating, makes radioisotope dating difficult. Previous studies have used a variety of methods 

including sediment color and coarse grain fractions (Dong et al., 2017), and correlation of 

physical properties, such as magnetic signature, combined with radiocarbon dating if 

foraminifera (or “forams”) or other shell fragments are present (Nowaczyk et al., 2001). Deep-

sea cores that extend back millions of years have the benefit of correlating measured core 

paleomagnetic data to well-documented geomagnetic field reversals using the Geomagnetic 

Polarity Time Scale. However, paleomagnetics can still be used for cores that are younger than 

the most recent Brunhes-Matuyama magnetic reversal (~800 ka). For example, unique magnetic 

intensity signatures caused by sea level changes and bottom sediment winnowing that 
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concentrated magnetic minerals can be related to past sea level changes documented in global 

oxygen isotope curves (Myers and Darby, 2015). Another important caveat to the problem of 

constructing Arctic age models is the tendency to focus on extremes within climatic data, such as 

glacial terminations (Jakobsson et al., 2014a). They also suggest dynamic data may reflect 

complexities in climate data, rather than inaccurate age control (Jakobsson et al., 2014a). 

1.2 PURPOSE 

This research will determine specific sources of IRD from a well-dated, high-resolution 

Fram Strait sediment core, HLY0503-JPC22 (or “JPC22”), positioned to capture IRD outflow, 

with an emphasis on glacial intervals to help resolve the following questions: 

• Eastern Arctic Ocean: How did the Barents-Svalbard ice sheet behave during the LGM 

(MIS 2), as well as MIS 4 and 6, and when did it retreat during each of these stages? 

• Western Arctic Ocean: Can we determine the presence and/or ages of SIMs on the East 

Siberian shelf near Wrangel Island; and the New Siberian Islands, and shelf areas of the 

Beaufort Sea during MIS 2, 4, and/ or 6, and determine when these SIMs (if present) 

broke up? 

• Central Arctic Ocean: Did large ice masses exist in the central Arctic Ocean that might 

have reduced or prevented ice-rafting during MIS 2, 4, and/ or 6? 

  



 

   
 

4 

CHAPTER 2 

 

BACKGROUND OF THE STUDY 

 

2.1. REVIEW OF THE LITERATURE 

This section provides an overview of Arctic Ocean oceanography, paleoclimate, Arctic ice 

types including a comparison of glacial and sea ice, and Arctic forams. 

2.1.1 ARCTIC OCEAN AND PALEOCLIMATE BACKGROUND 

The Arctic Ocean is the only modern ocean basin completely surrounded by land, which 

contributes to unique oceanographic features. Likewise, the Arctic paleoclimate is sensitive to a 

number of climatic cycles with a wide range of durations. 

2.1.1.1 ARCTIC OCEANOGRAPHY AND CURRENTS 

During the Pleistocene, the Arctic Ocean had one of the most unusual and dynamic 

paleoenvironments of any ocean basin. The Arctic Ocean is nearly surrounded by polar land 

masses, which have vast continental shelves extending hundreds of kilometers toward the central 

Arctic Ocean, especially in the Chukchi Sea, East Siberian Sea, Laptev Sea, Kara Sea, and 

Barents Shelf (Fig. 1).  
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Fig. 1. Locations of Laurentide Ice Sheet (LIS), Innuitian Ice Sheet (IIS), Greenland Ice Sheet 

(GIS), Barents-Svalbard Ice Sheet (BSIS), and a portion of the Ferro-Scandinavian Ice Sheet 

(FIS). These are general ice sheet locations and extents, based on ice extents from Jakobsson et 

al. (2013), vary during MIS 2, 4, and 6 (After NOAA-NCEI, 2020). Additional geographic 

locations (right column) are represented by corresponding numbers on the map. 

 

The Fram Strait and the Bering Strait serve as direct connections between the Arctic 

Ocean waters to the global ocean Atlantic Waters and Pacific Waters (Macdonald et al., 2004) 

(Fig. 1). Only the Fram Strait contains a deep, rifting basin which allows the exchange of 
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surface, intermediate, and deep-water masses from the North Atlantic. The Bering Strait lacks a 

similar deep, rifting basin. Therefore, Bering Strait shelf regions are almost entirely exposed 

during low stand sea levels associated with glacial periods, thus prevents ocean water exchanges. 

Landmasses surrounding the Arctic Ocean contain several large rivers which supply a sizeable 

volume of fresh water to the Arctic Ocean surface waters. The input of fresh river water 

contributes to low salinity (~28 ppt) Arctic Ocean surface waters (Myhre et al., 1995). Directly 

below the surface waters, the thin Polar Mixed Layer sits atop the Pacific Intermediate waters 

and the Atlantic Intermediate waters, entering from their respective basins. The Lomonosov 

Ridge subdivides the Arctic Ocean basin into the Canada Basin and the Eurasian Basin, each 

with their own distinct bottom waters (Fig. 1). 

Owing to the extreme high latitude of the Arctic Ocean, the region is subject to strong 

Coriolis Effect, and the Arctic Oscillation (AO). The primary surface currents in the Arctic 

Ocean are the Beaufort Gyre, which rotates clockwise in the Canada Basin, and the Transpolar 

Drift, which moves from the East Siberian and Laptev Seas toward the Fram Strait (Aagaard and 

Carmack, 1989; Jakobsson et al., 2013; Timmermans and Marshall, 2020) (Figs. 1 and 2). The 

AO has two phases that impact Arctic Ocean circulation: positive and negative. When the AO is 

in a positive phase, the atmospheric pressure over the north pole is lower than normal, which 

leads to strong Westerlies in the upper atmosphere. This prevents cold Arctic air from reaching 

lower latitudes, so the climate tends to stay cooler over the Arctic Ocean. A positive AO causes 

the Transpolar Drift to become stronger and shift closer to North America transporting thicker 

ice toward the Fram Strait (Rigor et al., 2002). Large transports of ice to the North Atlantic can 

cause freshening at deep-water formation sites, leading to a slowing of global thermohaline 

circulation. A positive AO likely dominates glacial intervals. When the AO is in the negative 
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phase, atmospheric pressure is higher than normal, causing weaker Westerlies and allowing cool 

Arctic air to reach lower latitudes. During the negative phase, the Transpolar Drift shifts closer to 

Russia and Beaufort Gyre circulation intensifies. The exact mechanism controlling the AO 

remains unknown (Dickson et al., 2000). 

2.1.1.2 ARCTIC OCEAN LONG-TERM CYCLES 

On a longer timescale than AO phases, ~1,500yrs (Darby et al., 2012), the paleoclimate 

during the Pleistocene was dominated by a series of glacial and interglaciation periods. These 

climate variabilities are primarily controlled by Milankovitch (or “Milankovic”) Cycles- orbital 

cycles of Eccentricity (~100 kyr), Obliquity (~41 kyr), and Precession (~26 kyr). Between 800-

2,500 ka, the dominant forcing appears to be Obliquity. However, the transition from a 40-kyr 

cycle to an eccentricity-dominated 100-kyr cycle is known as the Mid-Pleistocene Transition 

(~800 ka), but the exact cause remains debated (Lisiecki and Raymo, 2005). The 100-kyr cycles 

had much larger temperature variations than 40-kyr cycles, which likely contributed to larger ice 

sheets. These timeframes have been constrained by isotope analysis and are commonly referred 

to as Marine Isotope Stages (MIS). 

With stronger glacial periods during the last 800 kyr, large ice sheets developed during 

these periods. As glacial ice formed, global sea levels dropped >150 m (Jakobsson et al., 2014b). 

In the Arctic Ocean, the drop in sea level exposed nearly all of the vast continental shelves, 

resulting in a reduced Arctic Ocean volume and area. With the subsurface Bering Strait and 

Canadian Archipelago transformed to dry land or ice covered, the only exchange between Arctic 

Ocean waters and global oceans was through the Fram Strait (Fig. 1). 

However, not all glacial maxima exhibited the same traits. While MIS 2 (14-29 ka) was 

the most-recent glacial maximum (LGM), Jakobsson et al. (2010) theorized MIS 6 (130-191 ka) 
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ice sheets may have been much larger as a result of orbital parameters that affected the spring 

season. During MIS 6, incoming solar radiation was lower, and the spring season was longer, 

which allowed snow cover to remain in place with less exposure to summer melting periods 

(Colleoni et al., 2011). Isotopic evidence indicates that MIS 4 (57-71 ka) was much less severe 

than MIS 2 or MIS 6 (Lisiecki and Raymo, 2005). 

Evidence of terrestrial glacial geomorphology and iceberg gouging on bathymetric highs 

clearly demonstrate that the Arctic Ocean hosted a series of glacial and ice sheet build ups and 

decays but change across the entire Arctic Ocean was not homogenous. Variability in forcing 

mechanisms between different regions resulted in locally specific ice buildup and decay patterns, 

or even prevented ice buildup. For glacial ice, the climate may be cold enough, but if there is no 

source for precipitation to develop, the ice will not develop on land. If winds are strong enough 

over a specific area, a region of open water, or polynya, may form. While a polynya may 

produce sea ice in areas downwind, the area directly affected by the strong winds may remain ice 

free. 

2.1.1.3 ARCTIC OCEAN MILLENNIAL CYCLES 

Milankovitch Cycles account for paleoclimate changes on timescales ranging from 10 kyr 

to 100 kyr and have global implications due to their origin in orbital variations. At the regional 

scale, however, additional millennial cycles in the North Atlantic influence Arctic ice dynamics 

and IRD transport. 

Heinrich events were identified through distinct peaks in IRD abundances in marine 

sediment cores at 7-10-kyr intervals linked to cycles of extensive iceberg discharges (Heinrich, 

1988). ~11 ka distinct Heinrich events were identified between 10-80 ka in the North Atlantic, 

related to surging ice calving from the Laurentide Ice Sheet through Hudson Strait (Bond et al., 
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1993). Heinrich events are identified by large abundances of IRD, typically 20% detrital 

limestone and unique clays characteristics. Another interesting observation is the lack of forams 

during Heinrich events, which reflect a decrease in ocean productivity during these intervals 

(Broecker, 1994), possible due to reduced salinity (Bond, 1992). While limestone IRD (typical of 

the LIS) is not the focus of this study, foram abundances are estimated. 

Dansgaard-Oeschger (D-O) events were identified by rapid cool-cold 1.5 kyr oscillations 

during glacial periods in Greenland Ice Core Project (GRIP) data. D-O events have been 

associated with iceberg calving intervals (Bond and Lotti, 1995). GRIP data only extend back 

~250 kyr (Dansgaard et al., 1993); therefore, D-O events have been primarily identified in the 

Late Pleistocene. Similar to Heinrich events, D-O events are associated with IRD peaks, albeit 

less pronounced than those associated with Heinrich events (Bond et al., 1993). 

Bond events, or Bond cycles, have been linked to North Atlantic minor IRD ice rafting 

events in ~1.5 kyr cycles. Unlike D-O events which occurred during glacial periods, Bond events 

occur during the Holocene (~12ka to present). The origin of these cycles remains debated but 

have been linked to variations in solar output (Bond et al., 2001). 

 All of these millennial cycles are related hypothetically, but the exact nature of their 

relationship remains under investigation. In general, during a glacial period, there are rapid 

“warming” and cooling events, D-O cycles. These cycles vary in intensity, becoming more 

extreme toward the termination of each glacial period. During the coldest D-O cycle of each 

glacial period, there was an associated Heinrich event followed by rapid warming during the 

glacial termination before the initiation of the next glacial cycle. The most recent of these coldest 

D-O cycles was the Younger Dryas (~11.5 ka), while the first Bond Event occurred 11.1 ka 

(Bond et al., 2001). 
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2.1.2 ARCTIC ICE BACKGROUND 

There are three main categories of Arctic Ocean ice: glacial ice sheets, SIMs, and sea ice. 

Glacial ice includes any ice that originates on land such as an ice sheet, ice cap, or ice shelf. 

SIMs grow in place on a shelf and grow thick enough to interact with the seabed but lack 

evidence of terrestrial origin. Sea ice does not originate on land and is further differentiated by 

age and nexus location. First-year sea ice includes ice that only has a single year of growth, 

whereas multi-year ice has >1 yr of growth and does not melt completely during the summer. 

Fast ice forms attached to a shoreline, while drift ice does not form attached to the shoreline and 

forms by suspension freezing that can entrain sediment when it is suspended by wind-driven 

turbulence in open water depths <50 m. Anchor ice forms wither when groundwater intruding 

into the Arctic Ocean freezes at the sediment-water interface, or due to turbulent overturning that 

allows supercooled water to reach depths >50 m (Reimnitz et al., 1987). 

All of the described Arctic ice types have the ability to entrain sediment, referred to as 

IRD, as they form. Any ice that enters the Arctic Ocean will carry and transport IRD as it floats 

with the wind and currents. Glacial ice tends to contain a mix of fine-grained material and 

coarser-grained materials. Most sea ice tends to only contain fine-grained material that was in 

suspension in the water column. While anchor ice can theoretically contain both coarser and 

finer-grained materials, Arctic shelves are mostly fine-grained (<250 µm), thus anchor ice 

contains mostly finer-grained sediment (Darby et al., 2011). 

Sedimentation rates are extremely low in the Arctic Ocean, typically 1-2 cm/kyr. 

Depending on the location and climate forcing (i.e., MIS), rates may range from mm/kyr to 

cm/kyr. The Fram Strait boasts one of the highest sedimentation rates in the Arctic Ocean 

(Norgaard-Pederson et al., 2003). A deep-sea marine sediment core collected proximal to this 
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study’s core, P2423a, (80º02’N, 05º26’W, 829 m water depth) demonstrates sedimentation rates 

ranging from 0.8 cm/kyr during the Holocene to 7.2 cm/kyr during MIS 2 (Notholt, 1998). 

2.1.2.1 ARCTIC ICE SHEETS 

During MIS 2, 4, and 6 glacial periods, there were five important ice sheets (Fig. 1): the 

Laurentide Ice Sheet (LIS), Innuitian Ice Sheet (IIS), Greenland Ice Sheet (GIS), Barents-

Svalbard Ice Sheet (BSIS), and Fenno-Scandinavian Ice Sheet (FIS). 

The location and history of the two major ice sheets, the Laurentide and Fenno-

Scandinavian Ice Sheets, during the Pleistocene have been fairly well-constrained (Dyke and 

Prest, 1987; Dyke et al., 2002; Ottesen et al., 2002; Dahlgren and Vorren, 2003; Levitan, 2009). 

Even the lesser Innuitian ice sheets, which occupied much of the Canadian Archipelago in the 

Arctic, is now well-documented as to its extent as a continuous ice sheet that joined the 

Greenland Ice Sheet in Narnes Strait during the last glacial maxima and the Laurentide Ice Sheet 

to its south (Fig. 1)(England, 1999). 

The BSIS covered nearly all the Barents and Kara Sea Shelves (Landvik et al., 1998; 

Kneis et al., 1999). Geomorphological evidence, such as grounding-zone wedges, suggests the 

BSIS retreat during the LGM was extremely episodic (Dowdseswell et al., 2008; Ingolfsson and 

Landvick, 2013). Developing a better understanding of the dynamic history of this ice sheet’s 

retreat may provide some insights into modern dynamic ice sheet behavior. For example, if an 

ice sheet’s disintegration intervals are more dynamic than previously identified, especially during 

a period of warming, it provides insights to how modern-day ice sheets may respond as the 

climate continues to warm. 

Other proposed ice masses and shelf ice in the Arctic are still either speculative or 

unconstrained as far as their extent and history (Jakobsson et al., 2001). Recently multibeam and 
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seismic evidence was obtained to suggest the presence of an ice mass on the East Siberian Sea 

shelf, but the extent and timing of this glacial shelf ice is unknown (Jakobsson et al. 2013, 2016). 

Even the thickness and existence of a large ice cap in the central Arctic has been proposed but 

never documented with physical evidence (Broecker, 1975; Hughes et al., 1977; Grosswald, 

1980; Denton, 1981; Grosswald and Hughes, 1999, 2008). The Fe-grain data in this study will 

help constrain the existence, or lack, or a large central Arctic ice cap. 

2.1.2.2 SHELF ICE MASSES 

Recent multibeam bathymetric surveys and seismic surveys on the East Siberian shelf 

near Wrangel Island have revealed evidence for extensive glacial gouges in water depths up to 

1,200 m (Niessen et al., 2013), which implies the presence of a ~1,000 m thick ice mass on this 

shelf area during some past glacial maxima. Additional geophysical data and sediment cores 

propose an interpreted glacial trough on the East Siberian Margin, referred to as the De Long 

Trough, most likely during MIS 6 (O’Regan et al., 2017). There is little evidence that large ice 

sheets occupied the adjacent continent, so this ice mass must have grown in place as a SIM. 

Minimal isostatic rebound on this shelf suggests it was unlikely that this SIM existed during MIS 

2 (O’Regan et al., 2017). Numeric models of ice volume support the hypothesis of ice grounding 

in East Siberian Sea down to 1,000 m water depth during MIS 6 (Colleoni et al., 2016). Other 

numeric models showed an absence of a Wrangel Island SIM during MIS 2 and MIS 4, but a 

large SIM over Wrangel Island extending across the Chukchi Plateau during MIS 6 (Batchelor et 

al., 2019). Additionally, these models show an absence of ice over the East Siberian Shelf during 

MIS 2, 4, and 6. Whether SIMs occupied the entire East Siberian Shelf or just the easternmost 

portion, and when such a large ice mass occupied this area, remain unresolved. 
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Additional SIMs have been proposed for other circum-Arctic areas such as the Beaufort 

Shelf from the Mackenzie River to western Alaska, however the timing of their formation and 

break up is unknown (Jakobsson et al., 2013) (Fig. 1). Batchelor et al. (2019) numerical models 

do not indicate SIMs were present during MIS 2, 4 or 6, but the LIS may have extended to the 

Mackenize River. 

2.1.2.3 CENTRAL ARCTIC OCEAN ICE CAP 

Previous studies have proposed that a large, floating ice cap, or marine ice dome, existed 

in the central Arctic Ocean during some glacial maxima that might have been ≥1 km in thickness 

(Hughes et al., 1977; Grosswald and Hughes, 1999). Such large ice masses were proposed based 

on a global imbalance between the estimated glacial ice volume and calculated ice volume based 

on the 18O/16O ratio (δ18O) in marine benthic shells. Lighter 16O isotope preferentially evaporate 

and fall as precipitation over land. In the Arctic, precipitation falls as snow and builds massive 

glaciers. The depletion of 16O leaves the oceans seemingly “enriched” in the heavier 18O isotope. 

Oxygen isotope analysis on marine sediment cores shows a peak favoring 18O during glacial 

periods. Benthic forams in a Pacific deep-sea core showed a change in 18O/16O of 1.70 per mil 

during an interglacial-glacial transition. Deep-sea temperatures remain near freezing, so the 

change in the 18O/16O ratio did not result from deep-sea cooling. Since the volume of glacial ice 

has been well-documented as well as the resulting eustatic sea level change, it has been 

suggested that the 18O-enriched water was stored as floating ice on the Arctic Ocean (Shackleton 

and Opdyke, 1973). 

In addition, recent multibeam evidence indicates the grounding of very large ice masses 

in water depths up to 1km on the Lomonosov Ridge during MIS 6 (Vogt et al., 1994; Polyak et 

al., 2001; Jakobsson et al., 1999, 2008, 2010) and the Chukchi Borderland possibly during MIS 2 
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and 6 (Polyak et al., 2001). The history of these large ice masses and their impact on ice-rafting 

in the Arctic is still uncertain. There is evidence that the Chukchi Borderland groundings caused 

deviations in drift paths of icebergs during MIS 2. However, the impact of such large ice masses 

in the central Arctic during glacial maxima on sea ice-rafting is unknown (Bischof and Darby, 

2002). 

2.1.3 SEA ICE AND GLACIAL ICE RELATIONSHIPS 

Sea ice and glacial ice impact climate feedback systems differently. Sea ice plays a 

critical role in ocean-atmosphere exchanges, while glacial ice affects ocean chemistry, namely 

Oxygen isotopes. Both sea ice and glacial ice can entrain and transport sediment. When drifting 

ice exits the Arctic Ocean, it may encounter slightly warmer surface waters, typically near Fram 

Strait in the North Atlantic Ocean. The entrained sediment is deposited on the seafloor by melt-

out. The presence of thick ice masses in the central Arctic Ocean during glacial maxima would 

slow or block IRD transport of sea ice from non-glaciated shelves such as the westernmost part 

of the East Siberian or Laptev Sea sources to Fram Strait. If IRD from the East Siberian or 

Laptev Sea are identified in sediment cores from Fram Strait during glacial maxima, it would 

suggest ice was able to circulate, and the Arctic Ocean was not covered by thick ice capable of 

shutting-down ice-rafting. Correlating IRD abundance with glacial, or sea ice volume or rafting 

is complicated because of variations in melt-out rates. 

Marine sediment cores collected in Fram Strait have shown intervals of coarse-grained 

IRD deposition, which identify intervals of rapid calving typically at the onset or termination of 

glacial periods, while finer-grained IRD deposition and IRD from areas never glaciated identify 

intervals of primarily sea ice-rafting (Darby and Zimmerman, 2008; Darby et al., 2010). While 

this study analyzes bulk IRD samples, the provenance analysis is based on Fe-grain elemental 
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compositions. Sand-size Fe-grains in IRD provide specific geospatial source identification that 

can often permit the distinction between sea ice and iceberg IRD (Darby et al., 2011, 2015). The 

combination of IRD textural analysis and Fe-grain provenance in cores traversed by icebergs and 

sea ice in the past can help resolve questions related to sediment source and net drift patterns 

through time. From this the location and timing of large ice masses can be better constrained. 

Therefore, it is important to distinguish these types of ice (Stickley et al., 2009). 

Different types of ice can transport sediments ranging from fine (<45 µm) to coarse-

grained (>250 µm). Sea ice transports fine-grained sediments, but may include sediments 

generally <250 µm, largely due to the fine-grained nature of the Arctic shelves where this ice 

forms (Darby et al., 2011). Icebergs calved from glacial ice can transport sediment of any size, 

and often coarser IRD than typically found in sea ice (Darby et al., 2006). Additionally, sea ice 

and iceberg IRD can usually be distinguished by texture, but there are many exceptions such as 

anchor ice which has the capability to entrain any size sediment (Darby et al., 2011). To be 

certain of the sea ice mode of transport, a source needs to be identified that was free of glacial 

ice, such as the Laptev Sea, or complete absence of >250-µm grains. 

To further differentiate sea-ice rafting from glacial transport in the East Siberian Sea, 

Scanning Electron Microscopy (SEM) provides textural data and surface markings on quartz 

grains (St. John et al., 2012). Sea-ice-rafted grains are sub-rounded with medium relief, while 

grains transported by glacial ice are more angular, with lower relief, and may exhibit striations or 

other glacial process microfeatures. Before becoming entrained in sea-ice, sediments were 

transported to the coastal (land) environment, thus making them subject to enhanced chemical 

weathering relative grains transported by glacial ice (Stickley et al., 2009; St. John et al., 2015). 
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Scanning Electron Microscope (SEM) analysis of surface markings on >250 µm quartz grains 

from selected samples should help confirm transport by glacial ice or sea ice. 

 In addition to distinguishing sea ice and iceberg IRD, the Fe-grain provenance analysis 

can identify circum-Arctic locations of IRD reaching the Fram Strait throughout glacial stages 

(MIS 2, 4, and 6). This will place constraints on ice drift across the Arctic with implications for 

thick ice accumulations on various Arctic shelves. 

2.1.4 FORAMINIFERA  

While forams in most Arctic marine sediment cores are not as plentiful as marine sediment 

cores from tropical locations, they are not entirely absent. The predominant species in the Arctic 

are the planktonic Neogloboquadrina pachyderma. The isotopic ratios preserved in all foram 

shells, or tests, reflect ocean water chemistry during their formation, which varies with global 

climate and ice volume. While not directly analyzed in this study, the direction of N. pachyderma 

test formation (sinistral vs. dextral) changes with ocean water temperature, providing additional 

context about the general Arctic ocean conditions. While a variety of factors can impact foram 

abundance on relatively short time scales (i.e., food sources, nutrient availability, seasonal 

effects), the generally low sedimentation rates observed in the Arctic Ocean negates the impacts 

of such high-frequency variability. 

The presence of forams may indicate the absence of sea ice, polynyas driven by katabatic 

winds from steep glacial fronts or polar plateaus, or sea ice which still transmitted light level 

required for blooms. Forams are assumed to be present during all open water conditions 

(Noorgard-Pedeerson et al., 2007). However, the absence of forams may indicate long periods of 

limited primary production (i.e., thick ice blocking light transmission). Unlike the methodology 

for the circum-Arctic Fe-grain analysis, forams likely formed in the water masses over the core 
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site and were not transported by sea or glacial ice. Therefore, foram abundances provide a 

general context of sea ice conditions on the Yermack Plateau (Fig. 1). Since the majority of 

forams in this study are N. pachyderma, larger forams (>63 µm) are categorized as adult-stage, 

and smaller forams (45 µm to 63 µm) as juvenile-stage. 

2.2 LIMITATIONS OF EXISTING STUDIES 

Most Arctic paleoclimate studies suffer from a similar set of limitations. Low 

sedimentation rates result in coarse temporal resolution. Unlike tropical analogs, deep-sea Arctic 

Ocean sediments lack forams throughout a sediment core. When present, sedimentologists 

analyze forams for a variety of isotopes or carbon dating, which provide proxies for absolute 

ages in sediment cores. Unlike cyclic paleoclimate proxies (i.e., tree rings, lake varve layers, ice 

core layers), Arctic Ocean sediment layers may contain hiatuses or a range of sedimentation 

rates. Developing an age model for a sediment core is crucial to interpreting core data. Without 

datable material or cyclic layers, developing age models for Arctic Ocean sediment cores 

remains a challenge. This study develops an age model based on a magnetic grain size proxy 

from JPC22 correlated to Vostok δ18O atmospheric ice core data, as outline in Xuan et al. (2011). 
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CHAPTER 3 

 

METHODOLOGY 

 

3.1 RESEARCH DESIGN 

The Fe-grain fingerprinting technique for sediment provenance determination has proven 

to be a robust method for identifying unique source regions throughout the Arctic Ocean (Darby, 

2003, 2015). The method utilizes the chemistry of individual detrital sand-sized Fe-grains as a 

proxy for paleo ice drift in the Arctic Ocean. Ice that forms on or near Arctic margins, including 

glacial ice, SIMs, and sea ice, can entrain sediment from their respective geographic locations. 

Fig. 2 shows the 41 circum-Arctic locations, known as Source Areas (SA), used to identify the 

provenance of Fe-grains in this study. Typically, Arctic Ocean currents transport ice away from 

their SAs and around the Arctic Ocean (Fig. 2). Because lower sea levels during glacial periods 

terminate outflow through the Bering Strait, drifting ice either remains in cold Arctic waters, or 

exits to the south through Fram Strait. Once ice reaches the slightly warmer North Atlantic 

waters and begins melting, IRD is deposited.  
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Fig. 2. Forty-one circumarctic SAs for Fe-grains matching. Each individual SA was developed 

and synthesized from numerous representative samples. Map shows JPC22 (yellow diamond), 

prominent surface Arctic Ocean currents including the Transpolar Drift (green arrow), Beaufort 

Gyre (blue arrow), East Greenland Current (dark blue arrows), and Irminger Current (red arrows) 

(After Darby et al. 2015). 

 

IRD can range from clay-size particles to larger drop stones, depending on the origin of the 

ice. Most deep-sea Arctic sediments are mud (fine-grained) to sand-sized grains, with abundant 

clays and silts and occasional drop stones. This study focuses on sand-sized Fe-grains (45-250 

µm). The JPC22 sediment core was collected using a vessel-based jumbo piston. The Byrd Polar 
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Institute provided sediment samples from the archived sediment core at 1-cm intervals 

throughout glacial maxima MIS 2, 4, and 6. Samples were subdivided into four size fractions 

(<45 µm, 45-63 µm, 65-250 µm, and >250 µm) by wet sieving. 

After the four size fractions were individually dried and weighed, Fe-grain were 

magnetically separated from the 45-63 µm, 65-250 µm, and >250 µm intervals, and analyzed for 

their elemental compositions, or “chemical fingerprint”. Darby et al. (2015) constructed an 

extensive Circum-Arctic SA database by analyzing the elemental composition of >38,000 Fe-

grains from 41 unique SAs around the Arctic margins (Fig. 2). These Circum-Arctic SAs are 

defined by differences in point counts of the >250 µm mineral grain and rock fragments (Darby 

and Bischof, 1996). This database provides a reliable catalogue of unique Fe-grain chemical 

fingerprints associated with each SA. In this study, chemical fingerprints provide a proxy for 

Arctic Ocean ice movement during glacial periods by connecting Fe-grains deposited at the 

JPC22 site to their original SAs. The Fe-grain provenance method has a high statistical accuracy 

with incorrect matches accounting for <2 % of Fe-grains (Darby et al., 2015). 

3.1.1 METHODOLOGY CONSIDERATIONS 

In general, Arctic Ocean sediments have minimal diagenetic effects (Darby et al., 2015). 

Cold water slows or prevents most diagenesis on the timescale of this study (<1 Myr). 

Furthermore, the lack of evidence for bioturbation suggests minimal intermixing of sediment 

layers, which increases the reliability of sediment layer dates. Since this study’s sediment core 

was collected at a water depth of 798 m, sediment does not risk much disturbance from wind 

driven waves, storms, or tidal influences. However, currents can still winnow melt-out IRD 

while it settles to the sea floor, thus removing valuable fine-grained IRD in a region 

characterized by low sedimentation rates. 
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3.2 AGE MODEL 

An age model was developed for JPC22, which provides calculated ages associated with 

each core depth based on secondary data or a proxy. This section describes the process to 

develop the age model, data, calculations, and lists a few considerations for using the age model. 

3.2.1 AGE MODEL DEVELOPMENT 

Because JPC22 extended beyond the reliable age-range for radiocarbon dating, and due 

to lack of abundant forams throughout the core, radiocarbon dating is not the only method used 

to establish absolute dates for this core. However, two samples were selected for radiocarbon 

dating to serve as tie-points and corroborate the age model (Myers and Darby, 2015) (Appendix 

Table 8). 

In their study, Xuan et al. (2011) examined JPC22 and analyzed the similarities between 

a KARM/K, a magnetic grain size proxy, and the LR04 benthic isotope stack data (Lisiecki and 

Raymo, 2005). KARM/K is a measure of the magnetic grain size where ARM is the anhysteretic 

remanent magnetization and K is the low-field magnetic susceptibility. Using data from grain 

size analysis, they concluded finer grain sizes correspond with larger KARM/K values, which 

occurred during interglacial periods (i.e.- higher sea levels). The authors did not find a 

correlation between coarser (>63 µm) magnetic grains and KARM/K, which suggested variations 

in KARM/K data are not caused directly by coarse IRD deposition (2011). The size differences are 

restricted to the silt-size magnetic minerals (<63 µm) that are affected by current winnowing. 

These implied changes in bottom-current velocity depending on water depth and/or detrital 

provenance directly related to glacial-interglacial conditions that impacted the grain size of 

magnetic sediments. While their study did suggest KARM/K data and the Lisiecki and Raymo 

(2005) LR04 benthic isotope stack could be used to develop an age model for JPC22, they 
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indicated that they do not know the cause for the correlation. Myers and Darby (2015) and this 

study propose sediment winnowing is enhanced during periods of lower sea level, resulting in 

higher concentrations of the coarser magnetic minerals. As described in Section 2 above, lower 

sea level results in fewer outlets for Arctic Ocean water, thus increasing flow velocities through 

Fram Strait and on the shallow Yermack Plateau, increasing the potential for winnowing of fine-

grained sediment. 

3.2.2 AGE MODEL DATA 

For this study, MIS dates are provided by the LR04 benthic isotope stack (Lisiecki and 

Raymo, 2005). While JPC22 sample core depths for this study are estimated to reach ages close 

to MIS 11 (~424 ka), based on previously dated Arctic cores and associated sedimentation rates, 

this study only requires age control through MIS 6, or 191 kyr. Two δ18O records are available 

for this age model, the North Greenland Ice Core Project Oxygen Isotope Data (NGISP) and 

Vostok, Antarctica ice cores. While the NGISP data are closer proximity to the Arctic, 

Greenland ice core data only reliably extends to ~125 ka. Since JPC22 extends beyond the age 

limits of NGISP data, Vostok ice core data serves as an age control, with data reaching 420 ka 

(Petit et al., 1999). The Vostok ice core is located at the Russian Vostok station in East 

Antarctica (78° S, 106° E, elevation 3,488 m). To overcome any lag in the isotope records due to 

the geographical separation between Antarctica and the Yermack Plateau, this study uses the 

atmospheric δ18O record. Atmospheric gases circulate the earth on a time scale of a few days, 

whereas water in the global oceans circulates in thousands of years. Isotope data measured from 

oxygen in water molecules may have a significant lag from the Arctic, which could greatly 

impact an age model. 
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3.2.3 AGE MODEL CALCULATIONS 

Vostok δ18O atmospheric data are compared to JPC22 KARM/K data, and peaks and 

troughs are manually correlated (Appendix Fig. 26 and Appendix Table 8). Distinct MIS (2, 5a, 

5c, and 5e), and two 14C dates from previous analyses (17.9 kyr at 100.5 cm and 21.5 kyr at 

138.0 cm) from Xuan et al. (2011) help constrain the initial correlations. In the Vostok core, δ18O 

data younger than 150 ka are higher resolution and slightly noisier than older data (Petit et al., 

1999). To overcome the noise inherent in the high-resolution data between 0-150.0 kyr, raw 

Vostok δ18O data are smoothed using a 4.0-kyr boxcar filter (Fig. 7). For younger ages 

(shallower core depths), JPC22 KARM/K data are correlated to the 4.0 kyr smoothed line. All data 

>150.0 kyr are matched directly from JPC22 KARM/K to δ18O raw data. The correlations provide 

a list of “picks” – tie-points between troughs and peaks in JPC22 KARM/K and δ18O data 

(Appendix Table 8). 

Manually selected picks are interpolated using a Piecewise Cubic Hermite Interpolating 

Polynomial (PCHIP) in MATLAB, which calculates ages for all core depths (Appendix Fig. 27, 

Appendix Fig. 28, and Appendix Fig. 29). Tails in interpolated data at the top of the core (core 

depths 0.5-8.5 cm) are addressed using sedimentation rates and will be discussed in Section 

3.6.1. 

3.2.4 AGE MODEL CONSIDERATIONS 

Xuan et al. (2011) point out their method may not be reliable for sediments older than MIS 

6. KARM/K data >MIS 6 are included so the entire dataset is visible during the manual matching 

picks. Since KARM/K were not independently dated, the dataset could not be arbitrarily truncated. 

This interpolation method makes no assumptions of data outside the bounds of what is known. 

Likewise, this interpolating process does consider any of the processes that produce the data 
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used; therefore, there is no measure of uncertainty within the model. Standard error must be 

assumed from the data used. For this study, input data are the matching picks from the 

atmospheric δ18O Vostok data. Petit et al. (1999) state their dating accuracy is better than ±10 

kyr for most of the ice core record, and better than ±5 kyr for the last 110.0 kyr. Their accuracy 

never exceeds ±15 kyr. For comparison, accuracy of the LR04 benthic stack is ±4 kyr from 0-1 

Ma (Lisiecki and Raymo, 2005). 

3.3 SEDIMENTATION RATES 

Sedimentation rates (also known as depositional rates) for MIS 2, 4, and 6 are calculated 

using the calculated ages from the age model. Sedimentation rates throughout the core 

(Appendix Table 9) support age model development, and identify periods of high sedimentation 

rates, as well as low rates, and depositional hiatuses. Sedimentation rates are calculated by 

dividing differences in adjacent initial and secondary depths (cm) by the differences in their 

respective initial and secondary ages (kyr). “Time per cm” is also calculated by dividing 

differences in calculated ages (kyr) by differences in adjacent depths (cm).  

 

Sedimentation (Depositional) Rate = (D1 - D2) / (A1 – A2)    (1) 

Time per cm = (A1-A2) / (D1-D2)       (2) 

where:  D1 = Initial Core Depth (cm) 

A1 = Initial Age (kyr) 

D2 = Secondary Core Depth (cm) 

A2 = Secondary Age (kyr)  
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3.3.1 SEDIMENTATION RATE CONSIDERATIONS 

As described above, the PCHIP interpolation method results in a slight tail at the top of 

the core (0.5-8.5 cm). To address the data tail, MIS 1 sedimentation rates were calculated the 

average time per interval (0.1 kyr/cm; Appendix Table 10) and adjust the PCHIP calculated ages 

within the data tail accordingly. 

3.3.2 HIATUS CALCULATIONS 

An important dynamic captured in this study is the presence of hiatuses in Fe-grain 

deposition. This occurs when IRD (including Fe-grains) is not deposited, either due a blockage in 

ice transport, or a lack of melt out. This study defines a hiatus is as an interval with <2 Fe-grains 

matched per 10g bulk sample weight. Hiatus durations (kyr) are calculated by subtracting 

adjacent interval calculated ages. Some hiatus intervals are bound by missing samples (identified 

by “NaN” in (Cofield, 2023a), which may increase the error on the starting and ending dates of 

specific hiatuses. In some cases, particularly during MIS 6, multiple hiatuses are bound or 

interrupted by single missing samples. It is possible missing samples are part of the overall 

hiatus, and actual hiatuses time periods are slightly longer than this study resolved. 

3.4 SAMPLE SOURCES 

The marine sediment core, JPC22, was chosen because it includes sediment older than MIS 

6 and has portions of age models based on a magnetic grain size proxy and oxygen isotope data 

(Xuan et al., 2012; Myers and Darby, 2015). The core was collected from the Yermak Plateau in 

Fram Strait, 80º 29.386’N, 007º 46.141’E at 798 m water depth (Figs. 1 and 2), during the Healy-

Oden Trans-Arctic Expedition (HOTRAX) 2005. When sea levels drop >150 m during glacial 

intervals, the Fram Strait becomes the only connection between the Arctic Ocean and the sub-

polar oceans, making this an ideal location to capture ice flows exiting from the Arctic Ocean in 
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both glacial and interglacial intervals. One-cm-thick samples were obtained at one-cm intervals 

from JPC22, based on estimated depths for MIS 2, 4, and 6, with a few exceptions due to lack of 

core material. Each 1-cm-thick bulk sample contained at least 5 g (dry weight) sediment.  

3.5 SAMPLE PROCESSING 

This section outlines the entire bulk-sediment sample processing routine, including Fe-

grain extraction and analysis, foram abundance estimates, and a separate SEM test on two quartz 

grain samples. 

3.6 FE-GRAINS 

All Fe-grains were extracted from bulk samples through wet-sieving and magnetic 

separation before being analyzed for chemical composition with an electron microprobe. 

3.6.1 PREPARATION AND WET SIEVING 

Sample preparation, processing, and analysis followed standard methods described in 

Darby et al. (2015) and Folk (1980) and summarized in Fig. 3. In brief, bulk samples were 

freeze-dried and weighed, then wet-sieved using mesh screens with apertures of 45 µm, 63 µm, 

and 250 µm. These specific sieve intervals were selected to: (1) enhance magnetic separation; (2) 

capture sediment fractions that separate sea ice transport (45-63 µm) from glacial ice transport 

(>250 µm); and (3) further subdivide fine sand (63-250 µm) and coarse sand (>250 µm). The 

partitioned samples (45-63 µm, 63-250 µm and >250 µm) are dried at 95° C. The <45 µm 

fraction are dried at 45° C to prevent clay transformation for any future analysis and archived.



 

 

 

Fig. 3. Flow chart for sample processing, sample analysis, and data processing.
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3.6.2 MAGNETIC SEPARATION 

To isolate Fe-grains from the 45-63 µm and 63-250 µm subsamples, samples were 

processed with a hand magnet, then electromagnetic. Some Fe-grains, such as magnetite, were 

easily removed by a hand-magnet. Other Fe-grains required a Frantz electro-magnetic separator. 

All non-magnetic grains were archived in their vials.  

After extraction, all 45-63 µm and 63-250 µm magnetic grains from all size fractions 

were combined into one representative sample for each core depth interval. Magnetic separation 

isolated the Fe-grains required for this study, but also extracted other magnetic minerals, 

primarily quartz grains with magnetic mineral inclusions. These quartz grains are not ideal for 

this study’s provenance method as the magnetic mineral inclusions may not represent the 

original SAs. Therefore, it was important to recognize their presence and address them in the 

upcoming microscopy preparation. 

3.6.3 PREPARATION FOR ELECTRON MICROPROBE ANALYSIS 

Samples were mounted in epoxy plugs, polished, and marked for electron microprobe 

analysis. Each plug contained samples from four depth intervals, and was hand marked to 

provide a series of etched symbols (i.e., interval identification, arrows, and flags for IRD) in the 

resin as a spatial guidance under microscopy high-power. After marking, plugs were 

photographed under a 10x or 40x optic, and photographs were manually “mapped” by 

identifying Fe-grains using optical microscopy (Appendix Fig. 25). During mapping, individual 

Fe-grains were identified and numbered on photographs in the order they would be programmed 

for electron microprobe analysis. This step not only streamlines the programming process, but it 

assists navigation under high-power field of vision on the microprobe. The lens was immersed in 

an oil with the refractive index of quartz to avoid inadvertently mapping the quartz grains with 
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magnetic inclusions. For each interval, all Fe-grains were counted with a maximum of 100 grains 

identified for microprobe analysis. In cases where the total number of Fe-grains exceeded 100, 

this study developed a “multiplication factor” based on the total possible number of Fe-grains 

that could have been analyzed. For example, an interval with 100 grains had a multiplication 

factor of x1.0, and an interval with 175 grains had a multiplication factor of x1.75. The 

multiplication factor was applied to matched grain numbers for each SAs. After optical 

microscopy, the plugs were cleaned with soap and water and alcohol, then dried. All photograph 

hardcopies were archived by core depth. 

Cleaned resin plugs were coated with a thin layer of carbon in a vacuum evaporator prior 

to microprobe analysis to prevent the electron beam from “charging” across the plug surface, 

which would interfere with the results. 

3.6.4 ELECTRON MICROPROBE ANALYSIS 

Carbon-coated epoxy plugs were analyzed for elemental composition using the Cameca 

SX100 electron microprobe. Each Fe-grain analysis was programmed into the electron 

microprobe software using the “mapped” photographs. The microprobe could analyze up to 6 

epoxy plugs, with a total of 24 samples or ~2,400 Fe-grains. Once programmed, the electron 

microprobe automatically analyzed the elemental composition of each Fe-grain by measuring the 

amount of Ti, Fe, Mn, Mg, Si, Al, Cr, Zn, V, Ca, Zn, Nb, Ta, and O (Bence and Albee 1968; 

Darby, 2003). 

3.6.5 FORAMINIFERA 

Foram analyses were not included in the original development of this study. However, 

some intervals deeper in the core revealed intervals filled with forams. Unfortunately, this was 

discovered after most IRD samples were fully processed (through magnetic separation) and 



 

   
 

30 

archived in their vials, so this study only provides a qualitative representation of abundances. 

Foram abundances were estimated by visually inspecting fully processed IRD sample, in their 

vials, under a microscope. The estimated fraction of forams in each sample was established and 

scored according to the following scale:  

 

0- Absent (0%) 

1- Low/Absent (1<5%) 

2- Low (<5-25%) 

3- Moderate/Low (25-50%) 

4- Moderate (50%) 

5- Moderate/High (50-75%) 

6- High (75-90%) 

7- Very High (>90%) 

 

Sediment processing did not alter or dissolve the calcium carbonate foram tests, and they 

were archived in their respective size fraction vials. 

3.6.6 SEM QUARTZ GRAINS ANALYSIS 

Two >250 µm samples were selected for SEM analysis. One sample was from the 

estimated MIS 2 termination (44.5 cm; ~8.5 ka) and the second sample was from the estimated 

MIS 2 peak (83.5 cm; ~15 ka). These two intervals were selected because they represent the 

most recent examples of drastically different glacial episodes during MIS 1 and 2 and could help 

distinguish between glacial and sea ice transport. Kristen St. John, James Madison University, 

Harrisonburg, Virginia, conducted the SEM analysis of quartz grains. 
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3.7 DATA PROCESSING 

This section outlines all data synthesized in a master database, and the data processing 

steps for the electron microprobe data, and MATLAB matching routine data. 

3.7.1 SEDIMENT SAMPLE DATABASE 

Bulk samples and sample processing data are archived in a master database including 

core depth, freeze-dried bulk sediment weight, and dry weights for sieved intervals (Cofield, 

2023b). In addition to these sediment parameters, the master file contains the interpreted age 

model developed for this study, and all final processed microprobe data. 

3.7.1.1 ELECTRON MICROPROBE DATA 

Unprocessed microprobe data are downloaded directly from the Cameca software, and 

assigned appropriate metadata (core name, core depth interval, and grain number). Each 

analyzed Fe-grain is assigned a mineral number based on the following refined Titanium (Ti %) 

or Chromium (Cr %) parameters from the optical minerology parameters (Appendix Fig. 25): 

 

Mineral 0 (fresh ilmenite) = 24% < Ti < 34% 

Mineral 1 (altered ilmenite) = Ti > 34% 

Mineral 2 (titanomagnetite) = 1%< Ti < 24% 

Mineral 6 (Magnetite) = Ti < 1% 

Mineral 8 = Cr > 6% 

Mineral 9 = all other Fe-grains outside criteria for Min 0-Min 9 

 

Mineral coding for this study followed mineral coding criteria for the SA dataset (Darby 

et al., 2015)   



 

   
 

32 

3.7.2 MATLAB MATCHING ROUTINE 

The MATLAB matching routine consists of a set of four scripts, developed for Darby et 

al. (2015) that match each analyzed Fe-grain from the microprobe data to the entire SA dataset 

(Cofield, 2023c). There are two primary input files for the matching routine: the microprobe 

dataset with elemental compositions for each grain and the master SA database. This study only 

matches SAs 1-41 (Fig. 2), so the input file is truncated after SA 41 so as to match only sources 

within the Arctic Ocean. Prior to matching, microprobe data are normalized, all data artifacts or 

missing (non-sampled) intervals are replaced with a “NaN”, and elements are arranged in the 

following order: Ti, Fe, Mn, Mg, Si, Al, Cr, Zn, V, Ca, Nb, Ta, Ni, and O. 

The methodology has a 1.5 % match error at 2 standard deviations (i.e., 1.5 Fe-grains out 

of 100 Fe-grains), and only increases to 1.9 % match error at 4 standard deviations. Standard 

deviations are based on 30-130 replicate analyses for each element (total = 360 replicates). In 

this study, all Figures which show Fe-grains that have been matched to their SAs using the 

MATLAB process include a threshold line showing samples with <2 grains matched per 10 g 

bulk sample weight to account for the 1.9 % match error, or ~2 grains for 100 grains analyzed at 

each cored depth. (Cofield, 2023c) highlights the depths and calculated ages where total matched 

grains are <2 grains per 10g bulk sample weight. 

To address issues associated with oxygen detection during microprobe analysis, the 

standard deviation for oxygen is set to a value that prevents it from impacting the MATLAB 

matching routine. Also, the SA dataset and core dataset are normalized so that each grain 

analysis summed to 100 %. Oxygen is abundant in Fe-oxides and did not serve as a unique 

identifying element for provenance determination. Because increasing the matching range to 

three (3) standard deviations may improve the range of matches with minimal impact on the 
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average match error (Darby et al., 2015), this study matches all Fe-grains at 3 standard 

deviations. The output file from the matching routine lists each grain per core depth interval, and 

what portion (fraction) matches to any and/ or all 41 SAs. 

The final post-processed database lists the summation of all grains per each depth interval 

with the number of grains that matched to each of the 41 SAs. The previously calculated 

“multiplication factor” is applied to all intervals with >100 possible Fe-grains mapped on the 

photographs. 
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CHAPTER 4 

 

RESULTS 

 

4.1 RESULTS OVERVIEW 

This section provides results from the age model development, sedimentation rates, grain 

size analysis, foram abundances, SEM quartz grain analysis, and the Fe-grain matching using the 

provenance method. 

4.2 AGE MODEL 

Troughs and peaks with similar features (i.e., distribution, fluctuations, and overall shape, 

such as bimodal) are matched between KARM/K and Vostok δ18O data from MIS 1 to MIS 6 

(Appendix Fig. 26 and Appendix Table 8). The goal was to match as many similar features as 

possible throughout both data sets to minimize the bias introduced when developing an age 

model based on extremes, such as only major peaks and troughs (Jakobsson et al., 2014b). This 

study’s age model (Fig. 4) further supports Xuan et al.’s (2011) previous use of KARM/K to 

develop an age model. They suggested an uncertainty in their method after MIS 5, but this 

study’s age model supports the hypothesis of a relationship between KARM/K and the Vostok 

δ18O data during MIS 6. Figure 4 values are plotted as individual data points with a connecting 

line, thus conveying the high-resolution sampling for this study. The JPC22 age model captures 

similar characteristics in the KARM/K data, such as low KARM/K values during glacial periods 

(coarser magnetic minerals), and multiple troughs and peaks specifically during MIS 6 (Fig. 5). 

The offset(s) between KARM/K and Vostok δ18O may be a result of differences between JPC22 

sedimentation rates compared to ice accumulation rates at the Vostok Ice core location (Fig. 6). 
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Fig. 4. JPC22 core depths (cm) and PCHIP calculated ages (ka) from PCHIP interpolation. 

JPC22 age model seems most reliable through MIS 6 (<753.5 cm core depth), with data beyond 

MIS 6 reliability shaded in gray. 

 



 

 

 

Fig. 5. JPC22 age model applied to KARM/K. Figure shows Xuan et al. (2011) KARM/K and previously analyzed 14C dates (red dots). 
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Fig. 6. Comparison between KARM/K with PCHIP calculated ages and Vostok δ18O data. A) Vostok δ18O, B) Vostok δ18O 4-kyr 

smoothed, and C) JPC22 KARM/K with previously analyzed 14C dates (Xuan et al., 2011). 37 
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4.3 SEDIMENTATION RATES 

Multiple sedimentation rates for MIS 2, 4, and 6 are calculated based on slope changes in 

the age model, allowing average sedimentation rate calculations for each stage (Figs. 7, 8, and 9). 

During MIS 2, sedimentation rates reach 25.6 cm/kyr from 22.8 to 23.7 ka (0.9 kyr). However, 

this high sedimentation rate is not associated with MIS 2 initiation or termination. The mean 

sedimentation rate during MIS 2 is 11.6 cm/kyr. For comparison, the average sedimentation rate 

during MIS 1 is 12.4 cm/kyr. During MIS 4, the average sedimentation rate is 7.0 cm/kyr, with 

the highest rate during the middle of the stage at 9.2 cm/kyr from 61.4 to 65.6 ka (4.2 kyr). MIS 

6 has an average rate of 3.8 cm/kyr, and no sedimentation rates exceed 6 cm/kyr in this stage.  



 

   
 

39 

 

Fig. 7. JPC22 sedimentation rates during MIS 2. Appendix Table 9 lists all individual slope 

sedimentation rate calculations fluctuating between lower (orange lines) and higher (red lines) 

rates (Table 1). While MIS 1 (gray) was not included in this study, the sedimentation rate is 

provided as a comparison to modern rates. Values are plotted as individual data points.  
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Fig. 8. JPC22 sedimentation rates during MIS 4. Appendix Table 9 lists all individual slope 

sedimentation rate calculations fluctuating between lower (orange lines) and higher (red lines) 

rates (Table 1). Values are plotted as individual data points.  
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Fig. 9. JPC22 sedimentation rates during MIS 4. Appendix Table 9 lists all individual slope 

sedimentation rate calculations fluctuating between lower (orange lines) and higher (red lines) 

rates (Table 1). Values are plotted as individual data points.  
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Table 1. Sedimentation rates during MIS 1-11. 

MIS  Core Depth 
Interval  

Average 
Depositional Rate  

Average Time per 
cm  

 (cm) (cm/kyr) (kyr) 
1 0-52.5 18.2 0.1 
2 53.5-198.5 11.6 0.1 
3 199.5-280.5 3.1 0.4 
4 284.5-364.5 7.0 0.2 
5a 365.5-400.5 3.0 0.3 
5c 420.5-460.5 4.8 0.2 
5e 505.5-579.5 3.4 0.3 
6 580.5-753.5 3.8 0.4 
7 754.5-900.0 5.5 0.3 
8 910.0-1000.0 1.9 0.6 
9 1010.0-1110.0 3.1 0.4 
10 1120.0-1200.0 6.3 0.3 
11 1210.0-1300.0 2.1 0.6 

 

 

4.4 GRAIN SIZE ANALYSIS 

Grain size analysis is conducted by wet sieving 708 bulk sediment samples into four size 

fractions. 

4.4.1 IRD GRAIN SIZE DISTRIBUTION 

Wet sieve analysis provides total IRD weight (g) in the intervals 45-63 µm, 63-250 µm, 

and >250 µm (Fig. 10). While bulk IRD data do not reflect any particular SA, they provide 

information related to IRD deposition in Fram Strait, such as presence or absence of IRD 

deposition, number of grains, and size fractions. IRD from all size fractions show a peak (23.3 ka 

or 23.5 ka) following the initiation of MIS 2, with the most prominent of the size fractions being 

63-250 µm. Throughout MIS 2, 63-250 µm shows multiple, smaller IRD peaks. Coarser IRD 

(>63 µm), especially >250 µm, show low numbers through MIS 2 until a small peak at 17.2 ka, 

and a final peak at 13.4ka just before the termination of MIS 2. The remaining peaks in MIS 2 
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are dominated by finer-grained IRD (<63 µm). All identified IRD peaks during MIS 2 occur 

during periods of high sedimentation rates. The only IRD peak observed across all size fractions 

at the same time, 23.5 ka, occurs during the highest MIS 2 sedimentation rate (25.6 cm/kyr). 

During MIS 4, IRD is >63 µm at initiation. While finer IRD remains low throughout MIS 

4, >63 µm IRD show a peak during the middle of the stage at ~63.7 ka, coinciding with high 

sedimentation rates of 9.2 cm/kyr. IRD do not show distinct peaks at MIS 4 termination. 

During MIS 6, the dominant peak occurs at 175.6 ka, with a smaller peak at 169.1 ka, 

both during a relatively high sedimentation rate period for MIS 6 (5.4 cm/kyr). There is a 

corresponding, yet smaller, fine IRD peak at 175.6 ka. During the middle of MIS 6, IRD peaks 

are dominated by grains in the 63-250 µm size class. 

Sedimentation rates are low during MIS 6, with the highest rates ranging from 4.4 to 5.4 

cm/kyr (Fig. 9). Interestingly, the largest MIS 6 IRD (>250 µm) peak occurs at 166.1 ka during a 

period of extremely low sedimentation (1.9 cm/kyr). A higher sedimentation period (4.4 cm/kyr) 

from 155.9 ka to 172.1 ka corresponds with a series of IRD peaks. There is a >250 µm IRD peak 

at 152.3 ka, a series of smaller fine IRD peaks at 155.6 ka, and 63-250 µm IRD peak at 156.3 ka 

and 152.8 ka, reaching nearly 40 weight percent. Sedimentation rates are much lower during 

MIS 6 than MIS 2 or 4, with the highest rates only ranging from 4.4 to 5.4 cm/kyr. While the 

152.3 ka IRD peak occurs during a higher sedimentation period (4.4cm/kyr), the 166.1 ka IRD 

peak occurs during a period of low sedimentation rates (1.9 cm/kyr). Between ~152 ka and 133 

ka, IRD melt-out is low or absent. Prior to MIS 6 termination, there is a 63-250 µm IRD peak at 

133.6 ka, with minor IRD peak in the finer and coarser fractions. While MIS 5 is not the focus of 

this study, the 63-250 µm IRD peak at ~125 ka might be part of the disintegration of the MIS6 
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ice sheets. During MIS 6, IRD are dominated by the 63-250 µm fraction, however finer and 

coarser IRD are not entirely absent. 

 



 

 

 

Fig. 10. IRD weight percent from wet sieve grain size analysis. Figure includes high sedimentation rates (black bars with associated 

rates) from Figs. 7, 8, and 9, MIS 2, 4, and 6 (blue shaded), and MIS 5a, c, and e (red shaded). 
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4.5 FORAMINIFERA ABUNDANCE 

Adult forams (63-250 µm and >250 µm) show peaks in abundance just after MIS 2 at 25.5 

ka (Fig. 11). Abundances decrease before a series of peaks at 22.4 ka and 17.9 ka, with moderate 

peaks in-between. At 17.9 ka, all >63 µm forams decrease until MIS 2 termination. Juvenile 

forams (45 µm to 63 µm) are not abundant during most of MIS 2, with some minor peaks at 19.7 

ka (Fig. 11). During MIS 4, adult foram abundance peaks after initiation of this stage at 65.5 ka, 

but rapidly decreases, while juvenile abundances are low throughout. At MIS 6 initiation, we see 

peaks in >63 µm forams at 190.6 ka. Following an extended hiatus, >63 µm forams peak again at 

between 160.9 ka to 162.2 ka, before decreasing again. At 150.9 ka, there are multiple large 

peaks in >63 µm foram abundance. At the same time, 45-63 µm forams slightly increase, but 

only show a peak at 23.5 ka. 

 



 

 

 

Fig. 11. Foram abundances based on estimated percent of forams in each IRD sample. Foram abundances are: 0 (Absent 0%), 1 (Low/ 

Absent 1-4%), 2 (Low 5-24%), 3 (Low/ Moderate 25-49%), 4 (Moderate 50%), 5 (Moderate/ High 51-74%), 6 (High 75-89%), and 7 

(Very High >90%). Forams are plotted as points with 2-cm boxcar smoothed black line.  
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Fig. 12. Foram abundances and IRD weight percentages. Foram abundances (from Fig. 11) combined with IRD weight percentages 

(from Fig. 10), and high sedimentation rates (black bars with associated rates) from Figs. 7, 8, and 9. 
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During MIS 2, forams are relatively abundant during the middle of MIS 2. Foram peaks 

at 23.3 ka correspond to high sedimentation rates but lack corresponding IRD peaks. Near MIS 2 

termination, the 13.5 ka IRD peaks occur in the absence of any foram peaks. During MIS 4, >63 

µm foram peaks around 65.6 ka precede all IRD peaks starting at 63.7 ka and do not occur 

during periods of high sedimentation. 

During MIS 6, there are several peaks in 45-250 µm IRD with no corresponding increase 

in foram abundance. Forams >63 µm peak between 160.9 ka and 162.2 ka followed by a rapid 

decrease. A series of high foram abundance peaks starting at 150.9 ka, corresponding with the 

beginning of a period of high sedimentation, is preceded by a peak in 63-250 µm IRD peak at 

152.8 ka, with a minor >250 IRD peak at 152.3 ka. After 150.5 ka, forams abundances remain 

high and only decrease before MIS 6 termination. Juvenile forams show smaller peaks during 

this high abundance period, with only one major peak at 148.9 ka. 

4.6 SEM QUARTZ GRAINS ANALYSIS 

SEM analysis of surface features on a >250 µm quartz grain from 44.5 cm (based on initial 

estimate for MIS 2 termination) indicates primarily sea-ice transport influences with some glacial 

ice transport influences (St. John, 2023) (Personal communication with St. John). A second 

quartz grain from 83.5 cm indicates sea ice transport influences with some glacial ice transport 

influences based on absent rounded grains, including surface characterizes like a shift to sub-

round, sub-angular), less dissolution and micro-layering, and more fractures and gouging (St. 

John, 2015). Based on our calculated age model, the initial 44.5 cm (10.6 ka) sample would be 

~1 kyr after MIS 2 termination and we could expect a mix of sea ice and glacial influences. The 

second quartz grain from 83.5 cm (16.5 ka) fell within the MIS 2 peak. 
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4.7 INDIVIDUAL SOURCE AREA FE-GRAIN MATCHING 

All Fe-grains are matched to their individual SAs 1-41 (Fig. 13). Each Figure identifies 

MIS 2, MIS 4, and MIS 6 and their corresponding core depths (cm). 

4.7.1 INDIVIDUAL SOURCE AREAS- MIS 2 

Most of the Canadian Archipelago SAs (2-7) share similar trends of gradually increasing 

Fe-grains from MIS 2 initiation to a peak at ~18 ka and another peak at ~13 ka. SA 2, and SAs 

25-28 either lack the ~18 ka peak or have nearly absent Fe-grain numbers. Notably, most SA 3 

(N. Axel Heiberg Island) falls under the hiatus threshold set at the match error of 1.5 % or in 

most cases 2 Fe-grains per 10 g bulk weight. Additional Canadian Archipelago SAs (24-28) also 

fall below our hiatus threshold during MIS 2. Most Canadian SA Fe-grain peaks fall in the range 

of 10-20 Fe-grains/10 g bulk weight. On the other hand, SA 4 has three times as many Fe-grains 

throughout as any other Canadian SA. This source is the main outlet for the Innuitian Ice Sheet 

into the Arctic Ocean (Darby and Zimmerman, 2008). 

Fe-grain numbers in Beaufort Sea SAs 8 and 9 rarely fall under our <2 Fe-grain 

threshold, except at the beginning of MIS 2. Most Beaufort SAs show Fe-grain peaks at ~25 ka, 

a gradual increase to a ~18 ka peak, and another peak at ~13 ka. SA 11 and 13 (Alaskan shelf) 

regularly fall below the 2-grain threshold, and only contribute <6 Fe-grains/10 g bulk weight 

throughout MIS 2. The SA 8 (Banks Island and the major outlet for Laurentide Ice) contributes 

over twice as many Fe-grains as SA 9. West of the Beaufort Sea, Bering Strait Sources (SA 38-

40) show similar Fe-grain triple peaks (~25 ka, ~18 ka, and ~13 ka) in MIS 2. 

Fe-grains from the area of Wrangel Island and the New Siberian Islands (SA 19-23) show 

variable numbers among SAs. SA 20 and 21 have <6 Fe-grains/10 g bulk weight during MIS 2 

and regularly fall under the 2-grain threshold. However, both SAs show similar peaks during the 
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middle of MIS 2. SAs 19 and 22 Fe-grains gradually increase after MIS 2 initiation and peak at 

~22 ka and ~18 ka. The Bering Strait SAs (38-41) have similar MIS 2 trends as these SAs to the 

west (19-23). All Bering Strait, Wrangel Island and New Siberian Islands SAs show Fe-grain 

peaks near the MIS 2 initiation, at ~22 ka, ~18 ka, and 14-12 ka. SA 22 has the largest number of 

Fe-grains of all Wrangel Island and New Siberian Islands SAs during the middle of MIS 2 

reaching >40 Fe-grains/10 g bulk weight. This SA (22) is located off the Indigirka River, which 

is much smaller than the Kolyma River area (SA 21), suggesting that sediment entrainment on 

the East Siberian shelf is not dependent on the size of the river flowing onto that shelf area. 

Laptev Sea (SA 17-18) shows continuous Fe-grain transport during MIS 2, with only a 

few intervals in SA 17 near the MIS 2 initiation falling below the 2-grain threshold. SA 17 Fe-

grains peaks at ~18 ka, however SA 18 shows multiple peaks during the middle of MIS 2, like 

SAs to the east, with Fe-grains >40 Fe-grains/10 g bulk weight. Both SA 17 and 18 show Fe-

grain peaks at ~13 ka. 

Kara Sea SA 36 and 37 Fe-grains gradually increase from MIS 2 initiation and peak at 

~13 ka. However, SA 37 has an additional Fe-grain peak at ~18 ka. While SA 37 lacks the ~18-

ka peak, it contributes nearly 30 Fe-grains/10 g bulk weight during the ~13 ka peak. Kara Sea 

(SA 12) shows no Fe-grains exceeding the 2-grain threshold during all of MIS 2. 

The large rivers flowing into the Kara Sea (SA 14-16) have low Fe-grain numbers 

throughout MIS 2 except for Fe grain peaks at ~18 ka and ~12-14 ka, and mostly fall under our 

<2-grain threshold. Similar to most circum-Arctic sources, Kara Sea SAs shows a slight peak at 

~18 ka and ~13 ka, near the MIS 2 termination. Except for SA 36, Kara Sea and the rivers 

flowing to this sea have Fe-grain numbers are much lower than other SAs. 
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Barents-Svalbard SAs (SA 29- 32) show >5-20 Fe-grains/10 g bulk weight throughout 

MIS 2. SA 32 (Franz Josef Land) contributed the largest number of Fe-grains, with peaks 

reaching >40 Fe-grains/10 g bulk weight. Like several previously discussed SAs, Barents-

Svalbard SAs have Fe-grain peaks at ~18 ka and ~13 ka. Fe-grains from SA 34 fall under the 2-

grain threshold, except for the two peaks seen across all Barents-Svalbard sources. 

4.7.2 INDIVIDUAL SOURCE AREAS- MIS 4 

Canadian sources did not show distinct peaks, and Fe-grains regularly fell below the 2-

grain threshold. Two notable exceptions are SA 4 (the major outlet area for the IIS) with peaks 

exceeding 50 Fe-grains/10 g bulk weight, and to a less extent SA 5 with peaks >20 Fe-grains/10 

g bulk weight. Beaufort Sea sources 11 and 12 have minimal Fe-grains, but SA 8 (the major 

outlet area for the LIS) shows nearly constant Fe-grains in multiple peaks exceeding 30 Fe-

grains/10 g bulk weight. Bering Strait sources show variable Fe-grain numbers ranging from 5-

10 Fe-grains, with a slight peak in SA 40 and 41 at ~59 ka and ~63 ka. Laptev Sea, East Laptev 

Sea, and Kara Sea show similar variable, but low Fe-grain numbers, and all show a similar small 

Fe-grain peak at ~63 ka. Barents-Svalbard sources show similar variable Fe-grains with few 

distinct peaks, and all lack the previously identified ~63-ka peak. 

4.7.3 INDIVIDUAL SOURCE AREAS- MIS 6 

Most SAs lack Fe-grain matches during the initiation of MIS 6, and several are low 

throughout this stage. However, almost all SAs show Fe-grain peaks at ~175 ka. Some SAs have 

a second peak at ~152 ka including: Canadian Archipelago (SA 2, 3), Laptev Sea (SA 18), 

Kolyma River shelf area (SA 21), West Svalbard SA 33, and Kara Sea (SA 36, 37). Like the MIS 

6 initiation, Fe-grains are either missing or in very small numbers during the MIS 6 termination 

(130-150 ka), despite >63 µm IRD peaks at 134 ka and 140 ka (Figs. 10 and 12). 



 

 

 

Fig. 13. Total number of Fe-grains matched/10g bulk weight for Individual SAs. (A), SA 1-6 (B), SA 7-12 (C), SA 13-18 (D), SA 19-

24 (E), SA 25-30 (F), SA 31-36 (G), SA 37-41 (SAs listed on Fig. 2). If applicable, primary ocean surface currents are labelled as 

TPD and BG. Variable x-axis limits highlight Individual SA data.  
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(B) 

Figure 13 Continued 
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(C) 

Figure 13 Continued 
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(D) 

Figure 13 Continued 
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(E) 

Figure 13 Continued 
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(F) 

Figure 13 Continued 
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(G) 

Figure 13 Continued 
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4.8 GROUPED SOURCE AREA FE-GRAIN MATCHING 

Individual SAs are combined into SA Groups based on the objectives of this study, 

namely, to determine if large areas in the Arctic and circum-Arctic were sources for Fe-grains 

and IRD or were blocked by ice from delivering IRD to Fram Strait (Fig. 14). In each Section, 

“hiatus duration” thresholds are defined by intervals where Fe-grain numbers dropped below 2 

Fe-grains/10 g bulk weight. All hiatus durations are identified to 0.01 kyr, primarily due to high 

sedimentation rates in MIS 2. To establish a comparison standard, all hiatus durations during 

MIS 4 and 6 are also identified to 0.01 kyr. All age interpretations are made to 0.1 kyr.  
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Fig. 14. Circumarctic SA Groups. SA Groups including Barents-Svalbard SA Groups (red 

shaded), Western Arctic SA Groups (yellow shaded), and Central Arctic SA Groups including 

TPD SA Groups (purple shaded) and BG SA Groups (blue shaded) (After Darby et al., 2017).  
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4.8.1 BARENTS-SVALBARD ICE SHEET 

SAs are grouped together to help determine how the BSIS behaved during the LGM (MIS 

2) and attempt to constrain when it disintegrated (Fig. 14). SAs are grouped as (Fig. 15): 

Barents-Svalbard sources (SA 29, 30, 31, 32, 34). SA 33, the SA closest to the core location 

provides context about melt-out conditions at the JPC22 core location. The BSIS objective 

requires high-resolution analysis during MIS 2, so the threshold for displayed hiatuses is defined 

by the average time per cm based on our sedimentation rate calculations during MIS 2 (Fig. 7 

and Table 1). The hiatus duration threshold for Barents-Svalbard SAs is > 0.12 kyr. 

 



 

 

 

Fig. 15. Barents-Svalbard SA Groups and SA 33 (from Fig. 13) total number of Fe-grains/10 g bulk weight during MIS 2. Figure 

includes 5-cm boxcar smoothed data (solid red line), <2-grain threshold limit (red dashed line), and hiatuses >0.12 kyr (black dashed 

lines) described in Table 2.

63 



 

 

64 

4.8.1.1 MIS 2 

Barents-Svalbard SAs have continuous, yet variable Fe-grain inputs throughout MIS 2 

with no hiatuses. Fe-grains gradually increase from MIS 2 initiation to 18.6 ka, then decrease and 

peak again at 14.9 ka, 13.5 ka, 12.5 ka, and a minor peak at 12.0 ka (Fig. 15). The triple peak, 

consisting of 14.9 ka, 13.5 ka, and 12.5 ka have extremely high Fe-grain numbers of >80 Fe-

grains/10 g bulk weight. While Barents-Svalbard SAs do not have any hiatuses during MIS 2, 

Svalbard SA 33 has several hiatuses. This source has a gradual Fe-grain trend increasing from 

~17.0 ka to 13.5 ka followed by a triple peak, like the Barents-Svalbard SA. The triple peak at 

SA 33, starting at 13.5 ka, precedes the triple peak at Barents-Svalbard SA which starts at 12.5 

ka. 

While Barents-Svalbard SA lack hiatuses, SA 33 hiatuses (SVL4-SVL15) (Table 2) occur 

at MIS 2 initiation and intermittently through the middle of MIS 2. None of these hiatuses last 

more than 0.80 kyr with most <0.30 kyr. The longest hiatuses occur near the beginning of MIS 2.  

The Barents-Svalbard Source Areas (MIS 2, 4, and 6) have a hiatus duration threshold of 

>1.00 kyr (Fig. 16 and Table 3). This provides a similar comparison to other >1.00 kyr hiatus 

durations in Western Arctic SAs (Section 4.8.2) and Central Arctic SAs (Section 4.8.3). During 

MIS 2, there is only one hiatus duration >1.00 kyr in SA 33 (SVAL15) (Table 2). SVAL15 is 

also identified as SVAlb1 (Table 3).  
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Table 2. Hiatuses for Barents-Svalbard SA Groups during MIS 2. 

MIS 
Core 
Depth 

Hiatus 
Starting 

Age 

Barents-Svalbard Svalbard  

Hiatus 
Duration Hiatus ID 

Number 

Hiatus 
Duration Hiatus ID 

Number 
(cm) (kyr) (kyr) (kyr) 

2 

93.5 17.4     0.16 SVAL1 
114.5 19.1     0.16 SVAL2 
116.5 19.3     0.20 SVAL3 
134.5 21.0     0.26 SVAL4 
138.0 21.5     0.44 SVAL5 
143.0 22.6     0.53 SVAL6 
144.5 22.7     0.14 SVAL7 
146.5 22.8     0.13 SVAL8 
166.5 23.5     0.12 SVAL9 
169.5 23.8     0.26 SVAL10 
173.5 24.2     0.38 SVAL11 
179.5 25.1     0.44 SVAL12 
186.5 26.5     0.82 SVAL13 
188.5 26.9     0.43 SVAL14 
199.5 29.4     2.35 SVAL15 

 



 

 

 

Fig. 16. Barents-Svalbard SA Groups and SA 33 (from Fig. 13) total number of Fe-grains/10 g bulk weight during MIS 2, 4, and 6. 

Figure includes 5-cm boxcar smoothed data (solid red line), <2-grain threshold limit (red dashed line), and hiatuses >1.00 kyr (black 

dashed lines) described in Table 3. 
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Table 3. Hiatuses for Barents-Svalbard SA Groups during MIS 2, 4, and 6. 

MIS 
Core 
Depth 

Hiatus 
Starting 

Age 

Barents-Svalbard Svalbard  

Hiatus 
Duration Hiatus ID 

Number 

Hiatus 
Duration Hiatus ID 

Number (cm) (kyr) (kyr) (kyr) 
2 199.5 29.4     2.35 SVLb1 
4 284.5 57.9     3.56 SVLb2 

6 

584.5 132.1 1.33 BSVL1 1.33 SVLb3 
589.5 134.8 2.81 BSVL2 2.81 SVLb4 
594.5 138.9 4.60 BSVL3     
596.5 140.6 1.78 BSVL4 6.37 SVLb5 
602.5 145.4 2.43 BSVL5     
609.5 148.2 1.33 BSVL6     
613.5 149.1     6.11 SVLb6 
645.5 156.3 1.35 BSVL7 1.64 SVLb7 
650.0 158.3     1.03 SVLb8 
652.5 159.7 1.19 BSVL8     
653.5 160.3     2.36 SVLb9 
658.5 163.5 1.32 BSVL9     
659.5 164.2     3.58 SVLb10 
664.5 167.4 1.83 BSVL10 3.44 SVLb11 
667.5 169.1 1.05 BSVL11     
668.5 169.6     2.09 SVLb12 
676.5 172.4     1.80 SVLb13 
707.5 178.2 1.25 BSVL12     
710.0 178.6     1.93 SVLb14 
717.5 179.7     1.09 SVLb15 
753.5 191.2 3.77 BSVL13 3.77 SVLb16 

 

 

4.8.1.2 MIS 4 

During MIS 4, the Barents-Svalbard SA Fe-grains are nearly constant with two minor 

peaks with >25 Fe-grains/10 g bulk weight at 63.3 ka and 65.4 ka (Fig. 16). In general, there are 

lower numbers of Fe-grains than in MIS 2. SA 33 shows similar peaks. During MIS 4, there is 

only one hiatus with a duration >1.00 kyr. SA 33 shows one hiatus at the initiation of MIS 4 
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(SVALb2) (Fig. 16 and Table 3) lasting 3.56 kyr. Barents-Svalbard SAs do not contain any 

hiatuses with durations >1.00 kyr. While Fe-grain numbers fall below the 2-grain threshold 

during MIS 4 (Fig. 16), especially in SA 33, none of the associated hiatus durations exceed 1.00 

kyr. 

4.8.1.3 MIS 6 

Barents-Svalbard SAs and SA 33 show similar Fe-grain peaks during the middle of MIS 

6 (Fig. 16). At 175.0 ka, the combined Barents-Svalbard SA Fe-grains reach 60 Fe-grains/10 g 

bulk weight. SA 33 shows a smaller peak (~14 Fe-grains/10 g bulk weight) occurring at the same 

time. There is a smaller Fe-grain peak at 152.8 ka in all Barents-Svalbard SAs. 

Barents Svalbard SAs have numerous hiatuses with durations >1.00 kyr during MIS 6. 

Due to the number of hiatuses and their distribution, some hiatuses are grouped as “hiatus 

clusters”. All hiatuses are identified and listed by their “start date”. For example (Table 3), 

BSLV6 has an initiation “starting date” of 148.2 ka, and the hiatus cluster terminates with hiatus 

BSLV1 “starting” at 132.1 ka. However, these “starting dates” exclude BSLV1 duration of 1.33 

kyr. Therefore, the full range of each hiatus cluster is calculated by subtracting the hiatus 

initiation “start date” (i.e., BLSV6) from the hiatus termination “start date” (i.e., BLSV1), and 

incorporating the duration of the final hiatus (i.e., 1.33 kyr). Accounting for the 1.33 kyr duration 

for BSLV1, the “hiatus cluster” ended at 130.8 ka. The full “hiatus cluster” duration spans from 

148.2 ka to 130.8 ka for a total hiatus cluster duration of 17.4 kyr. All hiatus cluster calculations 

are located in Table 11. 

Barents Svalbard SAs have two hiatus clusters during MIS 6. One cluster during the 

middle of the stage spans 155.0-169.1 ka (BSVL7-11) with a total duration of 14.1 kyr. Another 
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cluster near the MIS 6 termination spans 130.8-148.2 ka (BSVL1-6) lasting 17.8 kyr (Tables 3 

and 11). 

Near MIS 6 initiation, there are hiatuses in Barents-Svalbard SAs (BSVL13) and in SA 

33 (SVLb16) that have durations of 3.77 kyr. SA 33 has two hiatus clusters. One occurs during 

the middle of the stage from 154.7-172.4 ka (SVALb7-13) lasting 16.1 kyr (Tables 3 and 11). 

This hiatus cluster occurs at nearly the same time as the Barents-Svalbard hiatus cluster, albeit 

3.6 kyr longer. Another SA 33 hiatus cluster occurs at 130.8-149.1 kyr (SVALb3-6) lasting 18.3. 

kyr (Tables 3 and 11). This second SA 33 hiatus cluster is nearly identical to the combined 

Barents-Svalbard Source Group hiatus cluster BSVL1-6. In all Barents-Svalbard SAs, the 175.9 

ka Fe-grain peak precedes the 155.0-169.1 ka (or 154.7-172.4 ka in SA 33) hiatus cluster, 

followed by the 152.8 ka Fe-grain peak, then the second hiatus cluster at 130.8-148.2 ka. 

4.8.2 WESTERN ARCTIC OCEAN SIMS 

SAs are grouped to help determine the presence and/or ages of proposed SIMs (Polyak et 

al., 2001; Jakobsson et al., 2008) on the East Siberian shelf near Wrangel Island and New 

Siberian Islands, and shelf areas of the Beaufort Sea, or at least determine when these SIMs 

disintegrated if they existed (Fig. 14). SAs are grouped as follows (Fig. 17): Wrangel Island and 

New Siberian Islands sources (SA 19, 20, 21, 22, 23) and Beaufort Sea sources (SA 13, 11, 9, 8). 

SA 41 (Fig. 13), located immediately southeast of Wrangel Island provides context for 

monitoring ice-rafting from this source that might have been ice-covered at times. The hiatus 

duration threshold for Western Arctic SAs is >1.00 kyr. 

 



 

 

 

Fig. 17. Western Arctic SA Groups total number of Fe-grains/10 g bulk weight during MIS 2, 4, and 6. SA groups include Wrangel 

Island and New Siberian Islands SAs (representing East Siberian SAs) and Beaufort Sea SAs (Fig. 13). Figure includes 5-cm boxcar 

smoothed data (solid red line), <2-grain threshold limit (red dashed line), and hiatuses >1.00 kyr (black dashed lines) described in 

Table 4.
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4.8.3.1 MIS 2 

During MIS 2, all SAs show continuous Fe-grain numbers with peaks that culminate 

around 19 ka and again around 14 ka (Fig. 17). There sole hiatus during MIS 2 was for SA 41 at 

28.9 ka, near the MIS 2 initiation (BWI1) (Table 4). 

4.8.3.2 MIS 4 

Fe-grain numbers vary but are constant throughout MIS 4 with no identified hiatuses for 

the Beaufort Sea SAs and Wrangel Island and New Siberian Islands SAs (Fig. 17). Compared to 

other SAs, Fe-grain numbers are still high with peaks of >30 Fe-grains. However, Fe-grain 

numbers are much lower than during MIS 2. Wrangel Island and New Siberian Islands SAs Fe-

grain numbers drop below the hiatus threshold at 66.6 ka; however, the durations only range 

from 0.22 kyr to 0.66 kyr, which do not exceed 1.00 kyr (Table 4). There is one hiatus for SA 41 

at 67.1 ka, just after the MIS 4 initiation (BWI2) (Table 4). 

4.8.3.3 MIS 6 

The Beaufort Sea SAs and Wrangel Island and New Siberian Islands SAs are dominated 

by hiatuses during MIS 6. Beaufort Sea SA hiatuses during MIS 6 are clustered near the 

termination at 132.2 ka to 148.0 ka (BFTS1-6), with a total duration of 15.8 kyr, and another 

cluster spans the middle of the stage 152.7 ka to 178.5 ka (BFTS7-13), lasting 25.8 kyr (Tables 4 

and 11).  
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Table 4. Hiatuses for Western Arctic SA Groups during MIS 2, 4, and 6. 

MIS 
Core 
Depth 

Hiatus 
Starting 

Age 

Beaufort Sea 
Wrangel Island 

and New Siberian 
Islands 

Behind Wrangel 
Island 

Hiatus 
Duration 

Hiatus 
ID 

Number 

Hiatus 
Duration 

Hiatus 
ID 

Number 

Hiatus 
Duration 

Hiatus 
ID 

Number (cm) (kyr) (kyr) (kyr) (kyr) 
2 197.5 28.9         1.79 BWI1 
4 349.5 67.1         1.00 BWI2 

6 

584.5 132.1 1.33 BFTS1     1.33 BW13 
589.5 134.8 2.81 BFTS2 2.81 WINS1 2.81 BW14 
596.5 140.6 6.37 BFTS3 6.37 WINS2 6.37 BW15 
598.5 142.4 1.70 BFTS4     1.70 BW16 
600.5 144.0     1.14 WINS3     
602.5 145.4 2.43 BFTS5 1.29 WINS4     
609.5 148.2 2.30 BFTS6         
613.5 149.1         6.11 BWI7 
638.5 154.2 1.67 BFTS7         
639.5 154.5         1.80 BWI8 
645.5 156.3 1.35 BFTS8 1.35 WINS5 1.64 BWI9 
650.0 158.3         1.91 BWI10 
653.5 160.3     2.36 WINS6     
654.5 160.9 3.00 BFTS9         
658.5 163.5 1.32 BFTS10 1.32 WINS7 5.61 BW11 
664.5 167.4 1.83 BFTS11 1.83 WINS8 3.44 BW12 
666.5 168.5     1.11 WINS9     
667.5 169.1 1.62 BFTS12         
669.5 170.0         2.32 BWI13 
676.5 172.4 1.45 BFTS13     1.45 BWI14 
709.5 178.5 1.47 BFTS14     3.13 BWI15 
717.5 179.7         1.31 BWI16 
753.5 191.2 3.77 BFTS15 3.77 WINS10 3.77 BWI17 

 

 

Wrangel Island and New Siberian Islands SAs have two MIS 6 hiatus clusters at nearly 

the same time as those for the Beaufort Sea. One between 132.2 ka and 145.5 ka (WINS1-4) 

lasting 13.5 kyr, and a second hiatus cluster from 154.7 ka and 168.0 ka (WINS6-9) lasting 13.3 
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kyr (Tables 4 and 11). Beaufort Sea SA hiatuses are slightly longer but align with the timing of 

Wrangel Island and New Siberian Islands SAs hiatuses. 

While Fe-grains are low during MIS 6, there are several peaks during this stage. Fe-

grains peak between 170.0-175.6 ka in all Western SAs, with numbers nearly reaching 50 Fe-

grains/10 g bulk weight in the Beaufort Sea and 40 Fe-grains in Wrangel Island and New 

Siberian Islands Sea. There are smaller Fe-grain peaks (16 Fe-grains/10 g bulk weight) at 

Wrangel Island and New Siberian Islands SAs at 157.6 ka and 152.2 ka. There is no Fe-grain 

peak of any size near the close of MIS 6. 

4.8.3 CENTRAL ARCTIC OCEAN THICK ICE CONSTRAINTS 

SAs are grouped together to help determine if large ice masses existed in the central 

Arctic Ocean that might have reduced or prevented ice-rafting (Fig. 14). To address the central 

Arctic ice hypothesis, sources are grouped by their primary transport current: the Beaufort Gyre 

or the Transpolar Drift, both of which cross slightly different parts of the central Arctic Ocean 

(Figs. 2 and 16). Beaufort Gyre (BG) Groups include the following: Bering Strait SA Group (SA 

38, 39, and 40); Laptev Sea SA Group (SA 17, 18); NE Greenland (SA1); and Canadian 

Archipelago SA Group (SA 2, 3, 4, 5, 6, 7, 24, 25, 26, 27, 28) in Fig. 18. We also include all 

Western Arctic SA Groups from Section 4.3.1 in Fig. 17 to address the Central Arctic Ocean 

thick ice objective. Transpolar Drift (TPD) Groups include the following: Kara Sea [and 

Severnaya Zemlya, Russian archipelago extending from the Taymyr Peninsula] SA Group (SA 

37, 36, 12), and the Kara Sea Rivers SA Group (SA 15, 14, 16) in Fig. 19. The hiatus duration 

threshold for Central Arctic SAs is >1.00 kyr. 



    

   

 

Fig. 18. Central Arctic (BG) SA Groups total number of Fe-grains/10 g bulk weight during MIS 2, 4, and 6. SA Groups include Bering 

Strait SAs, Laptev Sea SAs, and Canadian Archipelago SAs. Figure includes 5-cm boxcar smoothed data (solid red line), <2-grain 

threshold limit (red dashed line), and hiatuses >1.00 kyr (black dashed lines) described in Table 5.
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Table 5. Hiatuses for Central Arctic (BG) SA Groups during MIS 2, 4, and 6. 

MIS 
Core 
Depth 

Hiatus 
Starting 

Age 

Beaufort Gyre (BG) 

Bering Strait Laptev Sea Canadian 
Archipelago 

Hiatus 
Duration 

Hiatus 
ID 

Number 

Hiatus 
Duration 

Hiatus 
ID 

Number 

Hiatus 
Duration 

Hiatus 
ID 

Number 
(cm) (kyr) (kyr) (kyr) (kyr) 

6 

584.5 132.1     1.33 LAP1     
589.5 134.8 2.81 BERS1 2.81 LAP2 2.81 CAN1 
591.5 136.3 1.97 BERS2         
594.5 138.9         4.60 CAN2 
596.5 140.6 4.41 BERS3 6.37 LAP3     
598.5 142.4 1.70 BERS4 1.70 LAP4 1.70 CAN3 
600.0 143.6 1.63 BERS5     1.14 CAN4 
602.5 145.4     2.43 LAP5 1.29 CAN5 
609.5 148.2     2.30 LAP6 1.77 CAN6 
613.5 149.1 4.58 BERS6         
637.5 154.0 1.64 BERS7         
645.5 156.3     1.35 LAP7     
654.5 160.9     3.00 LAP8     
655.5 161.6 3.65 BERS8         
658.5 163.5     1.32 LAP9 1.32 CAN6 
659.5 164.2 2.30 BERS9         
661.5 165.5     1.62 LAP10     
664.5 167.4 3.44 BERS10 1.83 LAP11 1.83 CAN7 
666.5 168.5         1.11 CAN8 
667.5 169.1     1.62 LAP12     
669.5 170.0 2.32 BERS11         
676.5 172.4 1.45 BERS12 1.45 LAP13     
695.5 176.4 1.12 BERS13         
709.5 178.5 1.47 BERS14 1.04 LAP14     
717.5 179.7 1.31 BERS15 1.10 LAP15     
749.5 189.0         1.30 CAN9 
753.5 191.2 3.77 BERS16 3.77 LAP16 2.47 CAN10 



 

 

 

Fig. 19. Central Arctic (TPD) SA Groups total number of Fe-grains/10 g bulk weight during MIS 2, 4, and 6. SA Groups include Kara 

Sea SAs and Kara River SAs. Figure includes 5-cm boxcar smoothed data (solid red line), <2-grain threshold limit (red dashed line), 

and hiatuses >1.00 kyr (black dashed lines) described in Table 6.
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Table 6. Hiatuses for Central Arctic (TPD) SA Groups during MIS 2, 4, and 6. 

MIS 
Core 
Depth 

Hiatus 
Starting 

Age 

Transpolar Drift (TPD) 

Kara Sea Kara Sea Rivers 

Hiatus 
Duration Hiatus ID 

Number 

Hiatus 
Duration Hiatus ID 

Number (cm) (kyr) (kyr) (kyr) 
2 199.5 29.4     1.91 KARr1 
4 347.5 66.7     1.38 KARr2 

6 

584.5 132.1     1.33 KARr3 
589.5 134.8 2.81 KARs1 2.81 KARr4 
595.5 139.7 5.49 KARs2     
596.5 140.6     6.37 KARr5 
598.5 142.4 1.70 KARs3 1.70 KARr6 
600.5 144.0 1.14 KARs4     
602.5 145.4 1.29 KARs5 2.83 KARr7 
613.5 149.1     3.28 KARr8 
639.5 154.5     1.80 KARr9 
644.5 155.9     1.54 KARr10 
645.5 156.3 1.35 KARs6     
650.0 158.3     1.03 KARr11 
652.5 159.7 1.19 KARs7     
658.5 163.5 1.32 KARs8     
659.5 164.2     5.94 KARr12 
661.5 165.5         
663.5 166.8 1.24 KARs9     
664.5 167.4     3.44 KARr13 
667.5 169.1 1.05 KARs10     
669.5 170.0     2.32 KARr14 
677.5 172.7     2.07 KARr15 
717.5 179.7     1.09 KARr16 
748.5 188.5 1.04 KARs11     
753.5 191.2 2.73 KARs12 3.77 KARr17 
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4.8.3.1 MIS 2 

BG Groups (Bering Strait, Laptev Sea, and Canadian Archipelago) have similar Fe-grain 

trends during MIS 2 as do the Beaufort Sea SAs and Wrangel Island and New Siberian Islands 

SAs (Fig. 17). Both BG SA Groups have distinct Fe-grain peaks at 25.3 ka, 4 kyr after the MIS 2 

initiation. There are additional peaks during the middle of MIS 2 at 23.0 ka, 22.4 ka and another 

large peak at 18.6 ka. Between the 18.6 ka and 13.6 ka peaks, Fe-grain numbers never fall below 

the hiatus threshold. Canadian Archipelago Fe-grains follow the same trend but lack the distinct 

Fe-grain peaks at 23.0 ka and 22.4 ka. Canadian Archipelago sources have some of the highest 

values of Fe-grains out of all 41 SAs during MIS 2, with peaks >100 Fe-grains/10 g bulk weight. 

Laptev Sea sources and LIS outlet (SA8) also have multiple peaks >50 Fe-grains/10 g bulk 

weight. TPD SA groups (Kara Sea and Kara Sea Rivers) show similar Fe-grain trends as 

Canadian Archipelago with a minor peak at 18.6 ka and a more distinct peak at 13.5 ka. In the 

Kara Sea sources, the 13.5 ka peak reached 66 Fe-grains/10 g bulk weight. 

Hiatuses for all Central Arctic groups are listed in Table 5 and Table 6. Among all BG 

Groups, TPD Groups, and Western Arctic SA Groups there is only one hiatus in the Kara Sea 

River Sources, KARr1, at MIS 2 initiation at 29.4 ka (Table 6), and the previously identified 

BWI1 hiatus in SA 41 at 28.9 ka. While Fe-grain numbers fall below our <2 grain threshold in 

Kara Sea sources, the hiatus duration does not exceed 1.00 kyr. 

4.8.3.2 MIS 4 

TPD Groups, BG Groups, and Western Arctic Groups have variable, but generally 

continuous Fe-grain transport during MIS 4. Canadian Archipelago, Kara Sea, and Kara Sea 

River Sources lack a distinct Fe-grain peak at MIS 4 termination. An Fe-grain peak occurs across 

all TPD Groups, Beaufort Gyre Groups, and Western Arctic Groups during the middle of MIS 4 
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at 63.3 ka. Bering Strait and Laptev Sea sources also show a peak at 58.7 ka, near MIS 4 

termination. 

In all three groups, there is only a hiatus in the Kara Sea River sources, KARr2, at 66.7 

ka (Table 6), and the previously identified BWI2 hiatus in SA 41 at 67.1 ka. Once again, Fe-

grain numbers fall below our <2 grain threshold in portions of MIS 4, but the hiatus durations do 

not exceed 1.00 kyr. 

4.8.3.3 MIS 6 

All Central Arctic SA Groups show clusters of hiatuses during MIS 6. Hiatus cluster 

durations may help constrain the amount of time a central ice mass was present. Two groups of 

hiatus clusters occur with one during the middle of MIS 6 and another at MIS 6 termination.  

TPD Groups, Beaufort Gyre Groups, and Western Arctic Groups have clusters of hiatuses 

during the middle of MIS 6 with a general range from 157-171 ka (Table 13) and near the MIS 6 

termination generally ranging from 131-147 ka (Table 12). Kara Sea Rivers Sources have 

additional intermittent hiatuses between the hiatus clusters of other SA Groups. 

One major Fe-grain peak occurs across all Western Arctic Groups, Beaufort Gyre 

Groups, and TPD Groups at 175.0 ka (Figs. 17, 18, and 19). After a hiatus cluster from 157.0-

170.8 ka, there are several smaller peaks around 157.6 ka and 152.2 ka before the second hiatus 

cluster from 130.8-146.9 ka. Even though the 157.6 ka and 152.2 ka Fe-grain peaks were smaller 

than the earlier 175.0 ka peak, large Fe-grain numbers (46 Fe-grains/10 g bulk weight) occur 

from the Beaufort Sea sources, mostly from SA 8, the LIS outlet area. 
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CHAPTER 5 

 

DISCUSSION 

 

5.1 DISCUSSION OVERVIEW 

To resolve the three study objectives, we applied our analyzed JPC22 data including: the 

age model, sedimentation rates, IRD (wet sieve) weights (g) by size fractions, foram abundances, 

SEM quartz grain analysis, Fe-grain matching to all 41 SAs, and Fe-grain matching to Grouped 

SAs. 

5.2 BARENTS-SVALBARD ICE SHEET 

Barents-Svalbard Grouped SAs have constant, yet varied Fe-grain inputs throughout MIS 2 

with no hiatuses (Fig. 15). Constant Fe-grain input conditions may help constrain the additional 

consideration of melt out conditions in Fram Strait. While hiatuses may indicate a lack of 

material from SAs, they could also indicate a lack of sediment deposition via melt out in Fram 

Strait. However, constant Fe-grains throughout MIS 2 suggest melt out is occurring; therefore, a 

lack of melt out can be ruled out to explain a hiatus in Fe-grains. Additionally, the presence of 

abundant forams throughout MIS 2, with two exceptions at 23.3 ka and 13.5 ka (Fig. 11), 

indicates Fram Strait had open water or light ice conditions. In general, sedimentation rates are 

much higher during MIS 2 than MIS 4 or 6. Two possible explanations are lack of sediment 

compaction or higher melt-out rates at the core site during MIS 2. Because this timeframe is near 

the top of the core, the sediment has not undergone as much compaction as MIS 4 or 6. 

However, MIS 2 has two periods with sedimentation rates >10 cm/kyr (Fig. 7). One of these 
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periods has a short-lived, but extremely high rate of 25.6 cm/kyr during the middle of MIS 2. 

This may suggest melt out rates were also higher during MIS 2. 

Fe-grains increase from MIS 2 initiation to peaks at 19.9 ka and 18.6 ka. Fe-grain numbers 

form a triple-peak at 12.5 ka, 13.5 ka, and 14.9 ka. The 14.9 ka Fe-grain peak does not 

correspond to a coarser >63 µm IRD peak, but finer 45-63 µm IRD instead (Fig. 20). The BSIS 

collapse starting at 14.9 ka is not detected in cores closer to Svalbard but is seen in a core farther 

east near Franz Josef Land (Patton et al., 2015). During these triple peaks, sedimentation rates 

were between 6.1 to 6.5 cm/kyr, which is moderately high for the Arctic. These peaks indicate a 

dynamic period of BSIS ice export events or calving of the Barents Ice Sheet. Where the >63 µm 

IRD decreases for some of the Fe-grain peaks between 18.6 ka and 13.5 ka suggest that these 

might be sea ice events instead of BSIS calving events. 

At 18.6 ka there is a major BSIS calving event based on the Fe-grain peak here that 

coincides with a >63 µm IRD peak (Fig. 21). This corresponds nicely to the age of the first of a 

two-stage collapse proposed by Patton et al. (2015). Following this collapse, the BSIS slowly 

rebuilt, or sea ice thickened in response to a climate feed-back causing cooling and preventing 

further collapse (Patton et al., 2015), before the Fe-grain transport events and >63 µm IRD 

events at 13.5 ka and 12.5 ka, albeit a minor IRD peak, indicating the final part of a two-stage 

collapse. The final MIS 2 BSIS collapse occurs at 13.5 ka and 12.5 ka, again as a two-pulse 

event. Previous studies did not recognize these dual pulse collapses (Patton et al., 2015). 

 



 

 

 

Fig. 20. Barents-Svalbard SA Groups Fe-grain numbers (from Fig. 15) and IRD (from Fig. 10). Figure shows IRD peaks generally 

aligned to Fe-grain peaks (blue dashed line), either an IRD or Fe-grain peak without a corresponding peak (brown dashed line), 

hiatuses (black dashed lines) (from Table 2), foram peaks (solid triangles) (from Fig. 11), 5-cm boxcar smoothed Fe-grains (solid red 

line), and high sedimentation rates (black bars with associated rates) (from Figs. 7, 8, and 9). 82 
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There is constant BSIS Fe-grain transport throughout MIS 4 with peaks at 65.4 ka and 

63.3 ka (Fig. 21). The only IRD peak that aligns with Fe-grain peaks is the >63 µm IRD peak at 

63.3 ka. The Fe-grain peak at 65.4 ka lacks a distinct corresponding IRD peak, however some 

>63 µm IRD are present. During MIS 4, the BSIS experiences two calving events: a less 

pronounced event at 65.4 ka, and a primary calving event at 63.3 ka. The lack of multiple calving 

events may indicate the BSIS was smaller during MIS 4 with several sea ice-rafting events. 

During MIS 6, IRD and Fe-grains peak at 175.0 ka with 60 Fe-grains/10 g bulk weight, 

and a corresponding >63 µm IRD peak (Fig. 21). Together, this indicates a large BSIS calving 

event. SA 32 (west of Franz Josef Land) is one of the regions with high Fe-grain numbers during 

the 175.0 ka Fe-grain peak. Fe-grains show a hiatus cluster from 155.0-169.1 ka (14.1 kyr), 

however >63 µm IRD are still present during this period, indicating that ice-rafting from other 

areas occurred during the Fe-grain hiatus from the BSIS (Table 3). At 152.8 ka, the >63 µm IRD 

corresponds with minor peaks in Fe-grains. There’s another hiatus cluster near the MIS 6 

termination from 130.8-148.2 ka (BSVL1-6) lasting 17.8 kyr (Tables 3 and 11). 

Possible explanations for the MIS 6 hiatuses are an absence of the BSIS, a lack of Fe-grain 

transport events, or low melt out rates near the core location. Lower sedimentation rates in MIS 6 

suggest colder conditions and less melt-out than for MIS 2 and 4 on the Yermak Plateau in Fram 

Strait (Fig. 9 and Table 1). However, while Fe-grains are nearly absent during hiatus clusters, 

IRD is present and corresponds to high deposition. Therefore, these Fe-grain hiatuses do not 

indicate a lack of melt out. Models indicate the BSIS was present during MIS 6 (Batchelor et al., 

2019). If the BSIS was not present during the hiatus clusters, it would need to rebuild following 

the hiatuses to explain the Fe-grain peaks. A more plausible scenario is the BSIS was present 

through MIS 6, especially through the hiatus clusters, but did not exhibit any collapses or 
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produce large calving events besides the 175-ka event. During the remainder of MIS 6, the BSIS 

does not have any additional calving events. No further Fe-grain events are observed until MIS5e 

suggesting the BSIS possibly did not finally collapse until MIS 5. 



 

 

 

Fig. 21. Barents-Svalbard SA Groups Fe-grain numbers (from Fig. 16) and IRD (from Fig. 10). Figure shows IRD peaks generally 

aligned to Fe-grain peaks (blue dashed line), either an IRD or Fe-grain peak without a corresponding peak (brown dashed line), 

hiatuses (black dashed lines) (from Table 3), hiatus clusters (gray shaded) (from Table 11), foram peaks (solid triangles) (from Fig. 

11), 5-cm boxcar smoothed Fe-grains (solid red line), and high sedimentation rates (black bars with associated rates) (from Figs. 7, 8, 

and 9). 85 
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5.3 WESTERN ARCTIC OCEAN 

Models indicate the Beaufort Sea was not covered by a large ice sheet, but a SIM may have 

been present (Batchelor et al., 2019). There are no hiatuses of Fe-grains from the Beaufort Sea 

SAs during MIS 2 and Fe-grains are constantly transported from this region (Figs. 17 and 22). 

This precludes a long period of ice build-up required for a SIM here. Likewise, because this shelf 

was exposed during MIS 2, icebergs could not ground here and form an ice mass. 

Fe-grains from the Beaufort Sea peak at 24.8 ka, only ~4 kyr after MIS 2 begins (Fig. 22). 

However, the >63 µm IRD peak occurs at 23.3 ka. The two peaks at 19.9 ka and 18.6 ka for all 

western Arctic SAs are the same age as the BSIS initial collapse. The 18.6 ka Fe-grain peak 

might indicate a partial collapse of a possible SIM, followed by a final collapse at 13.4 ka. The 

Beaufort Sea SA Group includes SA 8, which has strong influences from the LIS because the Fe-

grain numbers for this one source are far greater than the other western Arctic sources. It is quite 

possible that the 18.6 ka Fe-grain peak represents the LIS collapse, and not a potential SIM 

collapse. 

After the 23.3 ka >63 µm IRD peak, there are minor IRD peaks before a final peak at 13.4 

ka, which aligns with Fe-grain peaks. This series of peaks could indicate an increase in sea-ice 

formation due to progressively colder conditions or continuous calving from a SIM. However, 

continuous Fe-grain transport and calving conditions would make SIM build-up more difficult. If 

a SIM was developing, Fe-grains would likely be low or in decline, rather than experiencing a 

gradual increase. More likely, this could indicate a plateau in sea-ice entrainment followed by a 

peak in production of dirty sea ice. Any sea ice would have to form at the shelf margins due to 

lower sea level. The Fe-grain sources would be the same as if sea level were higher, as a drop in 

sea level would most likely transport sediment offshore. Wrangel Island and the New Siberian 
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Islands in the East Siberian Sea have a similar Fe-grain trend to the Beaufort Sea throughout MIS 

2, with no hiatuses in Fe-grain transport. 

Fe-grain data suggest that if a SIM was present in either the East Siberian Sea or the 

Beaufort Sea during MIS 2, then they would have to have built up in less than 1-2 kyr. Wrangel 

Island and the New Siberian Islands SAs and Beaufort Sea SAs provide high numbers of Fe-

grains throughout MIS 2, with peaks ranging from 58-94 Fe-grains/10 g bulk weight, but the >63 

µm IRD peaks that coincide with Fe-grain peaks are generally small and <10 %. 

One scenario is that SIMs gradually built up in the Beaufort Sea and East Siberian Sea 

from the MIS 2 initiation until 18.6 ka, partially collapsed at this time, rebuilding to 13.4 ka, and 

collapsing near MIS 2 termination. The continuous supply of IRD from a building SIM would 

require a rather high precipitation rate on these shelves during a glacial interval. Modelling 

studies do not support this argument and predict even lower precipitation than during warmer 

interglacial periods, however they cannot rule out localized increases in precipitation (Sikorski et 

al., 2008; Miller et al., 2010a, 2010b). Given these possible scenarios and multiple caveats, SIMs 

probably did not exist in the Western Arctic Sources of the Beaufort Sea and the East Siberian 

Shelf during MIS 2. 

Fe-grain transport from the Beaufort Sea and East Siberian Sea is constant throughout MIS 

4 with no hiatuses (Fig. 22). Constant Fe-grains suggest that ice-rafting during MIS 4 is less 

dynamic than MIS 2, with nearly continuous transport through MIS 4, especially 45-63 µm. This 

is more typical of sea ice-rafting than calving from an ice mass. Previous studies proposed a 

possible SIM near the Beaufort Sea but show an ice-free East Siberian Sea during MIS 4 (Polyak 

et al., 2001; Jakobsson et al., 2008, 2010; Batchelor et al., 2019). The Fe-grain peaks at 67.6 ka 

and 63.3 ka in Beaufort Sea Sources indicate ice-rafting events, especially the 63.3 ka which has 
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a corresponding >63 µm IRD peak, suggesting glacial origins. The shelves in this region are 

primarily fine-grained sediment, so the >63 µm IRD peak likely reflects other SAs besides 

Beaufort Sea or East Siberian Sea. The >63 µm IRD peak may also reflect sand-size sediment 

transported by longshore drift inner shelf of the Beaufort Sea has (Short et al., 1974; Darby et al., 

2009b). Likewise, while these peaks are associated with large Fe-grain numbers (> 45 Fe-

grains/10 g bulk weight), the peaks are not as distinct as MIS 2. These data suggest that a 

Beaufort Sea SIM is unlikely during MIS 4 and this area was a source of sea-ice entrainment. 

MIS 6 was dominated by hiatuses, especially at its termination and during the middle of 

the stage (Fig. 22 and Table 4). Near MIS 6 initiation, Fe-grain peaks indicate transport from the 

Beaufort Sea and East Siberian Sea between 170.0-175.6 ka. There are corresponding IRD peaks 

in both 45-63 µm and 63-250 µm, and a minor >250 µm peak (Fig. 10). Fe-grain peaks with 

corresponding IRD peaks indicate a mixed transport event of sea ice and possible SIM calving 

events. These Fe-grain peaks are followed by substantial hiatus clusters. Hiatus clusters are 

identified in the Beaufort Sea 152.7-178.5 ka spanning 25.8 kyr (BFTS 7-13) and Wrangel Island 

and New Siberian Islands SAs 154.7-168.0 ka spanning 13.3 kyr (WINS 5-9) (Fig. 17 and Table 

4). However, IRD transport is still present during these hiatuses. Near the end of this hiatus 

cluster, there is an IRD peak that corresponds with minor Fe-grains peaks in all Western Arctic 

sources at 157.6 ka. While Fe-grain peaks only average 10-16 Fe-grains/10 g bulk, IRD size 

fractions indicate Fe-grain transport prior to the first hiatus cluster may have been a mix of sea 

ice and glacial ice. After a period of minor Fe-grain peaks, an IRD peak occurs at 152.2 ka. The 

remainder of MIS 6 is primarily a second hiatus cluster from 132.2-148.0 ka (15.8 kyr) in the 

Beaufort Sea (BFTS 1-4) and 132.2-145.5 ka (15.8 kyr) in the East Siberian Sea (WINS 1-4). 

However, IRD are still present, even at MIS 6 termination, but not from the Beaufort Sea or East 
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Siberian Sea. No obvious collapse of a SIM in the western Arctic occurs near the end of MIS 6 

until MIS 5e. 



 

 

 

Fig. 22. Western SA Groups Fe-grain numbers (from Fig. 17) and IRD (from Fig. 10). Figure shows IRD peaks generally aligned to 

Fe-grain peaks (blue dashed line), either an IRD or Fe-grain peak without a corresponding peak (brown dashed line), hiatuses (black 

dashed lines) (from Table 4), and hiatus clusters (gray shaded) (from Table 11), foram peaks (solid triangles) (from Fig. 11), 5-cm 

boxcar smoothed Fe-grains (solid red line), and high sedimentation rates (black bars with associated rates) (from Figs. 7, 8, and 9). 90 
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5.4 CENTRAL ARCTIC OCEAN 

Fe-grains during MIS 2 and MIS 4 did not indicate any hiatuses >1.00 kyr in any of the 

Beaufort Gyre Groups, TPD Groups, or Western Arctic SA Groups (Figs. 22, 23, and 24). A 

large ice mass in the central Arctic Ocean would likely inhibit IRD transport, thus resulting in a 

lack of Fe-grains from these regions. Depending on its spatial extent, thickness, and dynamics, a 

central Arctic ice mass would be expected to create hiatuses with durations >1.00 kyr. 

Additionally, low Fe-grain numbers throughout most of MIS 2 from Kara Sea rivers reflect 

discharges that were 20-30 % of current discharges due to ice blockage and drier conditions 

(Alkama et al., 2006) (Fig. 24). Despite decreases in Fe-grain numbers, a lack of hiatuses 

suggests no large ice mass existed in the central Arctic Ocean. 

BG SA Groups (Bering Strait and Laptev Sea) have a series of distinct Fe-grain peaks at 

25.3 ka, 23.0 ka, 22.4 ka and another large peak at 18.6 ka (Fig. 23). Only the peaks at 23 ka and 

18.6 ka coincide with >63 µm IRD peaks, suggesting that the rest of these Fe-grain peaks are 

sea-ice events. After the 18.6 ka peak, there is another peak at 13.6 ka. Canadian Archipelago 

Fe-grains follow the same trend but lack the distinct Fe-grain peaks at 23.0 ka and 22.4 ka.  

Fe-grains were nearly constant throughout MIS 4 with a minor peak at 63.3 ka that aligns 

with a >63 µm IRD peak. If a central Arctic ice mass would prevent Fe-grains from distal 

sources from reaching the core location, the abundant Fe-grain peaks from all BG SAs, TPD 

SAs, and Western SAs during MIS 2 suggest a lack of a central Arctic ice mass. Based on nearly 

continuous Fe-grains and IRDs and the absence of hiatuses in all BG SAs, TPD SAs, and 

Western SAs, a large central Arctic Ocean ice mass did not exist during MIS 2 and 4. Bering 

Strait Sources and Laptev Sources show an Fe-grain peak near the MIS 4 termination at 58.7 ka 

but lack a distinct corresponding IRD peak. 
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During MIS 6, there is one Fe-grain peak in MIS 6 across all TPD Groups, BG Groups, 

and Western Arctic Groups at 175.0 ka with a corresponding >63 µm IRD peak, and a minor 

fine-grained IRD peak (Figs. 22, 23, and 24). The Fe-grain peaks primarily corresponding with 

coarse-grained IRD peaks indicate wide-spread calving events across the Central Arctic and 

Western Arctic SA Groups. Like the previously identified large Fe-grain contributions from 

Barents-Svalbard SA 32, the Kara Sea SA 36 contributes the largest number of Fe-grains during 

the 175.0 ka peak (106 Fe-grains/10 g bulk weight). The Kara Sea contributions could be from 

the eastern portion of the BSIS (Fig. 1). Canadian Archipelago SAs also have high Fe-grain 

numbers reaching 126 Fe-grains/10 g bulk weight. Following this calving event, all Central 

Arctic SAs have two major clusters of Fe-grain hiatuses (Tables 12 and 13). The two hiatus 

clusters have an average age duration of 13.8kyr, during the middle of MIS 6 at 157.0-170.8 ka, 

and 16.1kyr near the termination of MIS 6 at 130.8-146.9 ka. While Fe-grains are low during the 

first hiatus cluster, coarse IRD remains constant and even peaks during this period. The first 

hiatus cluster is much less pronounced in the Canadian Archipelago SA Groups, and only spans 

< 3kyr compared to the hiatus cluster average of 13.8kyr (Fig. 23). Likewise, IRD during this 

period correspond to Fe-grains from some individual Canadian Archipelago sources, SA 4 (16 

Fe-grains/10 g bulk weight) and SA 5 (8 Fe-grains/10 g bulk weight) ( Figs. 2 and 13). Fe-grain 

transport from this Canadian SA is nearly continuous albeit low during the 157-170 ka hiatus 

(Fig. 23). The same is true for Kara Sea sources and BSIS sources. 

After the first hiatus cluster, there are a series of minor Fe-grain peaks in the BG and TPD 

combined SAs starting around 157.6 ka, with large corresponding >63 µm IRD peaks (Figs. 23 

and 24). Again, this may indicate another widespread, yet minor calving event or ice sheet 

collapses, as seen in most SAs examined in this study. IRD then decreases again near the 
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beginning of the second Fe-grain hiatus cluster, possibly indicating a build-up of a central Arctic 

ice mass. However, coarse-grained IRD µm is not completely absent and even shows a minor 

peak near MIS 6 termination at 129.2 ka. 

Given the nature of the widespread Fe-grain peaks at 175.0 ka and around 157.6 ka, and 

corresponding hiatus clusters found at nearly all SA Groups, MIS 6 ice transport must have been 

influenced by large-scale hiatuses lasting >14 kyr. The large presence of forams overlapping 

both hiatus clusters suggests melt out at the Fram Strait was not a limited factor (Figs. 11 and 

12). The two >14 kyr hiatuses might have provided sufficient time for an ice mass to build 

somewhere in the central Arctic Ocean (perhaps the Lomonosov Ridge) but would require rather 

high precipitation rates that are not supported by modelling (Miller et al., 2010a, 2010b). Thus, 

only small SIMs would have sufficient time to develop during MIS 6, unless large ice masses 

can develop in less than 14 kyr under much lower precipitation conditions than today. However, 

the Fe-grain data might support grounding of large icebergs on the Lomonosov Ridge as 

proposed by Jakobsson et al. (2008, 2010). If these clusters of hiatuses are due to this ice mass 

on the Lomonosov Ridge, it disintegrated in two stages separated by 18 kyr starting at 175.6 ka. 

If central Arctic ice masses existed during MIS 6 hiatus clusters, they partially collapsed at 175.6 

ka and 157.6 ka and showed no distinct collapse event before MIS 6 termination. There are no 

Fe-grain events until MIS5e, which suggests any central Arctic ice mass (mostly grounded 

icebergs or shelf ice) did not disintegrate until MIS 5 (Figs. 23 and 23). 

 



   

    

 

Fig. 23. Central Arctic (BG) SA Groups Fe-grain numbers (from Fig. 18) and IRD (from Fig. 10). Figure shows IRD peaks generally 

aligned to Fe-grain peaks (blue dashed line), either an IRD or Fe-grain peak without a corresponding peak (brown dashed line), 

hiatuses (black dashed lines) (from Table 5), and hiatus clusters (gray shaded) (from Table 11), foram peaks (solid triangles) (from 

Fig. 11), 5-cm boxcar smoothed Fe-grains (solid red line), and high sedimentation rates (black bars with associated rates) (from Figs. 

7, 8, and 9). 94 



   

   

 

Fig. 24. Central Arctic (TPD) SA Groups Fe-grain numbers (from Fig. 19) and IRD (from Fig. 10). Figure shows IRD peaks generally 

aligned to Fe-grain peaks (blue dashed line), either an IRD or Fe-grain peak without a corresponding peak (brown dashed line), 

hiatuses (black dashed lines) (from Table 6), and hiatus clusters (gray shaded) (from Table 11), foram peaks (solid triangles) (from 

Fig. 11), 5-cm boxcar smoothed Fe-grains (solid red line), and high sedimentation rates (black bars with associated rates) (from Figs. 

7, 8, and 9). 95 
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While IRD indicates melt out is occurring during MIS 6, the overall lower numbers of 

Fe-grains compared to later glacial intervals (MIS 2 and 4) suggests lower melt-out rates in Fram 

Strait. This is probably due to colder temperatures here than during subsequent glacial stages. To 

quantify this idea, hiatus durations are calculated as a percentage of time for each MIS. Table 7 

shows the percentage of time during each MIS when there is a hiatus duration >1.0kyr. Hiatus 

durations are summed from Table 3, Table 4, and Table 5 to calculate: (1) the percent of time for 

each SA Group, or SA Subgroups; and (2) and the average percent of hiatus time per MIS. 

Overall, hiatuses account for an average of 11 % of MIS 2, 9 % of MIS 4, and 54 % of 

MIS 6. Increased hiatuses and low sedimentation rates (Fig. 9 and Table 1) during MIS 6 also 

suggest low melt-out rates in Fram Strait. Low melt out rates could impact the sizes of IRD 

deposition. While this study does not address this concept, it is possible only >63 µm IRD is 

deposited by winnowing currents, or that finer-grained IRD was not entrained through freezing.  
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Table 7. Central Arctic Source Area Groups Hiatus Durations as Percent during MIS 2, 4, and 6. 

Stage Source Area 
Groups SA Subgroups 

Total 
Hiatuses 
Duration 

Total 
Stage 
Period 

Time 
Hiatuses 
Present 

Average 
Hiatus 
Time 
per 
MIS 

(kyr) (kyr) (%) (%) 

2 
Western Arctic 
SA Groups   1.8   10.3   

2 BG SA Groups   NONE       

2 
TPD SA 
Groups   2.0   11.5   

MIS 2 
Total 

All Central 
Arctic SA 
Groups 

    17.3   10.9 

4 
Western Arctic 
SA Groups   1.0   7.1   

4 BG SA Groups   NONE       

4 
TPD SA 
Groups   1.4   9.9   

MIS 4 
Total 

All Central 
Arctic SA 
Groups 

    14.0   8.5 

6 Western Arctic 
SA Groups 

Beaufort Sea 34.4   56.4   
Wrangel Island 
and New 
Siberian Islands 

23.4   38.4   

Behind 
Wrangel Island 44.7   73.3   

6 BG SA Groups 

Bering Strait 40.0   65.6   
Laptev Sea 35.0   57.4   
Canadian 
Archipelago 21.3   34.9   

6 TPD SA 
Groups 

Kara Sea 22.3   36.6   
Kara Sea Rivers 41.4   67.8   

MIS 6 
Total 

All Central 
Arctic SA 
Groups 

    61.0   53.8 
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CHAPTER 6 

 

CONCLUSIONS 

 

6.1 STUDY SUMMARY 

This study analyzes the circum-Arctic provenance of Fe-grains that are transported by Arctic 

ice as a proxy for ice movement in the Arctic Ocean during the past three glacial maxima (MIS 

2, 4, and 6) with three objectives: 

• Describe how the Barents-Svalbard ice sheet behaved during the LGM (MIS 2), as well 

as MIS 4 and 6, and when and how it retreated during each of these stages. 

• Determine the presence and/or ages of SIMs on the East Siberian shelf near Wrangel 

Island, New Siberian Islands, and shelf areas of the Beaufort Sea during MIS 2, 4, and/ or 

6, or at least determine when SIMs disintegrated if they existed. 

• Identify if large ice masses existed in the central Arctic Ocean during MIS 2, 4, and/ or 6 

that might reduce or prevent ice-rafting. 

An age model is developed based on the KARM/K magnetic grain size proxy (Xuan et al., 

2011) and Vostok δ18O data through MIS 6 (Fig. 4). The age model provides corresponding dates 

for core depths to calculate sedimentation rates and assign MIS (Figs. 7, 8, and 9, and Table 1). 

This study supplements primary Fe-grain proxy analysis with IRD weight percent fractions, 

foram abundances, and an SEM quartz grain analysis test. 

6.2 BARENTS-SVALBARD ICE SHEET 

Based on the Fe-grain numbers, the BSIS developed between MIS 2 initiation (29 ka) 
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and its partial collapse at 19.9 ka and 18.6 ka (Fig. 20). Following these two partial collapses, the 

BSIS either slowly rebuilt or enhanced sea ice conditions prevented subsequent ice-rafting 

(Patton et al., 2015) before a series of Fe-grain events at 14.9 ka, 13.5 ka, and 12.5 ka. The 

collapse starting at 14.9 ka is not detected in cores closer to Svalbard but is seen in a core farther 

east near Franz Josef Land (Patton et al., 2015) (Fig. 1). Likewise, the 14.9 ka peak lacks a 

distinct coarser-grained >63 µm IRD peak, but finer-grained IRD are present, indicating a sea 

ice-rafting event. The final MIS 2 BSIS collapse occurs at 13.5 ka and 12.5 ka, again as a two-

pulse event. Previous studies did not recognize these dual pulse collapses (Patton et al., 2015). 

During MIS 4 (57-71 ka), the BSIS experienced two calving events: a less pronounced 

event at 65.4 ka, and a second primary event at 63.3 ka, possibly indicating a small collapse of 

the BSIS near the end of MIS 4 (Fig. 21). The lack of multiple calving events may indicate the 

BSIS overall size and volume was smaller during MIS 4. The Fe-grains peaks near MIS 4 

termination may indicate the final MIS 4 BSIS collapse; however, these are primarily from the 

Bering Strait and Laptev Sea, around 58.7 ka. 

During MIS 6 (130-191 ka), the BSIS has a calving event at 175.0 ka, followed by a hiatus 

of Fe-grain transport events, then a smaller calving period at 152.8 ka (Fig. 21, Tables 3 and 11). 

Hiatuses are not interpreted as an absence of the BSIS, but rather a lack of transport, collapse, or 

large calving events. The BSIS does not have any additional Fe-grain transport events through 

MIS 6 termination. It is possible the BSIS collapsed around 175.0 ka, then remained constant 

through MIS 6, with one calving event at 152.8 ka, with a potential collapse not occurring until 

MIS 5. 
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6.3 WESTERN ARCTIC OCEAN SIMS 

During MIS 2, there are no hiatuses in Fe-grains from western Arctic sources (Fig. 22 and 

Table 4). Therefore, the near continuous rafting of Fe-grains with multiple peaks and IRD from 

these western Arctic sources makes a SIM build-up very difficult. Fe-grains increase with several 

minor peaks from MIS 2 initiation to 18.6 ka (Fig. 22). This Fe-grain peak in the Beaufort Sea 

SA, indicating a sizeable transport period, indicates a partial collapse of a possible SIM or a sea-

ice event. The partial collapse may be followed by a gradual rebuilding to 13.4 ka before 

collapsing before MIS 2 termination. More likely, this indicates a plateau in sea-ice entrainment 

followed by a peak in production of dirty sea-ice. If a SIM developed in this region, it would 

have been constrained to a 1-2 kyr build-up with large IRD transport throughout its existence. 

However, the continuous IRD supply from such a SIM and a brief build-up period requires high 

precipitation rates. Modelling does not support but cannot rule out localized increases in 

precipitation (Sikorski et al., 2008; Miller et al., 2010a and b). Because most of the Fe-grains 

from the western Arctic sources is from SA 8, the most likely scenario is that the IRD represents 

calving from the LIS. 

Likewise, the continuous transport of Fe-grains throughout MIS 4 from the Beaufort Sea 

and East Siberian Sea precludes any large ice mass or SIM on these shelves (Fig. 22). If SIMs 

did develop on the Beaufort Sea shelves or East Siberian Shelves, they collapsed or calved 

frequently to allow IRD transport from these shelves. Because these shelves contain mostly 

finer-grained sediment, it is difficult to distinguish sea ice-rafting from shelf mass ice 

calving/wasting. SIMs could develop more rapidly than a few thousand years if large icebergs 

from the Laurentide Ice Sheet or other land ice masses could ground on these shelf areas and 
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provide seed ice for SIM growth, but lower sea levels prevented this. Thus, SIMs did not exist on 

the East Siberian or Beaufort shelves during MIS 4. 

During MIS 6, the Beaufort Sea and East Siberian Sea show Fe-grain transport at 175.6 ka 

with both coarse (>63 µm) and fine (45-63 µm) IRD indicating a potential mix of sea ice and 

glacial ice (Fig. 22). Therefore, Fe-grain peaks from the Beaufort Sea area may be more 

indicative of disintegration events than sea ice-rafting. Like the Barents-Svalbard SAs, there are 

several clustered hiatuses (Table 4 and 11). Following the Fe-grain transport event at 175.6 ka, 

there are hiatus clusters in the Beaufort Sea (152.7-178.5 ka) and East Siberian Sea (154.7-168.0 

ka). Near the end of the East Siberian hiatus cluster, there is an Fe-grain transport event at 157.6 

ka. While this Fe-grain peak does not have a corresponding IRD peak, there is an IRD peak 

shortly after at 152.2 ka, which indicates similar ice transport as the previous IRD peak, a mix of 

sea ice and glacial ice. MIS 6 has a significant hiatus through the remainder of the stage, from 

132.2 ka to 148.0 ka in the Beaufort Sea and 132.2 ka to 145.5 ka in the East Siberian Sea. 

These hiatus clusters suggest a SIM could have built up on the Beaufort Sea and East 

Siberian Sea shelves during these respective MIS 6 intervals. If a SIM built up during the MIS 6 

hiatus clusters, the Fe-grain transport events (175.6 ka and 157.6 ka) may indicate collapse 

events of these SIMs, particularly with a mix of calving events and sea ice export events. 

6.4 CENTRAL ARCTIC OCEAN 

Nearly continuous Fe-grains from the TPD and BG sources, including all Western Arctic 

sources, and high IRD indicate a large central Arctic Ocean ice mass did not exist during MIS 2 

and 4 (Figs. 22, 23, and 24). There is insufficient time for one to develop and there is more or 

less continuous IRD transport across the central Arctic. 
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During MIS 6, Fe-grains have significantly lower numbers than MIS 2 and 4, but there is 

one Fe-grain peak across all TPD Groups, Beaufort Gyre Groups, and Western Arctic Groups at 

~175.0 ka with a >63 µm IRD peak, indicating wide-spread calving events from central Arctic 

SA Groups (Figs. 22, 23, and 24). If a central Arctic ice mass existed at 175.0 ka, the widespread 

calving events would likely not reach the core location. 

TPD Groups, most BG Groups, and Western Arctic Groups had two major clusters of Fe-

grain hiatuses with average age ranges of 157.0 ka to 170.8 ka lasting 13.8 kyr, during the 

middle of MIS 6, and 130.8 ka to 146.9 ka lasting 16.1kyr, near the termination of MIS 6 (Tables 

4, 5, and 6). Minor Fe-grain peaks at 157.6 ka with a large corresponding >63 µm IRD peak may 

indicate another wide-spread calving event or ice sheet collapse, but much less significant than 

the 175.0 ka event. Decreasing IRD near the beginning of the second Fe-grain hiatus cluster 

might indicate a build-up of a central Arctic ice mass, but there are no Fe-grain events until MIS 

5e. 

The two >14 kyr hiatuses could also suggest a large iceberg armada grounding on the 

Lomonosov Ridge, and partially disintegrating at 157.6 ka. During MIS 6, it is possible a central 

ice mass existed during an average range of 157.0 ka to 170.8 ka, with a partial collapse at 157.6 

ka, then rebuilding from 130.8 ka to 146.9 ka with no distinct collapse event before MIS5e. 

Finally, the combined >63 µm IRD and Fe-grain peaks in the last three glacial stages 

indicate ice sheet collapses where they existed near the middle of stages and often again near the 

termination. MIS 4 is a weak glacial stage with smaller ice sheets than MIS 2 and especially MIS 

6. Generally, MIS 4 was less severe than MIS 2 with less Fe-grain and thus IRD transport, 

corresponding to lower coarse peaks in >63 µm fractions. The only ice mass that existed in the 

central Arctic was during MIS 6 and it probably consisted of grounded icebergs or shelf ice that 
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reached the Lomonosov Ridge. SIMs on the Beaufort Shelf or East Siberian Shelf are 

problematic during MIS 2 and 4 but could have existed during MIS 6 where the data is 

inconclusive. 

6.5 FUTURE WORK 

The data collected for this study provide a rich, detailed history of Arctic climate through 

MIS 6. This study examined three broad, large-scale objectives. Data from these 41 SAs could 

provide even more detailed spatial and temporal information related to unique regions of ice 

sheets, SIMs, calving fronts, ice streams, and sea ice. For example, examining SAs specifically 

adjacent to Arctic rivers, especially at a higher resolution, may provide information related ice 

export events and a better understanding of associated ice sheet dynamics. Direct comparison of 

ice export event timing across circum-Arctic regions may shed light on unknown feedback loops 

or unique climate conditions either during glacial periods, or during climate transitions. These 

results may be especially useful if combined or compared to paleoclimate ice modeling studies. 

With this fully developed dataset, it would also be useful to revisit the IRD, especially the peaks 

with no associated SA Group Fe-grain peaks and identify which individual SAs contributed to 

the IRD. This study provided some general context for associated SAs, but these data would be 

especially informative for multiple IRD peaks during MIS 6. One item that would be especially 

helpful for communicating these complex data would be an interactive ArcGIS map that allows a 

user to navigate through time and view visual representations of IRD amounts and Fe-grains 

numbers for all 41 SAs. Ideally, this could be coupled with an ice modelling study to include ice 

edge limits and possibly ice export events and animated ocean currents through MIS 6. 

 While this study partitioned IRD into size fractions representing two modes of 

transportation, sea ice and glacial ice, additional methods distinguishing these transportation 
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modes would improve this provenance interpretation. This would be useful for future methods to 

differentiate SIMs from sea ice and glacial ice. Additional SEM analysis of the >250 µm quartz 

grains could help differentiate glacial from sea-ice IRD. Another factor differentiating SIMs 

from sea ice is a precipitation requirement. Ideally, paleoclimate proxies that could help 

constrain temporal and spatial precipitation patterns, especially in the East Siberian Sea, would 

help confirm the interpreted presence of SIMs.  
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APPENDIX A 

 

OPTICAL MINEROLOGY CODING CRITERIA  
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Fig. 25. Updated optical minerology criteria for Fe-grains.  
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APPENDIX B 

 

KARM/K AND ISOTOPE CORRELATION FOR AGE MODEL 



 

 

 

Fig. 26. JPC22 KARM/K data compared to Vostok δ18O atmospheric data.
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 Modern δ18O data (Petit et al., 1999) are higher resolution and slightly noisier than data 

>150.0 kyr. To overcome noisy data between 0-150.0 kyr, Vostok δ18O data are plotted as (Top) 

raw data and (Middle) 4.0 kyr smoothed data. For these younger ages, (Bottom) JPC22 KARM/K 

data (Xuan et al., 2011) are matched to the 4.0kyr smoothed data (solid lines) and linked to the 

corresponding δ18O raw data (dashed lines). All data >150.0kyr are matched directly from JPC22 

KARM/K to δ18O raw data (solid lines). All manual matches are numbered at the top of the Figure 

and listed in Appendix Table 8.
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APPENDIX C 

 

KARM/K AND ISOTOPE MATCHING PICKS FOR AGE MODEL  
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Table 8. KARM/K and Vostok isotope matching picks for age model. 

Matching 
Pick 

KARM/K  Vostok δ18O 
14C 

Dates JPC22 Original Data 4.0 kyr 
Smoothed Data 

Depth Age Age 
(Number) (cm) (ka) (ka) (ka) 

1 27   8.9   
2 65   13.3   
3 81   16.2   
  100     17.940 
  138     21.520 
4 143   22.6   
5 167   23.6   
6 197   28.8   
7 216   34.1   
8 230   35.5   
9 252   41.0   
10 265   47.8   
11 277   53.9   
12 286   58.4   
13 347   66.6   
14 400   82.8   
15 458   95.1   
16 477   102.3   
17 507   109.8   
18 560   123.5   
19 587   133.3   
20 606   147.2   
21 629 152.0     
22 645 156.1     
23 673 171.4     
24 738 184.1     
25 774 200.4     
26 805 204.7     
27 813 214.6     
28 881 226.0     
29 893 233.2     
30 918 252.0     
31 942 263.6     
32 972 274.8     
33 986 286.6     
34 999 295.1     
35 1016 306.6     
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Matching 
Pick 

KARM/K  Vostok δ18O 
14C 

Dates JPC22 Original Data 4.0 kyr 
Smoothed Data 

Depth Age Age 
(Number) (cm) (ka) (ka) (ka) 

36 1098 332.8     
37 1103 332.8     
38 1129 345.3     
39 1195 355.0     
40 1209 375.5     
41 1236 385.6     
42 1266 397.6     
43 1275 409.9     

 

 

 Table provides manual JPC22 KARM/K and Vostok δ18O matches from Fig. 26. 

Previously analyzed 14C dates are also included (Xuan et al., 2011). For data 0-150.0 kyr, JPC22 

KARM/K data are matched to the 4.0 kyr smoothed data and linked to the corresponding δ18O data 

(italic numbers). All data >150.0 kyr are matched directly from JPC22 KARM/K to δ18O (solid 

lines) (Fig. 26).   

Table 8 continued 
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APPENDIX D 

 

PCHIP INTERPOLATION FOR AGE MODEL  
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Fig. 27. JPC22 ages calculated using a PCHIP in MATLAB. Figure also shows a spline 

interpretation, but the spline was not used due to large tails at the ends of the dataset, and PCHIP 

interpolation has less deviation or variation from the matching picks. Standard error must be 

assumed from the data used from the input data. For this study, input data are the matching picks, 

so the standard error is deferred to the original Vostok dataset. Vostok data accuracy is better 

than ±10.0 kyr for most of the record, and better than ±5.0 kyr for the last 110.0 kyr (1999). 

Accuracy never exceeds ±15.0 kyr. (Petit et al., 1999).  
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APPENDIX E 

 

CALCULATED AGES AND CORE DEPTH (MIS 2-6)  
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Fig. 28. JPC22 PCHIP calculated ages (kyr) plotted against JPC22 core depth (cm) through MIS 

6. Figure highlights the initiation age for each MIS (red circles). This study calculated an age 

model for the entire core; however, the JPC22 age model seems most reliable through MIS 6 

(<753.5 cm core depth).  
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APPENDIX F 

 

CALCULATED AGES AND CORE DEPTH (MIS 2-11)  
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Fig. 29. JPC 22 calculated ages (kyr) from PCHIP interpolation plotted against core depth (cm) 

through MIS 11. Figure highlights the initiation age for each MIS (red circles). While this study 

calculated an age model through MIS 11, the JPC22 age model seems most reliable only through 

MIS 6 (<753.5 cm core depth).  
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APPENDIX G 

 

SEDIMENTATION RATE CALCULATIONS  
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Table 9. Sedimentation rate slope calculations.  

MIS 
Start Age Start 

Depth End Age End Depth Sedimentation 
Rate  

(ka) (cm) (ka) (cm) (cm/kyr) 
1 8.0 8.5 11.6 52.5 12.4 
2 11.8 54.5 14.3 70.5 6.5 
2 14.3 70.5 16.6 84.5 6.1 
2 16.6 84.5 21.6 138.5 10.7 
2 21.6 138.5 22.8 145.4 6.0 
2 22.8 145.4 23.7 168.7 25.6 
2 23.7 168.7 34.1 215.5 4.5 
4 59.0 288.5 61.4 302.5 5.7 
4 61.4 302.5 65.6 341.5 9.2 
4 65.6 341.5 71.6 365.5 4.1 
6 130.2 580.8 147.0 605.5 1.5 
6 147.0 605.5 155.9 644.5 4.4 
6 155.9 644.5 172.1 675.5 1.9 
6 172.1 675.5 182.7 732.5 5.4 
6 182.7 732.5 191.7 754.5 2.4 

 

 

 To identify variations in sedimentation rates during MIS 2, 4, and 6, we subdivided each 

stage by variations in slopes. We selected six slopes during MIS 2 (Fig. 7), three slopes during 

MIS 4 (Fig. 8), and five slopes during MIS 6 (Fig. 9). Table 1 lists average sedimentation rates 

for each stage, MIS 1-11. 
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APPENDIX H 

 

AGE MODEL PCHIP DATA TAIL  
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Table 10. Age model PCHIP data tail calculations. 

Depth 
Calculated 
Ages from 

PCHIP  

Tails 
Present 

Calculated 
Ages from 

PCHIP 

Depositional 
Rate 

Time 
per cm 

Adjusted 
Ages in 
PCHIP 

Tail 

Calculated 
Ages from 

PCHIP 
(tails 

calculated) 

(cm) (ka) (X) (ka) (cm/kyr) (kyr) (ka) (ka) 

0.5 8.171 X 8.299 0.1   7.477 7.477 
1.5 8.171 X 8.266 -30.3 -0.033 7.554 7.554 
2.5 8.171 X 8.238 -35.7 -0.028 7.632 7.632 
3.5 8.171 X 8.215 -43.5 -0.023 7.709 7.709 
4.5 8.171 X 8.196 -52.6 -0.019 7.786 7.786 
5.5 8.171 X 8.182 -71.4 -0.014 7.863 7.863 
6.5 8.171 X 8.173 -111.1 -0.009 7.940 7.940 
7.5 8.171 X 8.168 -200.0 -0.005 8.017 8.017 
8.5 8.171 X 8.167 -1000.0 -0.001 8.094 8.094 
9.5 8.171   8.171 250.0 0.004   8.171 
10.5 8.179   8.179 125.0 0.008   8.179 
11.5 8.192   8.192 76.9 0.013   8.192 
12.5 8.208   8.208 62.5 0.016   8.208 
13.5 8.229   8.229 47.6 0.021   8.229 
14.5 8.254   8.254 40.0 0.025   8.254 
15.5 8.283   8.283 34.5 0.029   8.283 
16.5 8.315   8.315 31.3 0.032   8.315 
17.5 8.352   8.352 27.0 0.037   8.352 
18.5 8.392   8.392 25.0 0.04   8.392 
19.5 8.436   8.436 22.7 0.044   8.436 
20.5 8.484   8.484 20.8 0.048   8.484 
21.5 8.535   8.535 19.6 0.051   8.535 
22.5 8.590   8.590 18.2 0.055   8.590 
23.5 8.649   8.649 16.9 0.059   8.649 
24.5 8.710   8.710 16.4 0.061   8.710 
25.5 8.775   8.775 15.4 0.065   8.775 
26.5 8.844   8.844 14.5 0.069   8.844 
27.5 8.915   8.915 14.1 0.071   8.915 
28.5 8.990   8.990 13.3 0.075   8.990 
29.5 9.068   9.068 12.8 0.078   9.068 
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Depth 
Calculated 
Ages from 

PCHIP 

Tails 
Present 

Calculated 
Ages from 

PCHIP 

Depositional 
Rate 

Time 
per cm 

Adjusted 
Ages in 
PCHIP 

Tail 

Calculated 
Ages from 

PCHIP 
(tails 

calculated) 

(cm) (ka) (X) (ka) (cm/kyr) (kyr) (ka) (ka) 

30.5 9.148   9.148 12.5 0.08   9.148 
31.5 9.232   9.232 11.9 0.084   9.232 
32.5 9.319   9.319 11.5 0.087   9.319 
33.5 9.408   9.408 11.2 0.089   9.408 
34.5 9.500   9.500 10.9 0.092   9.500 
35.5 9.595   9.595 10.5 0.095   9.595 
36.5 9.693   9.693 10.2 0.098   9.693 
37.5 9.793   9.793 10.0 0.1   9.793 
38.5 9.895   9.895 9.8 0.102   9.895 
39.5 10.000   10.000 9.5 0.105   10.000 
40.5 10.108   10.108 9.3 0.108   10.108 
41.5 10.218   10.218 9.1 0.11   10.218 
42.5 10.329   10.329 9.0 0.111   10.329 
43.5 10.444   10.444 8.7 0.115   10.444 
44.5 10.560   10.560 8.6 0.116   10.560 
45.5 10.678   10.678 8.5 0.118   10.678 
46.5 10.798   10.798 8.3 0.12   10.798 
47.5 10.920   10.920 8.2 0.122   10.920 
48.5 11.044   11.044 8.1 0.124   11.044 
49.5 11.170   11.170 7.9 0.126   11.170 
50.5 11.298   11.298 7.8 0.128   11.298 
51.5 11.427   11.427 7.8 0.129   11.427 
52.5 11.558   11.558 7.6 0.131   11.558 

  

MIS 1 
Average 

time per cm 
(kyr) = 0.077   

   

 

 

Table 10 Continued 
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 To address the data tail, sedimentation (depositional) rates are calculated, including the 

average time per interval during MIS 1, which has a calculated average depositional rate of 0.077 

kyr/cm. PCHIP calculated ages are adjusted for intervals within the data tail (0.5-8.5 cm) by 

subtracting the calculated average time per interval of 0.077 cm/kyr from the previous age (see 

“Adjusted Ages” on this table). For all data tail intervals, the average depositional rate is 12.4 

cm/kyr and the time per cm is 0.1 cm/kyr.  
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APPENDIX I 

 

HIATUS CLUSTER CALCULATIONS  
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Table 11. Hiatus cluster calculations. 

Location 

Hiatus 
Cluster 

Initiation 

Hiatus Cluster 
Termination Termination 

Hiatus 
Duration 

Corrected 
Hiatus 
Cluster 

End Date 

Total 
Hiatus 
Cluster 

Duration "Start Date" "Start Date" 

Hiatus 
ID (ka) Hiatus 

ID (ka) (kyr) (ka) (kyr) 

Barents-
Svalbard BSVL1 132.1 BSVL6 148.2 1.33 130.8 17.8 
Barents-
Svalbard BSVL7 156.3 BSVL11 169.1 1.33 155.0 14.1 

Svalbard SVLb3 132.1 SVLb6 149.1 1.33 130.8 18.3 

Svalbard SVLb7 156.3 SVLb13 172.4 1.64 154.7 16.1 

Beaufort Sea  BFTS1 135.0 BFTS6 148.0 2.81 132.2 15.8 

Beaufort Sea  BFTS7 154.5 BFTS13 178.5 1.80 152.7 25.8 
Wrangel 
Island and 
New Siberian 
Islands  WINS1 134.8 WINS4 145.5 2.81 132.2 13.5 
Wrangel 
Island and 
New Siberian 
Islands  WINS6 156.3 WINS9 168.0 1.64 154.7 13.3 

 

 

All hiatuses are identified and listed by their “start date”. For example (from Table 3), 

BSLV6 has an initiation “starting date” of 148.2 ka, and the hiatus cluster terminates with hiatus 

BSLV1 “starting” at 132.1 ka. However, these “starting dates” exclude BSLV1 duration of 1.33 

kyr. Therefore, the full range of each hiatus cluster is calculated by subtracting the hiatus 

initiation “start date” (i.e., BLSV6) from the hiatus termination “start date” (i.e., BLSV1), and 

incorporating the duration of the final hiatus (i.e., 1.33 kyr). Accounting for the 1.33 kyr duration 
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for BSLV1, the “hiatus cluster” ended at 130.8 ka. The full “hiatus cluster” duration spans from 

148.2 ka to 130.8 ka for a total hiatus cluster duration of 17.4 kyr. 

Barents Svalbard SAs have two MIS 6 hiatus clusters: (1) 156.3-169.1 ka (BSVL7-11), 

with a total duration of 14.1 kyr (155.0-169.1 ka), using 1.33 kyr as the hiatus duration at 156.3 

ka; and (2) 132.1-148.2 ka (BSVL1-6), with a total duration of 130.8-148.2 ka, or 17.8 kyr, using 

1.33 kyr as the hiatus duration at 132.1 ka (Table 3). SA 33 has two hiatus clusters: (1) 156.3-

172.4 ka (SVLb7-13), with a total duration of 16.1 kyr (154.7-172.4 ka), using 1.64 kyr as the 

hiatus duration at 156.3 ka; and (2) 132.1-149.1 ka (SVLb3-6), with a total duration of 130.8-

149.1 kyr, or 18.3. kyr, using 1.33 kyr as the hiatus duration at 132.1 ka (Table 3). 

Beaufort Sea SA MIS 6 hiatus clusters include: (1) 135.0-148.0 ka (BFTS1-6), with a 

total duration of 15.8 kyr (132.2-148.0 ka), using 2.81 kyr as the hiatus duration at 135.0 ka; and 

(2) 154.5-178.5 ka (BFTS7-13), with a total duration of 25.8 kyr (152.7-178.5 ka), using 1.80 

kyr as the hiatus duration at 154.5 ka (Table 4). Wrangel Island and New Siberian Islands SAs 

have two MIS 6 hiatus clusters: (1) 134.8-145.5 ka (WINS1-4) with a total duration of 13.5 kyr 

(132.2-145.5 ka), using 2.81 kyr as the hiatus duration at 134.8 ka; and (2) 156.3-168.0 ka 

(WINS6-9) with a total duration of 13.3 kyr (or 154.7-168.0 ka), using 1.64 kyr as the hiatus 

duration at 156.3 ka (Table 4).  
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APPENDIX J 

 

CENTRAL ARCTIC MIS 6 HIATUS CLUSTER AVERAGES (130.8-146.9 ka)  
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Table 12. Central Arctic MIS 6 hiatus cluster average (130.8-146.9 ka). 

Location 

Hiatus 
Cluster 

Initiation 

Hiatus Cluster 
Termination 

Termination 
Hiatus 

Duration 

Corrected 
Hiatus 
Cluster 

End Date 

Total 
Hiatus 
Cluster 

Duration "Start Date" "Start Date" 

Hiatus 
ID (ka) Hiatus 

ID (ka) (ka) (kyr) 

Kara Sea KARs5 145.5 KARs1 134.8       

Kara Sea Rivers  KARr8 149.1 KARr3 132.1       

Bering Strait BER5 143.6 BER1 134.8       

Laptev Sea LAP6 148.2 LAP1 132.1       

Canadian 
Archipelago  CAN6 148.2 CAN1 134.8       

Beaufort Sea  BFTS6 148.2 BFTS1 132.1       
Wrangel Island 
and New 
Siberian Islands  WINS4 145.5 WINS1 134.8       

Averages   146.9   133.6 2.81 130.8 16.1 
 

 

 Overlapping hiatus are clustered together to calculate an average hiatus cluster age. The 

average ages for these hiatus clusters are 133.6-146.9 ka, with a total average duration of 16.1 

kyr (130.8-146.9 ka), using 2.81 kyr as the longest hiatus duration at the closest interval 134.1 ka 

(Table 4). Hiatus calculation referenced in Section 4.8.1 and Table 11.  
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APPENDIX K 

 

CENTRAL ARCTIC MIS 6 HIATUS CLUSTER AVERAGES (157.0-170.9 ka)  
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Table 13. Central Arctic MIS 6 hiatus cluster average (157.0-170.9 ka). 

Location 

Hiatus Cluster 
Initiation 

Hiatus Cluster 
Termination 

Terminatio
n Hiatus 
Duration 

Corrected 
Hiatus 
Cluster 

End Date 

Total 
Hiatus 
Cluster 

Duration "Start Date" "Start Date" 

Hiatus 
ID (ka) Hiatus 

ID (ka) (ka) (kyr) 

Kara Sea KARs10 169.1 KARs6 156.3       

Kara Sea 
Rivers  KARr15 172.7 KARr10 155.9       

Bering Strait BER12 172.4 BER8 161.6       

Laptev Sea LAP13 172.4 LAP8 160.9       

Canadian 
Archipelago  CAN8 168.5 CAN7 167.4       

Beaufort Sea  BFTS13 172.4 BFTS7 154.2       
Wrangel Island 
and New 
Siberian 
Islands  WINS9 168.5 WINS5 156.3       

Averages   170.9   158.9 1.91 157.0 13.90 
 

 

 Overlapping hiatus are clustered together to calculate an average hiatus cluster age. The 

average ages for these hiatus clusters are 158.9-170.9 ka, with a total average duration of 13.9 

kyr (157.0 ka to 170.9 ka), using 1.91 kyr as the longest, adjacent hiatus duration at 158.3 ka 

(Table 4). Hiatus calculation referenced in Section 4.8.1 and Table 11.  
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