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ABSTRACT

INVESTIGATION OF A POSSIBLE LEAD-LAG RELATIONSHIP BETWEEN THE
INNUITIAN AND LAURENTIDE ICE SHEETS, ARCTIC CANADA

Paula Zimmerman
Old Dominion University, 2007
Director: Dr. Dennis Darby

Peaks of iron-rich grains in Arctic Ocean sediment cores matched to the
Laurentide and Innuitian Ice Sheets appear to show a lead-lag relationship during the
Late Pleistocene when grain abundances are plotted against time and depth below sea
floor. Cores from across the Arctic have been analyzed to determine if this is the case. Of
the six IRD events identified, the Innuitian leads 68% of the time with 26% of events in
all cores occurring simultaneously. The Innuitian seems to lead 33.3% of the time when
peaks from the Innuitian and Laurentide occur within close proximity (less than 1 cm),
with 41.7% of the Innuitian and Laurentide peaks occurring simultaneously. Innuitian
IRD events lasted an average of 1.5 to 3 kyr, while Laurentide events lasted an average of
1.1 to 2 kyr. A particularly well-dated event around 18 ka in PS1230 shows the
Laurentide lagging the Innuitian by around 250 years. This short response time suggests

that instabilities can be rapidly transmitted from one coalesced ice sheet to another.
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CHAPTERI
INTRODUCTION

Ice rafted debris (IRD) events from the Innuitian ice sheet (IIS) and Laurentide
ice sheet (LIS) during the Late Wisconsin (Figure 1) show an apparent asynchronicity
(Darby et al., 2002). Innuitian events seem to occur first, followed by Laurentide events.
This asynchrony was first discovered in a Fram Strait boxcore, PS1230, with peaks in
detrital Fe oxide grain abundances matched to these two sources of glacial IRD (Figure 2,
Darby et al. 2002). This core, located in the center of the ice export zone of Fram Strait
is an excellent indicator of past ice transport from the Arctic Ocean.

The exact relationship between the IIS and LIS ice-rafted events is unknown
beyond the fact that IRD events seem to occur from the Innuitian prior to their occurrence
from the Laurentide Ice Sheet (Darby et al., 2002). Because of the limitation of
radiocarbon dating and slow deposition rates in most of the cores used (Darby et al.,
2002), the difference between the peaks in Fe grains from the Innuitian and Laurentide
sources ranged from a few hundred years to 2,000 years. The time lapse between these
events is important, but due to the vagaries of radiocarbon dating and the generally low
deposition rates in the cores analyzed thus far, the resolution is unlikely to improve. If
smaller ice sheets like the IIS were able to influence the ice calving production of the
LIS, one would expect the IIS to occur immediately prior to each LIS event. If this can

be established, the case is strengthened for a possible cause and effect such that IIS

The model journal for this thesis is Paleoceanography.
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Figure 1. Paleogeography of the Arctic Ocean during the Last Glacial Maximum. Base
map — IBCAO (Jakobsson et al., 2000a). Limits of major ice sheet are from Dyke et al.,
(2002) and Svendsen et al., (2004a;b). During earlier glaciations the Eurasian Ice Sheet
was more extensive on its Siberian side (Darby et al., 2006).
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Figure 2. Fe grain matches to the Arctic Laurentide Ice Sheet (LIS, Banks Island source
area) and the Innuitian Ice Sheet (IIS, Queen Elizabeth Islands source area) in core
PS1230 from Fram Strait, displaying lead-lag relationship between IIS and LIS IRD
events (Darby et al., 2002). Units on X-axis are weighted percent of Fe rich grains
matched to the source area. These sources, especially the LIS source (Victoria Island)
contain abundant carbonate rocks and counts on this lithic grain type in the >250 pm
fraction supports the Fe grain matches. The blue shaded bands correspond to Heinrich
Layers in the North Atlantic and these seem to lag both the IIS and LIS events. Ages are
calendar ages in kyr.
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calving events function as a trigger for increased calving of the LIS. How this smaller ice
sheet could do this is an important issue in ice sheet dynamics and possibly climate

change.

Problem
The Arctic is thought to have a significant effect on global climate yet many of
the forcing mechanisms and interactions between different components of the climate
system are poorly understood. (Alley, 1995). For instance, we do not know the duration,
extent, or controlling mechanisms of LIS and IIS IRD events. The possibility of a lead-

lag relationship between the Innuitian and Laurentide Ice Sheets raises several questions;

1. What is the timing and duration of the IRD events? In other words, do these
IRD events represent a rapid collapse of the ice sheet and if so, how rapid?

2. Ifthere is a lead-lag relationship between IIS and LIS collapse events, what
might this relationship mean?

3. Could the IIS be acting as a buttress for the LIS?

Resolving these questions would give a much clearer picture of the relationship between
the IIS and LIS in the Late Wisconsin, and will contribute to our general understanding of
interactions between small and large ice sheets. By examining the abundance of
ferromagnetic grains matched to specific ice sheet sources in the 45 to 250-um-size
fraction in sediment cores from the Arctic Ocean, relationships between the relative

timing of IIS and LIS IRD events might be resolved. There has been much debate over
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what causes IRD events, with explanations typically involving either glacial mechanics,
sensitivity to changes in climate, or changes in ocean circulation (MacAyeal, 1993; Bond
and Lotti, 1995; Johnson and Lauritzen, 1995; Fronval et al., 1995; Marshall and Clarke,
1997; Scourse et al., 2000; Grousset et al., 2000; Hulbe et al., 2005). If each Innuitian
event is followed by a Laurentide event, it would suggest, but not prove, that the
Innuitian Ice Sheet somehow affected the calving rate of the Laurentide Ice Sheet.
Perhaps changes in the calving rate occurring in the smaller ice sheet were somehow
transmitted to the larger one. If only some Innuitian events were followed by Laurentide
events, it would suggest that the Innuitian was more sensitive perhaps to environmental
changes or ice dynamics promoting increased calving, but that changes in the IIS could
only be transmitted to the LIS at such a time when the LIS was susceptible to such
influences on its calving rate. Though the IIS events might trigger changes in the LIS,
they would be one factor in many influencing calving. For instance, the IIS must have
reached a maximum volume after which any additional accumulation must result in
purging (MacAyeal, 1993). Alternatively, the IIS might have experienced a change in
basal conditions that caused surging (Stokes and Clark, 2001), or changes in ocean
temperature might have acted to melt buttressing ice shelves (Hulbe et al., 2005).
Examining the abundance of grains from individual fiords during an IRD event
from the IIS can give some indications as to how the IIS purges ice or collapses. If the
majority of grains in any given event came from one particular fiord, it would mean that
this fiord was more susceptible to calving than the others, possibly due to loss of a
buttressing ice shelf or the establishment of an ice stream in this ice sheet. Ice shelves and

streams are very important to the stability of an ice sheet (Stokes and Clark, 2001; Hulbe
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et al., 2005) and the ability to demark these features would give a much clearer view of
the overall sensitivity of the IIS to collapse or surging processes. A lack of grains from a
given glaciated area could mean either that the area was not occupied by ice at the time,
or the ice was not calving. This paper will present additional data on the cores used by
Darby et al., (2002) as well as some additional cores to clarify the relationship between
the IIS and LIS Fe grain matches during rapid calving events defined by peaks in Fe
grains matched to either or both of these ice sheets.

The role of sea ice in IRD transport during glacial intervals is still poorly
understood. This is thought to be possibly the most important transport agent in the
Arctic Ocean today (Reimnitz et al., 1998; Darby et al., 2003). The importance of this
transport process during glacial intervals is unknown. Lower sea levels at these times
would expose the expansive Siberian shelves and should have drastically reduced the sea
ice entrainment that occurs on these submersed shelves today. There is some evidence
that rafting by sea ice might be very important during these times when icebergs were
much more abundant (Darby et al., 2002), but much more needs to be done to establish
the relative importance of iceberg versus sea ice sediment transport during glacial
intervals. This paper will examine the abundance of Fe grains matched to areas known to
be unglaciated during the last couple of glacial intervals and compare their abundance to
Fe grains from known glacial areas for these intervals. The duration of Fe grain peaks
from glaciated areas will also be examined. Very wide peaks may be reflecting the rafting
of Fe grains by sea ice as well as transport by glacial bergs. Identifying these peaks will
be important in order to distinguish which events are the result of rapid ice sheet collapse

and which are the result of slower depositional processes such as melt out from sea ice.
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Arctic Canada at the Last Glacial Maximum, Late Pleistocene, and Early Holocene

The Last Glacial Maximum (LGM) occurred around 20 ka during the time of
Oxygen Isotope Stage 2 (OIS-2, 25-10 ka) in the last part of the Wisconsinan
(Weichselian) glacial, which was 115-10 ka. (Dyke et al., 2002). During most of OIS-2,
the North American ice sheets were coalesced and ice margins extended to the
continental shelf (Figure 2).

During OIS-2 the IIS covered most of the Queen Elizabeth Islands, Arctic Canada
(Blake, 1970; Blake, 1992; Blake et al., 1992; Blake, 1997; England, 1998; England,
1999). The extent of the IIS was debated until recently, but the concept of a relatively
larger, coalesced IIS has since been accepted as more likely than many isolated ice caps
on each island. At the LGM, the IIS coalesced with the Greenland Ice Sheet (GIS) along
Nares Strait and coalesced with the LIS along Parry Channel for a distance of at least
1280 km (Dyke et al., 2002; England, 1998; England et al., 2006). Darby et al. (2002)
estimated the volume of the Arctic component of the LIS to be approximately 1.3 x 10°
km®. The exact size of the IIS and Arctic LIS are unknown, as glacial margins are now
submerged.

Around 11,000 years BP the final deglaciation of the Arctic portion of the LIS
and IIS began in the Canadian Arctic (England, 1998). There were probably several rapid
purges of icebergs from the IIS and LIS during MIS 2-4 primarily based on the marine
record (Darby et al., 2002) but also on ages of tills at outlets for LIS ice streams on Banks
Island and Victoria Island (Stokes et al., 2005). Retreat of the LIS from its northern
margin may have begun as early as 16,200 + 150 ¢ years BP (Dyke et al:, 2002).

Recession times are uncertain for the IIS because the northern margin of the IIS, which is
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now probably submerged, has not been conclusively demarked and dated. Pulses of IRD
linked to both the LIS and IIS have been found in Fram Strait and Arctic cores at 18 and
18.2 ka cal. yrs. (15.7 &15.9"C kyr) + 150, respectively; and another at about 15 ka Cal.
yrs. (12.8 Hc ka) (Darby et al., 2002). The 15.7 and 15.9 kyr 4c age is close enough to

Dyke’s 16.2 ka to be the same event.

Ice Rafted Detritus and Ice Sheet Collapse

Conventionally, IRD is defined as sand-sized and coarser grains transported to
open water by icebergs during times of increased calving and meltwater flux (Andrews,
2000.) Two types of IRD cycles are found in the North Atlantic, Heinrich (H) events and
Bond Cycles. Bond cycles may be linked to the North Atlantic’s 1-2 kyr climate cycle
and correspond to Dansgaard/@eschger cycles, first seen in the Greenland ice cores
(Dansgaard et al., 1993). Bond layers are rich in sub-Arctic petrologic tracers (Icelandic
glass and hematite-stained quartz) (Bond et al., 1999). H events (the timing of these are
shown as blue bands in Figure 2) are IRD events characterized by low magnetic
susceptibility, low grayscale levels, an increase in sand size detrital carbonates and
lithics, and a decrease in planktonic foraminifers. H events occur at the end of Bond
cycles and tend to have a rough cyclicity of ~7000 years (MacAyeal, 1993; Rashid et al.,
2003). H events are purely North Atlantic phenomena involving IRD from the eastern
portion of the Laurentide Ice Sheet and occur in a belt from 40°N to 55°N (Grousset et
al., 1993). H events are connected to rapid climate change in the North Atlantic
(Broecker, 1994), although the exact nature of this connection is still debated. There is

some speculation that Arctic IRD events may be due to the same mechanisms as H events
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and may even involve similar volumes of glacial ice (Stokes et al., 2005). Precursors to H
events consisting of IRD from smaller European ice sheets have been proposed (Fronval
et al., 1995; Scourse et al., 2000; Grousset et al., 2000) suggesting that changes in the
dynamics or collapse of small ice sheets, perhaps in response to climate change, may
trigger changes in the LIS. The relationship between Arctic IRD and North Atlantic IRD
cycles is not entirely clear. The Arctic IRD events seem to correspond to the timing of H
events (Darby et al., 2002). This mismatch in timing could possibly be due to the
vagaries of dating methods and criteria for when these events began. The largest problem
in correlating North Atlantic Heinrich Events to IRD events in the Arctic is in dating
Arctic materials. Additional problems can arise from variable definitions of Heinrich
Layers. Some investigators define Heinrich Events only as coarse IRD peaks where
others define them as carbonate rich IRD peaks (Bond et al., 1999). In this paper, Arctic
IRD events are defined as peaks in Fe grains matched to specific ice sheets or peak
abundances of lithic grains typical of specific ice sheet sources and Heinrich Events
correspond to the definition proposed by Bond et al. (1999).

The mechanisms for producing IRD peaks in marine sediment cores are still being
debated and include internal dynamics of ice sheets (MacAyeal, 1993), glacial growth on
sensitive margins during periods of atmospheric cooling leading to increased calving
during warmer periods (Bond and Lotti, 1995), the emptying of ice-dammed lakes
(Johnson and Lauritzen, 1995), surges of ice streams (Marshall and Clarke, 1997), and
catastrophic loss of a buttressing ice shelf (Hulbe et al., 2005). It has been proposed that
small ice sheets may have a lead-lag relationship with the larger LIS that produced the

Heinrich Events. This might occur due to a climatic or circulatory triggering that either is
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10

initially felt in the small ice sheets, or that instabilities in small ice sheets are transmitted
to larger ones, perhaps by a sudden sea level rise caused by the surging small ice sheet

(Grousset et al., 2000; Grousset et al., 2001; Darby et al., 2002).
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CHAPTER 11

METHODS

Study Area

Fram Strait is more than 3,000 km from the margins of the IIS and LIS, so only
major IRD events should be present in the sediment record at this great distance. Due to
ocean circulation patterns, Fram Strait is the only way for icebergs to exit the Arctic. A
large volume of bergs passing through this area increases the chance of an event being
preserved in the record. Three of the cores that were reexamined are from Fram Strait,
but Fe grain data from only one of these (PS1230) has been published. Core 94BC28 is
from the Lomonosov Ridge, an area that one would expect to receive some melt-out from
both the Trans-Polar Drift (TPD) and Beaufort Gyre (BG), if both operated in a similar
manner in the past as they do today (Figure 3). Other cores were used to correlate events
across the Arctic, but did not undergo any added analysis. All cores used in this study are
shown in Table 1.

Ice drift in the Arctic Ocean is influenced by the Beaufort Gyre, which brings ice
in a clockwise motion from the QEI into the Beaufort Sea and eventually, after perhaps
several rotations in the Gyre, northward to the central Arctic, where it joins the TPD,
which transports ice from the Laptev, Barents, and Kara seas toward Fram Strait (Figure
3). There is some controversy over whether these two major circulation patterns behaved
in the same way in the past. Using geochemical fingerprinting of IRD, Bischof and Darby
(1997) proposed a weakening of the Beaufort Gyre during portions of glacial intervals,

which would allow icebergs calved from ice covering the Queen Elizabeth Islands to take
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Table 1. Core locations used in this study.

Core Coordinates Water depth | Geographic Region | Core length Added
(m) (cm) Analysis?
94BC28 | 88°52.4°, 140° 10.8°E 1990 Lomonosov Ridge 42.6 Yes
PS1230 | 78° 54°N, 4° 48°'W 1235 Fram Strait 47.5 Yes
PS1231 | 78°54.6’N, 3° 59.4°'W 2012 Fram Strait 32 Yes
1894 75° 48.8°N, 8° 18'W 1975 Fram Strait 90 Yes
94BC20 | 83°10.20’ N, 174° 6.36’ | 3100 Wrangel Basin 37.5 No
W
94BC08 | 78° 7.68°N, 173°23.09° | 1031 Mendeleev Ridge 39.18 No
W
B15 75°43.8’ N, 160° 35.38" | 2135 Northwind Basin 375 No
W
P6 74° 15.33°N, 160° 580 Chukchi Borderland | 158.5 No
35.38'W
P1/B3 73°42.4°N, 162° 44.6’ 201 Chukchi Shelf near | 409 No
w Northwind Ridge

a northerly path and exit the Arctic more directly via Fram Strait rather than following
the Beaufort Gyre. Phillips and Grantz (2001) refuted this using the logarithmic decrease
in the abundance of clasts from the entire OIS 2 interval collectively that are greater than
2 millimeters in diameter. The geographic distribution of the clasts suggests that the
Beaufort Gyre had not weakened on average over this glacial interval. This controversy
has not been resolved, but the recent findings of massive ice groundings on the Chukchi
Borderland suggest that at some point during a large calving event, ice grounded there
and probably diverted newly calved ice more northward into the central Arctic (Darby,
personal communication 2006; Polyak et al., 2001; Polyak et al., 2007). The existence of
grounded ice could easily resolve the controversy because the evidence used by Phillips
and Grantz (2001) would not distinguish this interval of diversion from overall average

BG circulation.
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Figure 3. Location of sediment cores used and the circum-Arctic source areas along with
the modern surface drift patterns (after Darby, 2003).
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Analysis of Data

Geochemical fingerprinting can be used to match detrital iron oxide grains to
Circum-Arctic source areas (Darby, 2003). Using this method, it is possible to determine
which IRD came from the Innuitian and Laurentide Ice Sheets (Darby et al., 2002). It 1s
also possible to determine from which characterized source area for a given ice sheet that
an iceberg calved (Figure 3; Stokes et al., 2005). All sources from Siberia east of the
Barents/Kara Sea are assumed to be from sea ice because no known glaciers calved into
the Laptev or East Siberian Sea during the Wisconsinan (Figure 3). The same is probably
true for the Chukchi Sea and Alaskan Arctic coast, but this is less certain. The known
areas of glaciers on the circum-Arctic rim are the LIS (Banks Is.), IIS (all of the QEI),
Northern Greenland, and the Barents Sea (Dyke et al., 2002; Brigham-Grette et al., 2003;
Mangerud et al., 2002; Peltier, 1994).

The sharp peaks in the >63 and > 250 pm coarse fraction are used to determine
the probable occurrence of major calving events. Sea ice transported grains are usually
less than 100 microns. Grains up to cobble-size are possible, but very rare. It was
assumed that peaks in the coarse fracﬁon corresponded to a greater number of glacial
bergs being produced (Andrews, 2000) and would therefore serve as a rough guide to
times of increased calving. Additional grains at each interval of each IRD peak were
analyzed using the Fe grain fingerprinting method (Darby and Bischof 1996). The new
data was combined with previous results (Darby et al., 2002) to give a clearer picture of

source areas at the peaks and the relative abundances of Fe grains matched to either the
IIS or LIS. The signals are much clearer after additional analysis (Figure 4).

In order to avoid misleading peaks due to low numbers of matched grains in
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some intervals, a weighted percent for each source area at each depth was determined by

multiplying the number of grains matched to a given source area at a given depth by the

percentage of these matched grains at that depth and dividing by 10 (Darby, 2003). Thus

if there were ten grains matched to a source, the weighted percent and normal percent are

the same. Fewer grains would reduce the weighted percent and more than 10 would

increase the weighted percent over the normal percent. Ten grains matched to a source is

PS1894

old B4C Welghted %

Depth (cm)
4

" 3

E

) 3

W) 4

76 A

Figure 4. Comparison of previous and new data for the combined source areas of Banks

Island (S4C) in core PS1894. While Fe grain peaks matched to Banks Island are
generally still present at the same depths, their shape has changed with the additional
analyses. The dramatic slope between the data points at 55 cm and 75 cm are due to a

lack of data in that interval.
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a critical threshold because in a test of this matching technique less than eight to ten
grains matched to sources that were from outside the Arctic and thus are impossible

sources of Arctic sediment (Darby, 2003).

Plotting Data and Picking Peaks

Weighted percents of Fe grains from the combined Innuitian area (source area 4C,
all of the northern QEI sources, which includes source areas 2, 3, 4, 24, and 26 on Figure
3) and Laurentide area (source area 8, Banks Island) are plotted for each of the cores
versus depth and time. Taking a three-point average of the weighted percents further
smoothed the data. Using this average avoids misleading peaks and lows caused by
spurious points and low grain numbers in a few samples.

Icebergs containing Fe grains matched to source 8 were most likely calved from
the M’Clure Strait Ice Stream (Stokes et al., 2005). The main northward flowing IIS ice
stream was in Massey Sound between Axel Heiberg and Ellef Ringnes Islands in the QEI
(England et al., 2006). The Fe grains matched to the shelf source area near Ellef Ringnes
Island are commonly the most frequent source for Fe grain peaks matched to the IIS
source. Background levels of weighted percent in this paper are defined as 8%, which is
considered the minimum for being significant based on tests with several thousand Fe
grains from the Arctic matched to source groups along the eastern U.S. coast (Darby,
2003).

Peak centers (average age or depth of peaks in each core) are picked graphically.
Peaks are defined as portions of the graph where the weighted percent, 3 point running

average, is much greater than background. The maximum weighted percent of the peak is
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multiplied by 0.75 to get a 3/4-peak height. A line perpendicular to the X-axis is drawn at
the 3/4-peak height, which intersects the two limbs of the peak. (If the line does not
intersect a limb, the limb is extended until it intersects the line.) The peak center is the

midpoint of the line intersecting the peak limbs.

Other Sources of Error

There are several issues of concern when working with sediments from the Arctic
Ocean. First is the generally low sedimentation rate during glacial cycles when thick pack
ice and ice shelves are present. The low sedimentation rates of glacial conditions are
usually followed by a surge of IRD marking deglacial conditions that cause high
sedimentation rates for a brief period. Moderate sedimentation rates occur during
interglacial intervals, lower than during deglacial events, but higher than full glacial
intervals. Interglacials typically last longer than deglacial events and thus are represented
by thicker deposits. Sedimentation rates on the central Arctic Ocean ridges can vary from
less than 0.5cm/kyr during glacial times to over 1-2 cm/kyr during interglacials and over
5 cn/kyr during deglacial events (Darby et al., 1997; 2002). A change in freshwater
circulation and ventilation also affects productivity, leading to differences in the amount
of biogenic remains (Polyak et al., 2003). There is some controversy over average
sedimentation rates in the central Arctic Ocean (Jakobsson et al., 2003; 2000). The
Eurasia basin appears to have average sedimentation rates of 1-2 cm/kyr, while the
Amerasian basin has a 1-2 mnvkyr rate (Clark et al., 1980; Darby et al., 1989) except in
the Holocene where rates of about 1 cm/kyr were found (Darby et al., 1997). This issue

of average sedimentation rates being different by an order of magnitude will hopefully be
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resolved with the age dating effort currently underway on the new Healy-Oden Trans-
Arctic Expedition cores (Darby et al., 2005). Backman et al. (2003) suggested that these
apparently different rates of sedimentation are due to inaccurate age modeling. This
brings up the second complication to be considered when working with Arctic Ocean
cores, age models for cores.

One of the biggest potential sources of error for radiocarbon dates on marine
sediments is the reservoir correction, which can vary from 400 years (North Atlantic
value) to around 1000 years for higher latitudes (Beck et al., 2001; Robinson et al., 2005).
Reservoir corrections account for the differences in the age of carbon dissolved in deep
waters in different oceans. Upwelling of this deep, older water brings it towards the
surface where carbonate secreting organisms utilize it. Old carbon can reside in the deep
ocean for hundreds to thousands of years until it is brought to the surface. Unless this is
accounted for, an incorrect date will be calculated (Stuiver et al., 1986). A too-large '*C
reservoir correction will yield a young age and a higher sedimentation rate (Backman et
al., 2003). A correction of 740 years for suspension feeding mollusks in the Canadian
Arctic Ocean has been suggested based on pre-bomb mollusk shells that were collected
alive and later tested for radiocarbon age (Dyke et al., 2003). This high reservoir factor is
probably due to some old carbon eroded from limestones into the coastal waters in the
Canadian Arctic. This correction has not been used by all workers and in papers
published before 2003 estimates for the reservoir correction has ranged from 300 years
(Blake, 1992) to the standard oceanic average of 400 years used by the Calib 5 program.
Yet another source of error occurs in how the age model is interpolated between dates.

(Andrews et al., 1999).
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While errors in dating make it difficult to correlate cores, changes in the
Laurentide and Innuitian signals can be compared in the same core regardless of absolute
age. Distances between peaks can be interpreted as separations in time, even though the
exact duration of time each separation represents is unknown. For instance, an IIS event
that occurs two centimeters downcore from an LIS event can be said to have occurred
before the LIS event, even though it is uncertain how much time elapsed between the two
events. In this paper, depth versus age plots are constructed using data from Calib 5.0 for
all ages younger than 15 radiocarbon ka and the Fairbanks model for all ages 15
radiocarbon ka or greater. Two separate age models were used due to the limitations of
the Calib 5.0 dataset. The Fairbanks model can be used for dates extending back to 50
kyr. The Fairbanks model is available online at

http://www.radiocarbon.ldeo.columbia.edu. The 440 year correction (Bauch et al., 2001)

will be used for both the Fairbanks model and Calib 5.0 in the interest of comparison
with other works. The number of radiocarbon dates per core undergoing additional

analysis is shown in Table 2:

Table 2. Number of radiocarbon dates for cores undergoing additional analysis.

1894 | 94BC28 | 1230

7 8 12
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CHAPTER III

RESULTS AND DISCUSSION

Innuitian Conditions

The extent of the IIS during OIS-2 and whether bergs calved only from ice
streams established in specific fiords were two questions considered in this study. Plots of
the change in weighted percentages of materials coming from the five different source
areas of Ellesmere Island (Figure 5) in PS1230 suggest that the IIS shed bergs mainly
from source area 4. The peaks of individual Ellesmere source areas seen in a core may be
due more to physiographic causes such as the size of calved icebergs and whether they
had a deep enough draft to contact warmer water at depths in excess of 300 m (North
Atlantic Intermediate Water) and thus affect melt rate.

There appears to be some IRD transport by glacial or sea ice for most individual
IIS source area (These are grouped into combined source areas when comparing the IS
to the LIS) during calving events. Massey Sound appears to have been the dominant ice
stream throughout the Wisconsinan. This is consistent with the findings of England et al.,
2006).

The production of ferromagnetic grains from the Siberian sources believed to be
unglaciated appears to have occurred throughout the Wisconsinan. Grains matched to
unglaciated Siberian sources are present in all cores. The majority of the grains come
from the Laptev Sea (Figures 22-25; Appendix A, Figure 3). The sea ice signal drops
below significance at 27-33 cm depth in PS1230, 3-6 cm depth in PS1231, above 10 cm

in 94BC28, and is hovering near significance for almost all of 1894. The weighted
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Figure 5. Fe grain peaks from all Innuitian grains sourced to Ellesmere Island. Note the
majority of Fe grains come from Massey Sound (S4).
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percent of Fe grains matched to unglaciated sources of sea ice production was plotted
alongside the weighted percent of Fe grains matched to an ice sheet source area for each
core (Appendix A). When the amount of Fe grains matched to glaciated areas was high,
the amount of Fe grains rafted solely by sea ice was less abundant. Conversely, when
many Fe grains could be matched to areas of sea ice entrainment, there were few Fe
grains matched to the areas covered by ice sheets. The two were never equally abundant
or abundant at the same time. This pattern could be showing that the sea ice signal was
being drowned by the amount of grains melting out of glacial bergs during deglaciation,
or it could be a problem with closure when only a few sources contribute to a sample.

Calving events from glaciated areas that do not occur near peaks in the coarse
fraction may be more appropriate for reflecting changes in sea ice transport, as coarse
grains are generally transported by glacial bergs as opposed to sea ice. An example of this
is the LIS peak in Figure 10 around 2 cm. As both glacial bergs and sea ice can come
from some of the same source areas, the signals cannot be readily separated by the
methods used in this study.

Analysis of the data shows five correlatable collapse events in the Fram Strait
cores (Figure 6). These generally correspond to the average times of Heinrich Events in
the North Atlantic, i.e., 12.2, 15.5, 23.3, and 31.6 cal. ka. The Fram Strait cores show
collapse events at 11, 15, 18,22.9, and 25.9 cal. ka. The Arctic events at 18 ka and 26 ka
do not seem to have a Heinrich equivalent. In these cores, it appears that the Arctic

collapse events either lag or correspond to Heinrich Events. Events 2, 3, and 5 are the
largest Arctic IRD events and each of these events is represented by a sharp rise in the

volume of Fe grains matched to both the IIS and the LIS. This sharp rise in volume is

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



23

used to suggest a rapid influx of glacial bergs from IIS and LIS sources (Darby et al.,
2002). A similar rise in Fe grain volume from LIS and IIS sources is seen in the Holocene
of cores 1894 and 1231. This Holocene rise likely represents a rapid influx of sea ice
IRD from source areas once covered by the IIS and LIS. The lack of IRD event 1 in

92BC17 (Figure 7) may be due to the grounding of ice on the Chukchi area diverting

bergs to the north around the core site.
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Figure 6. Correlation of collapse events in Fram Strait Cores. IRD Event 1 is not seen in
PS1230.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



24
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Figure 7. Correlation of collapse events in the Chukchi Spur and Lomonosov Ridge.

Deposition in the Chukchi Spur may have been influenced by grounded ice. All dates
below 45 ka are speculative.
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Figure 8. Correlation of collapse events in the Chukchi Shelf Edge, Fram Strait, and
Northwind Basin. Both the Chukchi Shelf and Northwind Basin show an IRD event
around 12ka not recorded in the Fram core. Ages older than 8ka in core P1/B3 are
speculative.

Is There a Lead-Lag Relationship between IIS and LIS?
More dates were taken on core PS1230 than any other core reanalyzed, giving it the best
age control. Four definite IIS peaks and five definite LIS peaks are seen in PS1230
(Figure 9; Figure 10). There is possibly another peak for each ice sheet, but these peaks

are below background and may be insignificant. The lead-lag relationship is less clear in
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the reanalysis of PS1230 than it appeared in Darby et al., 2002. Using the proximity of
one event to another it could be argued that the LIS is leading the IIS with a long lag time
or the IIS is leading the LIS with a short lag time. However, when the portion of the core
with the highest resolution and best age control is considered (at 18 ka), there is a clear
IIS lead of only a few hundred years or less to the LIS collapse event recorded in this
interval (Figure 6 in Darby et al., 2002).

There are two events in PS1230 that are only represented by one ice sheet and two
events below significance . The two events below significance are at 9 ka (IIS) and 7 ka
(LIS). Unpaired events occur throughout the reanalyzed cores. These “lone events”
[where an event from one ice sheet does not correspond to an event from the other ice
sheet] could be due to: a) a truly lone event, i.e. collapse of just one ice sheet and not the
other, b) poor preservation of the partner event, ¢) how the core was sampled, or d) less
melt-out of larger LIS bergs in Fram Strait (for lone IIS events). There is an LIS event at
30.5 ka with no corresponding IIS event because the core ends at this point.

Closure does not appear to be much of a problem in PS1230 as the IIS 3-point
weighted percents are not at a minimum when LIS 3-point weighted percents are at a
maximum, and vice versa. Since there is no problem with closure, the highs and lows in
Fe grain volume are real, and not an artifact of the smoothing process. Source area peaks
are often within a few centimeters of coarse fraction peaks, but do not typically occur at
the same time as a peak in the coarse fraction from all source areas. All events are
between 2 kyr and 1.5 kyr in duration.

Both PS1230 and PS1231 were taken in the vicinity of 78°51’N 04°46°W, and

should theoretically show similar trends in ice sheet collapse due to their close proximity
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Figure 9. Comparison of weighted percent of Fe grains matched to Innuitian and
Laurentide sources in core PS1230 from Fram Strait. Coarse fraction is also shown. Note
Fe grain peaks do not necessarily coincide with coarse-grained IRD events. Depth is cm

below sea floor.
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Figure 10. Fe grain weighted percents matched to the LIS and IIS in PS1230. The age
control is best for the period of rapid sedimentation near 18 ka. The two events near this
time have the closest spacing, around 250 years. See Table 3 for ages of peak centers.
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Table 3. Summary of matched Fe grain peaks in core PS1230. dbsf = depth below sea
floor. As a check of the age model, two methods were used to determine the date of peak
centers. The peak center determined graphically was found by using the age vs. weighted
% graph. Peak center calculated from age model is the date given by the age model for
the ¥ peak center in cm. The difference in Ka is the absolute value of the peak center
calculated from age model subtracted by the peak center determined graphically. This
value can be used as an accuracy check to see how well the age model predicts where a
peak will occur. In PS1230, the differences are small, which one would expect in a core
with good age control.

depth vs. weighted

% age vs. weighted%
Peak
center
3/4 peak peak calculated | Peak center
center, width in | from age determined | Difference | Duration

IS cm (dbsf) cm model graphically in Ka in Kyrs
16.75 2.75¢cm 15.71 15.5 0.21 2
24 2.25cm 18.81 18.25 0.56 1.5
30.75 2.25cm 23.04 23.2 0.16 1.75
38.25 3cm 27.73 275 0.23 2
LIS ‘
Peak
center

3/4 peak Peak calculated | Peak center
center, width in | from age determined | Difference | Duration

cm dbsf cm model graphically in Ka in Kyrs
15.5 2.5 14.48 14.5 0.02 2
20.5 29 18.04 18 .04 2
30.25 3.25 22.73 22.5 0.23 2
35.75 3 26.17 25.5 0.67 1.9

to one another. Random events, such as where an iceberg from a given source area
happened to melt, can produce more ﬁatches to that source area in one core than another.
As expected, PS1230 and PS1231 show the same general pattern but contain some
differences. The differences between the cores could result from the core depth and the
methods used for dating as well as from random events. PS1231 (Figure 11; Figure 12)

is shorter than PS1230 and the age model for PS1231 was constructed using radiocarbon
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dates from PS1230 due to their close proximity. The cores were correlated using peaks in
the coarse fraction (>250 pum) in order to transfer the age model.

Because PS1231 is fairly close to PS1230, it should help confirm the patterns seen
in PS1230. The IIS in PS1231 appears to be leading the pairs of peaks around 24 ka and 4
ka. There appears to be a very slight IIS lead of the pair of peaks at 13.5, but the lead is
so slight that these events can be considered to have occurred simultaneously. The LIS
leads the pair of peaks around 15.5 ka. There is an LIS peak at 8.1 ka and at 13.5 ka,
which could represent the final purging of the Laurentide Ice Sheet through M’Cure
Strait. Land evidence points to the final ice collapse closer to 10 ka (Stokes et al., 2005).
Thus the age model for this core, which is transferred from the nearby PS1230 core,
could be slightly off. The IIS peak at 11.25 ka is closest to this McClure Strait event in
time. All of these peaks and the dual IIS and LIS peak at 13.5 ka are missing in the
PS1230 core. The LIS leads the IIS only at the 15 ka event, but there is an opposite
juxtaposition of these two peaks in the PS1230 core at the same age (Figure 10). This
reverse in leads between the two cores could indicate that the sampling intervals have a
significant effect on the position of Fe grain peaks from these two sources. There is a
lone IIS event at 17.5 ka that probably corresponds to the dual IIS and LIS peaks at 18 ka
in PS1230. PS1231 peaks for the IIS and LIS are similar to PS1230 peaks at about 25 ka.

Because the IIS and LIS curves are not inverted from one another, closure does
not appear to be a problem between LIS and IIS peaks so it can be discounted. Fe grain
peaks do not necessarily correspond to peaks in the coarse fraction. Differences between
calculated peak centers and graphically determined peak centers on the age graph are

slight. All events are between 3 and 1.75 ka in duration. Peak centers, width, and
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Figure 11. Comparison of weighted percent of Fe grains matched to Innuitian and
Laurentide sources in core PS1231 from Fram Strait. Coarse fraction is also shown.
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Figure 12. Changes in Fe grain weighted percent plotted against radiocarbon calendar age
in the LIS and IIS, PS1231.
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approximate lag time between LIS and IIS peaks are summarized in Table 4.

Core PS1894 (Figure 13; Figure 14) was sampled at 2 cm intervals instead of 1
cm, which decreases the resolution. It is also taken from much deeper water than the
preceding two cores and might be influenced by different currents or have
mixing/ventilation issues that would affect the radiocarbon dates separate from the other
two Fram Strait cores.

As in core PS1230, the Fe grain peaks matched to the IIS and LIS do not
correspond to peaks in the percent > 63 microns (Figure 13). This is probably due to the
low melt out rates at these core sites, which are well north of the pack ice margin at this
time. Instead, the increasing number of bergs from the ice collapses led to the increases in
Fe grains matched to these ice sheets simply because small amounts of material melted
from this larger number of bergs along the entire drift path and not massive melting of the
berg once they reached open water. Sedimentation rates are fairly linear during all
calving events (Figure 15). There is clearly a IIS peak prior to the LIS peak around 18 ka.
with lag time of about 500 years (Figure 14). This is very similar to the situation in core
PS1230 where four radiocarbon dates between 18 and 18.3 ka bracketing these peaks
show an even shorter lag time of about 250 years (Figure 12; Darby et al., 2002).

The paired IIS and LIS event at 10.8 ka in PS1894 might be the M’Clure Strait
Ice Stream Surge of ~10 ka (Stokes et al., 2005). Closure does not appear to be a
problem because the minimum 3-pt average of one ice sheet does not occur at the same
depth or time as the maximum 3-pt average of the other ice sheet. Differences between
the graphically determined and calculated peak centers for the age vs. weighted percent

plots are negligible. Fe-grain peak events range from 500 years to 1.75 ka in duration
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Table 4. Summary of Fe grain peaks matched to LIS and IIS source areas in core PS1231.

Depth vs. wt %

Age vs. wtd %

Peak
center
3/4 peak peak | calculated
centercm | widthin | fromage | Peak center determined | Difference | Duration
IS dbsf cm model graphically in Ka in kyrs
5.25 275 4.96 5 0.04 1.75
11.56 2 11.42 11.25 0.17 3
13.25 1.5 13.42 13.5 06 1.5
18.25 3 15.69 15.25 0.44 1.5
225 3 17.62 17.5 0.08 1.5
30.5 1.756 24.48 24.5 0.02 3.5
Depth v. wt % Age v. wid %
Peak
center
peak calculated
3/4pkctr | widthin | fromage | Peak center determined | Difference | Duration
LIS c¢m dbsf cm model graphically in Ka in kyrs
2.5 2.75 3.48 3.25 0.26 1ka
9.5 2 8.09 8 0.09 2ka
13.25 1.756 13.42 13.25 0.17 0.5ka
18.25 2 15.41 15.75 0.34 0.25 ka
29.5 3 23.31 23.25 0.06 3 ka
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Figure 13. Comparison of weighted percent of Fe grains matched to Innuitian and
Laurentide sources in core 1894 from Fram Strait. Coarse fraction is also shown.
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Figure 14. Changes in Fe grain weighted percent plotted against radiocarbon calendar
years in the LIS and IIS, 1894. Note the close correlation of the large peak around 18 ka
with the peak at 18 ka in core PS1230.
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Table 5. Summary of Fe grain Fe grain peaks matched to LIS and IIS source areas in core

PS1894.
depth v. wt % age v. wtd %
peak Peak
3/4 peak | width Peak center center
center in calculated from | determined Duration
IS cmdbsf | cm age model graphicaily Difference in Ka in kyrs
21.25 4 10.86 10.8 0.06 1.75
38 2 17.56 17.2 0.36 1
42 3 19.16 18.75 0.41 1
depth v. wt % age v. wid %
peak Peak
3/4 peak | width Peak center center
center in calculated from | determined Duration
LIS cmdbsf | ¢cm age model graphically Difference in Ka in kyrs
21.25 2.5 10.86 10.8 0.06 1.5
32 3 15.16 15.5 0.34 5
41.25 4 18.86 18.2 0.66 1
(Table 5).

The IIS signal is higher than the LIS, showing greater values in the weighted % of

grains, until around 18 ka when there is a large surge in the amount of grains matched to

the LIS. This pattern suggests more IIS bergs than LIS bergs melted out over this area

after 18 ka. Small IIS bergs may have been more influenced by the BG and TPD while

larger LIS bergs may have been steered by deeper currents. Also, the IIS is represented

by several different source areas, increasing the chance a berg from one of them melted

out. The LIS is represented only by Banks Island. Source area peaks do not necessarily

correspond to peaks in the amount of coarse material in the sample, but are typically
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within a few centimeters of each other. Differences between the graphically determined
and calculated peak centers for the age v. weighted percent plots are miniscule (Table 5).
The high rate of sedimentation in deglacial periods is apparent in Figure 15. All
events are less than 2 ka in duration for both ice sheets, and are therefore due to the
activities of ice streams or rapid glacial collapse. The simultaneous IIS and LIS events
have comparable durations, which suggests both are responding simultaneously to a long-

term change.

Depth With Age 1894

kyr BP cal

0.0
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200
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Figure 15. Depth vs. age plot for 1894. This core has a fairly linear sedimentation rate
until around 19.5 kyr BP, and very rapid sedimentation below this depth perhaps
corresponding to deglaciation.
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Six IIS peaks and four LIS peaks can be seen in 94BC28 ( Figure 16; Figure 17;
Table 6). All but the simultaneous event around 45 ka have a long spacing. There is a
change in sedimentation rate around 15 ka (Figure 18) thus the LIS peak around 13 ka

may be an event separate from the IIS peak around 22 ka.

Comparison Of Fe Grain Peaks in Cores Across the Arctic

The presence of lone events in cores that underwent additional analysis may be
due to poor preservation of companion events. In order to see if this is true, the
reanalyzed cores are compared with other cores from different areas of the Arctic (Table
1). These additional cores were not considered for analysis because their geographic
location wasn’t ideal for capturing all IRD events, and dating was not as good compared
to the cores that were further analyzed. They are presented here to see if the apparent
lone events are coupled in other areas along berg drift tracks.

The graphs of other Arctic cores (Appendix B) show that the preservation of IRD
events varies with geographic area. All cores with the exception of B15 and P6 show
close-spaced calving events and far-spaced events possibly due to circulation changes or
ice rafting. B15 shows only long-term events. All cores except P6 have been dated and
are plotted as 3-point average weighted percent vs. age. P6 has not been radiocarbon
dated, but the boundaries for MIS-2 have been established using lithic- and bio-
stratigraphy (Polyak et al., 2003) and all peaks shown in this core are from MIS-2. Table
7 summarizes the IIS peaks in these cores, and Table 8 summarizes the LIS Peaks.

The relationship between the Laurentide and Innuitian is not clear-cut in the cores

that haven’t undergone additional analysis. Not all calving events are seen in each core,
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Figure 16. Comparison of weighted percent of Fe grains matched to Innuitian and
Laurentide sources in core 94BC28 from Fram Strait. Coarse fraction is also shown.
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Changes in Innuitian and Laurentide Over Time,
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Figure 17. Changes in Fe grains from IIS and LIS plotted against radiocarbon calendar
years, 94BC28. Ages below 50 Kcal are extrapolated beyond the age limit for
radiocarbon dating and are highly speculative.
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94BC28 Depth with Age
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Figure 18. Age model for 94BC28.

and some calving events have multiple peaks in high-resolution cores, like Core P1/B3
below 12 ka (Figure 19).

In 94BC20 the paired Fe grain peak (LIS and IIS) that occurs between 26 and 28
ka is the only pair whose spacing suggests both ice sheets were reacting to the same
trigger (Figure 20). The corresponding LIS event at this time is below significance. Thus
preservation of coupled events is poor in the Wrangel Basin, with typically only one of
the two ice sheet collapse events being preserved. Evidence for a 10 ka event is weak.
Core 94BCO08 (Figure 19; Figure 26, Appendix B) is the only core to show IRD event 6.
The IIS leads paired events around 5, 7, 29, and 35.5 ka. A pair of IIS and LIS peaks
below significance around 9Kka is also led by an IIS peak. An event around 12 ka shows a

large LIS peak but the accompanying IIS peak is below significance. The prominent LIS
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Table 6. Summary of peaks in 94BC28 from the Lomonosov Ridge. Peaks at 33.25 cm
and 38 cm dbsf occur below age model limits (BML) for Fairbanks
shown in Figure 17.

. Speculative dates are

depth v. wt % age v. wtd %
Peak
center Peak
3/4 peak | peak calculated | center
center cm | width in | from age determined | Difference | Duration
IS dbsf cm model graphically | in Ka in kyr
751125 8.57 8.25 03215
17561225 20.11 22 1.89 | 85
21. |2 28.86 28.75 0.1114.75
25[15 38.86 39.25 039 4
277515 45.74 45 074 | 5
381|375 BML BML
depth v. wt % age v. wid %
Peak
center Peak
3/4 peak | peak calculated | center
center cm | width in | from age determined | Difference | Duration
LIS dbsf cm model graphically | in Ka in kyr
225 |15 4.196 4.75 055115
1335 13.15 12.75 0412
26.5 | 1 42.61 45 239 |5
33.25 | 4 BML BML
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Table 7. Summary of IIS peaks in the additional cores. Significance is a weighted

percent of 8 or greater. Durations in kyr are based on interpolated ages and do not reflect

the rapid changes in sedimentation rates associated with deglaciation.

Core Number Peak center Is peak Duration Lone event?
(ages or depth) | significant? (ages or depth)

94BC20 8.75ka Yes 1ka Yes
13.75 ka Yes 1.75 ka Maybe

27.25ka Yes 2.25 ka No

94BC08 5.5 ka Yes 0.9 ka No

7.1ka Yes 0.9 ka No

9.5 ka No 0.9 ka No

11.3 ka No 0.5 ka No

29.5 ka Yes 8 ka No

35.75 ka Yes 1.5 ka No

B15 5.5 ka Yes 3.25 ka No

11.75 ka Yes 2.25ka No

15.25 ka Yes 2 ka Yes

21.25 ka Yes 4.5ka Yes

25.75 ka Yes 2.5ka No

P6 10.2 cm Yes 4cm No

19 cm Yes 6 cm No

30.5cm Yes 5cm No

38cm Yes 3.5¢cm No

P1/B3 9.5 ka Yes 1.2 ka No

11.75 ka Yes 1 ka Yes

13.25 ka Yes 0.8 ka No

14.6 ka Yes 0.6 ka No

15.2 ka Yes 0.8 ka Yes
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Table 8. Summary of LIS peaks in the additional cores. Significance is a weighted
percent of 8 or greater.

Core Number Peak center Is peak Duration Lone event?
significant?
94BC20 3.25ka Yes 4.25 ka Yes
11 ka Yes 1.9 ka Maybe
26.75 ka No 2.5ka No
94BC08 5 ka Yes 1.5ka No
7 ka Yes 1ka No
8.25ka No 1.5 ka No
12 ka Yes 2 ka No
28.6 ka Yes 11.25ka No
35.5 ka Yes 1.5 ka No
B15 4.75 ka Yes 2 ka No
12 ka Yes 5ka No
25ka Yes 2.5 ka No
P6 15cm Yes 5cm No
26.5cm Yes 3cm No
31.5¢cm Yes 5¢cm No
42 cm Yes 8cm No
P1/B3 9.75 ka Yes 0.6 ka No
10.7 ka Yes 1 ka Yes
12.8 ka Yes 0.5ka Yes
13.8 ka Yes 0.8 ka No
14.8 ka Yes 0.6 ka No
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Figure 19. Correlation of calving events in additional cores.
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Figure 20. Changes in Fe grains from IIS and LIS plotted against radiocarbon calendar
years, 94BC20.
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peak around 12 ka is leading the insignificant IIS peak at this time.

Possible explanations for this reversal in peaks are that the LIS was leading the
IIS (possibly by streaming through the M’Clure Ice Stream), or the IIS responded first
but evidence of that early response was not preserved. This pair is not preserved at all in
PS1230, only an LIS event is seen around this time in cores 94BC28, 94BC17 and
94BC20. The lack of preservation of IRD 1 at 10 ka may indicate it was smaller than
previous events, which are better preserved in the Fram Strait cores. Simultaneous IIS
and LIS events occur around 10.8 ka in 1894, and only an IIS event is seen in 1231 at 12
ka, though an IIS and LIS event occurs simultaneously at 13.5 ka. Comparison with other
cores suggests that this was a simultaneous event whose IIS component was much
smaller than the LIS, thus leading to poor preservation in some of the cores. Bergs may
have been diverted around the 94BCO08 core site (Figure 3), giving an apparent LIS lead.
This diversion could have been caused by any number of situations ranging from
grounded ice on the Chukchi borderland, changes in paleocurrents due to the Arctic
Oscillation or local effects.

In B15 from the Northwind Basin, the IIS leads the LIS events around 15, 18, and
25 ka, but the peaks are not very large except for the LIS peak at 25 ka (Figure 19). The
Laurentide leads the IIS event around 12 ka. The two lone IIS events seen in B15 at 15.52
and 19.75 ka would suggest that this area has problems with preserving both events in a
couplet.

Po6 (Figure 29, Appendix B) has much less resolution in MIS-2 than the other
cores which haven’t been reanalyzed, and it has not been radiocarbon dated. However, it

shows four clear peaks for the IIS and three strong peaks and one insignificant peak from
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the LIS. The LIS is always leading in P6. P6 is close to B15, which shows similar LIS
leads that are not seen in cores from different geographic areas.

In P1/B3 (Figure 21; Figure 27 Appendix B) the LIS appears to lead the IIS
events between 9 and 10 ka ago and 14 and 15 ka ago. Between 12 and 14 ka ago, there is
an IIS peak sandwiched between two LIS peaks. The IIS is either leading the uppermost
LIS peak, or lagging the lowermost LIS peak. This core has very high resolution, and
some of the confusion may have been due to how the peaks were picked (smaller peaks
consisting of a single data point were assumed to be part of larger peaks consisting of
multiple peaks). There is evidence for a 10 ka LIS event. This LIS event is followed by
an IIS event, a pattern not seen in the Fram Strait cores. IRD Event 1 is represented by
several Fe oxide grain peaks in this core (Figure 16). The sequence and number of Fe
grain peaks from both the IIS and the LIS at this and other Chukchi Borderland sites is
probably strongly influenced by the effect of large ice masses grounding here. These ice
masses most likely originated from the LIS (Polyak et al., 2007) and would have carried
Fe grains from LIS source areas. In addition to diverting floes, these grounded ice masses
would have deposited LIS Fe grains in multiple peaks due to seasonal or occasional melt

events at this site or to reworking of previously deposited sediment by the grounded ice.

Causes of Leads and Lags: Ramifications for Collapse Events
Six Arctic IRD events can be surmised from the cores used for this study (Table
10). Not all cores show each event. Some events are only represented by a Fe grain peak
from one ice sheet, and others occur simultaneously (Table 11). Some events—such as

IRD 2 in P1/B3 (Figure 21)—contain many peaks and do not give a clear signal as to
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Figure 21. Correlation of IRD events across three different geographic regions. Note IRD

Events 1 and 2 are best represented in the Chukchi Borderlands. The ages older than 8 ka
in P1/B3 are speculative as are the correlations to peaks in this interval.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



51

Table 9. Summary of IRD events 1 through 6. Only paired events where both IIS and LIS
were significant were used to count the number of Events and IIS leads. Average duration
and thickness was obtained from cores that underwent additional analysis with the

exception of Event 6, which is only present in 94BC08.

IRD | Average | Number of cores | Number of | Number Average Average duration
Event Event used to obtain cores of cores duration in in kyr, (thickness
Age age containing | showing | kyr, (thickness in cm) LIS
this event IIS Lead in cm) I1IS
(out of 9)
1 11.5ka 3 3 1 3,2 1.75, 2.5)
2 15ka 3 6 3 1.75, (2.1) 1.13, (2.25)
3 18 ka 3 3 3 2,(4.13) 1.5, (3.45)
4 23-24 2 2 1 2.63,(2) 1.13, (3.13)
ka
5 | 26-29 3 4 4 2,0) 19, (3)
ka
6 ~36 ka 1 1 1 1.5 1.5
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Table 10. Spacing between Laurentide and Innuitian events in individual cores. Only
significant peaks with spacing of 1 cm or less are listed. Simultaneous spacing refers to
events whose spacing is so close they appear to occur simultaneously on the depth v.
weighted percent graphs.

Core Spacing between Average LIS event | Average depth of LIS event
events (cm) age (kyr) (cm)
PS1230 25 225 30.5
PS1231 Simultaneous 14 13.5
PS1231 1 16 18.5
PS1231 1 235 29.5
1894 Simultaneous 11 21
P6 25 Core not dated 40.5
B15 5 4.75 3
B15 5 12 12
B15 75 25 32
94BCO08 Simultaneous 5 9.5
94BC08 Simultaneous 7 26
94BCO08 Simultaneous 38.5 31.5
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which ice sheet is leading and which is lagging. The timing of peaks was not the same
across cores, which could be due to difficulties in correlating dates across different parts
of the Arctic. On average, IIS events had broader peaks than LIS events perhaps because
more source areas contribute to the IIS signal, leading to better preservation of IIS events.

The best-dated pair is centered around 18 ka in core PS1230. These two events
were separated by 0.25 cm in the weighted percent v. depth plot, which is a separation of
roughly 250 years. (The core was sampled at a 1 cm interval, the distance between event
peaks was determined graphically.) This event correlates to IRD event 3. The
simultaneous events in PS1231 and 1894 are IRD Event 1. The simultaneous event
around 31.5 cm in 94BCO08 is IRD event 6. The closely spaced events in B15 around 12
and 32 cm may be IRD Event 1, and either IRD Event 4 or IRD Event 5 respectively
depending on the age model accuracy.

There is still uncertainty as to whether glacial collapse is caused by internal
glacial mechanisms or changes in climate and/or ocean circulation. There is some
evidence that smaller ice sheets are either able to trigger the collapse of larger ice sheets,
or respond first to the external forcing mechanism that triggers collapse (Fronval et al.,
1995; Scourse et al., 2000; and Grousset et al., 2000; Marshall and Kourtnik, 2006).
Smaller ice sheets may be more sensitive to climatic forcing, causing their margins to
become more unstable than those of larger ice sheets with slower response times. If the
small ice sheet is already in an unstable state, slight changes in thermal regime or the
position of the grounding line can cause rapid collapse. The collapse of the small ice
sheet may cause destabilization of the margins of the larger ice sheet, thus triggering

rapid streaming in larger ice sheets. These larger ice sheets are slower to respond than
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smaller ones, and they are perhaps destabilized by the freshwater inputs of melting bergs
from the smaller ice sheets. Peck et al. (2007a) suggested that a freshening of the North
Atlantic surface waters, and the resulting reduction in the strength of the Atlantic
Meridional Overturning Circulation (AMOC) (caused by melting European ice sheets)
would lead to increased ice shelf growth at the margins of the LIS. These shelves would
then ablate due to reductions in meridional overturning, triggering ice sheet collapse.
Fliickinger et al. (2006) speculated that a collapse of the meridional overturning current
would cause sea level rises (due to sea water expansion) and subsurface warming in the
North Atlantic (through downward diffusion of heat). The initial sea level rise would
destabilize the sensitive margins of marine ice sheets, causing collapse and a greater input
of fresh water, increasing the subsurface warming. This feedback loop would act to
trigger a surge from the larger LIS. The system would reset when the feedback loop
breaks down and a new equilibrium is reached.

Work on European precursors to Heinrich events using ODP cores 644, 609 and
V23-81 (Fronval et al. 1995) shows that decreases in temperature over Greenland
correlates to increases in European IRD events, suggesting that small ice sheets are early
responders to climactic changes that bring about deglaciation. The sensitivity of ice
shelves to ocean warming was tested by Walker et al. (2007) using a simplified model of
an idealized Filchner Ice Shelf (Antarctica). The model was run until the ice shelf
reached an equilibrium state. Warmer oceans produced more rapid changes in
equilibrium mass balance. Experiments with velocity also found that while the control
experiment reached equilibrium in 490 years, a fast-flowing ice shelf could reach

equilibrium within 200 years. Recent observations of the Greenland and Antarctic ice
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sheets indicate that ice sheets can respond very quickly to external forcing due to regional
changes in oceanic or atmospheric warming. These rapid changes were not predicted by
models, and there is still uncertainty surrounding their cause (Bamber et al., 2007).

One would expect many large-scale LIS events to have smaller ice sheet
precursors, like those seen in the IIS for Arctic events and the British Ice Sheet and
Fennoscandinavian Ice Sheet for Heinrich events. The data from the Arctic would seem
to bolster the claim that Heinrich precursor events can be seen in smaller ice sheets. In
the cores used in this study, the smaller IIS appears to almost always lead paired events.
The IIS lead suggests that the ice calved during IIS events may have been sufficient to
destabilize the marine component of the Arctic IIS. Unfortunately current models are
unable to accurately predict how the grounding line of a marine ice sheet would respond
to changes in sea level (Vieli and Payne, 2005).

The prevalence of IIS leads in cores PS1230, PS1231, 1894, 94BC08, and B15
shows that small ice sheets either respond first to climatic forcing or that changes (such
as binge/purge cycles, loss of a buttressing ice shelf, streaming, and changes in basal
conditions) in small ice sheets can be transmitted to larger ice sheets by changes in sea
level, perturbation of ocean circulation, or through the direct interaction of a large ice
sheet and a smaller buttressing ice sheet. The lag times of closely spaced events
(between 0.25 and 1 ka apart) suggests the response was fairly rapid. In order to respond
so quickly, the larger LIS had to be at a tipping point where a slight change could result
in increased calving.

The timing of closely spaced events would also suggest that the LIS sometimes

lagged the IIS at times much shorter than the span of a Bond cycle. Combinations of
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climate and ice sheet dynamics have also been proposed as a cause of H events by Peck
et al. (2006), with the internal dynamics of an unstable British Ice Sheet causing collapses
that release large meltwater pulses which weaken AMOC. A coupled climate model
(Wang and Mysak, 2006) confirms the importance of sea ice and salinity in AMOC mode
changes. Arctic ice sheets were not specifically addressed by these authors, but may have
similar impacts on ocean mixing. Peck et al. (2007a) also proposed that instabilities in the
Northern European Ice Sheets may have triggered the reductions of the North Atlantic
thermohaline circulation seen prior to Hland H2.

The i1dea of small ice sheet precursors is still controversial. Precursor evidence
was contested by Peck et al. (2007b) whose work on MD01-2461 found a 2-kyr
periodicity to European Ice Sheet IRD. This periodicity suggested that millennial scale
fluctuations in smaller ice sheets was common, and that since the Northwestern European
Ice Sheets were at a juvenile stage during H4 and HS, small ice sheet instabilities could
not have been the trigger for Laurentide destabilization. At the time of this printing, this
controversy has not been resolved.

While a case can be made for the IIS being an early responder to climatic forcing,
it must be remembered that the IIS and LIS coalesced during the LGM. This coalescence
would make it easier for changes in the internal dynamics of the IIS to be transmitted to
the LIS. Buttressing ice shelves appear to play an important role in glacial stability (De
Angelis and Skvarca, 2003; Dupont and Alley, 2005; Hulbe et al., 2005; Stokes, personal
communication 2006). As the IIS collapsed, the LIS would behave as if it had lost an ice
shelf. The loss of the buttress would cause the LIS to surge in areas that allowed for

streaming, resulting in an LIS signal appearing at the same time or shortly behind an IIS
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signal. This appears to be the case for the events listed in Table 10, in particular those
that occurred simultaneously. However, the loss of a buttress along an outlet channel
such as M’Clure Strait or Viscount Melville Sound has never been modeled and has no
modern analog. Thus, the possibility that LIS calving events were caused by the loss of a
buttressing IIS is somewhat speculative.

LIS leads appear to be an anomaly. Two of the three LIS leads seen in pairs with a
spacing of 2 ka or less occurred in P1/B3 and B15, both cores from near the Northwind
Ridge. The other LIS lead is seen in PS1231 at 15 ka, and may be due to sampling error
as no other Fram Strait core shows an LIS lead at this time. Of the four LIS lone events,
half are from P1/B3, and half are from 94BC20 (Wrangel Basin, near the Central Arctic),
suggesting that the lack of IIS events may be due to geography. It would seem that the
LIS was susceptible to collapse after each IIS calving event, or that both the IIS and LIS

were susceptible to collapse at the same time.
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CHAPTER IV

SUMMARY AND CONCLUSIONS

Peaks in Fe grain abundances from cores in the Arctic can be used to determine
periods of increased calving from the LIS and IIS. Reanalysis of cores PS1230, PS1231,
and 1894 from Fram Strait and 94BC28 from Lomonosov Ridge show that there have
been six Arctic collapse events at 10, 15, 18, 22.9, 26, and 48 ka. Of the collapse events
with both a preserved IIS and LIS component in each core, the IIS lead occurs in four of
four in PS1230, two of four in PS1231, two of three in 1894, and one of two in 94BC17.
The LIS and IIS Fe grain peaks occurred simultaneously once in PS1231, once in 1894,
and once in 94BC17. The evidence for an IIS lead is bolstered by data from additional
cores showing that in the majority of calving events, the IIS either leads the LIS or the
timing of the events is so close they are considered simultaneous.

It was recently suggested that the IIS grew late in the Wisconsinan after the
lowering of the eustatic sea level had reached a maximum and the LIS had split the mid-
latitude jet stream, bringing necessary moisture to the IIS area (England et al., 2006).
This argument is bolstered by a lack of deglacial landforms in the northwestern QEI older
than 11 ka BP. However, the large peaks in ferromagnetic IRD grains that can be traced
to the IIS area prior to 10 cal ka suggest that the IIS has existed prior to this last
glaciation in OIS 2. In fact, large peaks of Fe grains from this ice sheet are seen as far
back as 48 ka and there are five collapses of the IIS since 48 ka time.

The volume of ice needed to produce these peaks could not have come solely

from sea ice. IIS peaks tend to have comparable percentages to LIS peaks. The flux of
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icebergs passing through Fram Strait needed to produce the IRD events seen in PS1230 is
estimated to be 300-1000 km>a™ (Darby et al., 2002). The contribution of the M’Clure
Strait Ice Stream is estimated at a minimum of 400 km’a™! (Stokes et al., 2005). All core
sites are far north of the modern maximum southern limit of icebergs (Andrews, 2000)
and are north of the LGM limit for quasi-permanent sea ice (de Vernal et al., 2005) in
particular 94BC28, which is near the center of the Arctic Ocean. In addition, even the
Fram Strait core sites were well north of the limits of perennial ice during glacial
intervals. Thus near complete melting of only a few bergs or all sea ice can be eliminated
as a cause for these Fe grain peaks from either the IIS or LIS

The findings of this study are summarized as follows:

1. Nineteen events with a significant IIS and LIS component were identified. Of
these fourteen within 2 ka of each other were identified and twelve events had a
spacing of 1 cm or less between IIS and LIS components. In IRD events 1-6, the
IIS lead 68% of the time, with 26% of events in all cores occurring
simultaneously. In cores showing events with a spacing of less than 1 cm, 33% of
the events showed an IIS lead, and 41.7% showed the events occurring
simultaneously (Table 10). IIS components of Arctic IRD events had durations of
1.5-3 kyr, while the LIS components had durations of 1.1-2 kyr. Differences in
lead-time in the Fram cores may be due to inconsistencies in dating models
(Especially in PS1231, where dates from PS1230 were used to construct the age
model), slight changes in drift tracks, sedimentation, or reworking on the sea

floor. Differences in lead-time across different geographical regions are expected.
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The best age control on an IIS lead is from IRD Event 3 in PS1230. The lead-time
for IRD Event 3 in PS1230 is around 250 years. PS1230, PS1231, 1894, P6, B15,
and 94BC08 all have IIS and LIS events within one centimeter or less of each
other on the depth v. weighted percent plots. These changes in depth represent

changes in time ranging from approximately 250 to 1000 years.

2. Arctic IRD Events 1, 2, and 4 as preserved by Fe grain peaks correlate to Heinrich
Events 0, 1, and 2 respectively. H-0 occurred after IRD-1, H-1 occurred before
IRD-2, and H-2 occurs at the end the range for IRD-4. H-3 occurs around 1-2 ka
before the earliest possible date for IRD 5, and H-4 occurs around 2 ka before
IRD 6 (Peck et al., In Press). Discrepancies in correlating dates for H and Artic
IRD events may be the result of the inaccuracies inherent in dating Arctic

sediments.

3. Events with a short duration (up to 2.5 ka, such as all events seen in PS1230) may
have been caused by ice streams; events with a long duration (over 2.5 ka, such as
events occurring after 20 ka in 94BC28) may have been caused by other factors
such as ocean circulation or shifting climate patterns. These long separations may
also be due to changes in sedimentation rates. It is difficult to determine which is

the case without better dating or cores with higher sedimentation rates.

4. Some cores that have not undergone additional analysis (94BCO08, B15, P6,

P1/B3) show the LIS leading an IIS event around 10 ka, which has been found to
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be a time of increased Laurentide ice stream activity (Stokes et al., 2005). The
LIS may have responded first to the cause of this event. This rapid purge may
have acted to destabilize the IIS margins. PS1230 does not show this event.
PS1231 shows an IIS event around 11.25 ka with no corresponding LIS event
until 8 ka, and 1894 shows IIS and LIS events occurring simultaneously at 10.8
ka. This discrepancy between the Fram and Chukchi Borderland cores in the
western Arctic may be due to local conditions. Cores showing LIS leads tend to
be near the Northwind Ridge, where grounded ice may have delayed the melting

of bergs, producing an atypical stratigraphy.

5. Cores from Fram Strait show the peaks with the largest number of Fe grains
corresponding to IRD Events 1-5. Cores from Fram Strait are more useful for
determining long-term patterns in the behavior of the IIS and LIS, even though
they are far from the calving front. Since not all peaks corresponding to events are
present, even in cores from the same region, it is important to compare cores from

different areas when trying to determine the relationship between the IIS and LIS.

6. While the chronologic control in the Arctic cores lacks the high resolution for
detailed dating of IRD events the depth vs. weight percent plots can be used for
determining leads and lags. For example, if an LIS event occurs at 15.5 cm and an
IIS event occurs at 16.75 cm, we can say that the IIS event is older than the LIS
event. If the sedimentation rates for the area in which the core was taken and the

depth at which events occur are known, a rough estimate of lead-time can be
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7. Of the nine lone events observed, only two (both IIS) occurred at the same time,

These were in cores B15 and P1/B3, both of which were located near the
Northwind Ridge. Lone events may be caused by random melting over the core
site. This makes it necessary to compare the position of Fe grain peaks in any

given core with the position of Fe grain peaks in other cores across the Arctic.
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APPENDIX A. COMPARISON OF GLACIAL AND SEA ICE CONTRIBUTION

Glacial and Sea Ice Contributions, PS1230
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Figure 22. Contribution of glacial and sea ice to Fe grain abundances in PS1230. Note
glacial and sea ice signals tend to mirror one another, suggesting a problem with closure.
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Glacial and Sea Ice Contribuiton; 94bc28
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Figure 23. Contribution of glacial and sea ice to Fe grain abundances in 94BC28. Note
glacial and sea ice signals tend to mirror one another, suggesting a problem with closure.
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Glacial and Sea Ice Contributions; 1894
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Figure 24. Contribution of glacial and sea ice to Fe grain abundances in 1894. Note
glacial and sea ice signals tend to mirror one another, suggesting a problem with closure.
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Glacial and Sea Ice Contribution; 1231
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Figure 25. Contribution of glacial and sea ice to Fe grain abundances in PS1231. Note
glacial and sea ice signals tend to mirror one another, suggesting a problem with closure.
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APPENDIX B. SUPPLIMENTARY CORES
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Figure 26. Fe grain weighted percents matched to the LIS and IIS in 94BC08. There is a
possible TIS event around 11 ka, but this peak is below significance. The LIS event is
either a lone event, or leads an insignificant IIS peak.
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Figure 27. Fe grain weighted percents matched to the LIS and IIS in P1/B3. This core
shows a mix of close and far-spaced events, making it difficult to determine if the LIS or
IIS is leading.
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Figure 28. Fe grain weighted percents matched to the LIS and IIS in B15. Half of all
events are lone IIS events.
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Figure 29. Fe grain weighted percents matched to the LIS and IIS in P6. During the
Wisconsinan, the Laurentide weighted percents are consistently smaller than the Innuitian
to a depth of 40 cm, below which point the LIS becomes dominant.
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