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ABSTRACT

Examination of past Greenland Ice Sheet (GrIS) responses to changing environmental
forcings improves projections of ice loss in a warmer future. Model projections require ice
retreat chronologies that can be placed into the context of local, regional, and global forcings of
ice mass balance. Here, I discuss results detailing three periods of southwestern GrIS retreat,
with each dataset focused on ice margins that are exposed to a unique set of retreat forcings.

During the early last deglaciation (20-15 ka), the southwestern GrIS was located on the
continental shelf where the ice margin would have been highly susceptible to changes in oceanic
retreat drivers, including warming temperatures and rising sea levels. Using a record of grain size
and sedimentation rate changes in a sediment core near the southwestern Greenland shelf, I
develop a chronology of ice retreat. During the last glacial maximum (26-19 ka), high
sedimentation rates (50-110 cm ka™) and low sand weight percentages (<11%) suggest a shelf
break position before ~20.5 ka and until ~18.1 ka. Highest sedimentation rates occur between
~19.3 and 18.6 ka, contemporaneous with early deglacial sea level rise and increasing boreal
summer insolation, suggesting that ice margin fluctuations resulted from these forcings. A
subsequent reduction in sedimentation rates (20-40 cm ka™), an increase in sand weight
percentages (20-25%), and a reduction in foraminiferal §'*0O values to ~3 per mil suggests that
the ice margin retracted to and maintained a middle or inner shelf position between ~16.7 and
11.5 ka, despite continued sea-level rise. Terrestrial records, in particular those discussed in
Chapter 111, indicate that the ice margin pulled back from the modern coastline at ~11 ka, when
near-surface Labrador Sea temperatures transitioned from glacial to interglacial values. This last

glacial maximum-to-Holocene retreat chronology provides constraints on GrlS behavior during



the early deglaciation, for which records are lacking. Most importantly, it suggests an early
response to sea level changes and/or initial rise in boreal summer insolation, followed by slow
retreat or stability until influenced by warming waters during the late deglaciation.

A second set of data examines four southwestern GrIS ice margins during the late last
deglaciation (15-11 ka) I use '’Be exposure dating of boulders to develop thinning and retreat
chronologies of marine- versus land-terminating ice margins. I find that rapid thinning and
retreat occurred 12-10.5 ka at the termini of three marine-terminating outlet glaciers, coincident
with deglacial warming in the adjacent eastern Labrador Sea. Minimum and maximum thinning
rates for these sites were 0.2 m yr'' and infinite, respectively, and retreat rates were between 30
m yr”' and infinite. A fourth record from a land-dominated ice margin indicates earlier high-
elevation exposure onset at 17.8 + 1.1 ka, thinning at a relatively slow rate of 0.1 to 0.3 m yr™'
until low-elevation exposure at 14.8 + 0.6 ka. This region experienced prolonged retreat at a rate
of 20 m yr”', much slower than that of the marine-dominated fjord systems. These data suggest
that where ice was exposed to a strong marine influence, ocean warming drove rapid ice
withdrawal from the coast.

The most recent ice margin retreat examined here occurred during the late Holocene. I
present '°Be surface exposure dates on boulders close to the modern margin of the land-
terminating Kiagtlt sermiat outlet glacier in southernmost Greenland. Results indicate that
Kiagtlit sermiat reached its late Holocene maximum at 1.51 + 0.11 ka, whereas many glaciers in
the high northern latitudes reached this maximum later, during the Little Ice Age of the last ~0.5
ka. Boulder ages just outside the Little Ice Age moraine also demonstrate that Kiagt(it sermiat

did not exceed its Little Ice Age extent after 1.34 + 0.15 ka. These data support the hypothesis



iii
that late Holocene southern Greenland experienced temperature trends different from the global

average, and demonstrates the importance of observing localized changes in ice mass balance.
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CHAPTER 1:
INTRODUCTION

1.1. Motivation

Interest in past Greenland Ice Sheet (GrIS) behavior is motivated by the general question:
how will ice sheets respond to future climate changes, and to the feedbacks associated with
them? This response will integrate retreat forcings including atmospheric and oceanic warming,
increases in surface radiative forcing, and rising sea level (Rignot and Thomas, 2002).
Instrumental records spanning the last several decades enable an understanding of short-term
cryosphere responses to short-term changes in forcings. However, not only does the relatively
long response time of ice sheets (Alley et al., 2010; Joughin et al., 2014) limit extrapolations of
these changes into the far future, but the retreat drivers themselves can take many hundreds to
~10,000 years to adjust to new boundary conditions (Church et al., 2013). Therefore, if we are
concerned over ice sheet conditions in a thousand, or several thousand, years, chronicling past
ice sheet variations is essential. In this dissertation, I focus on post-Last Glacial Maximum to late

Holocene (LGM, 26-19 ka, Figure 1-1, Clark et al., 2009)) retreat of the southwestern GrIS.

1.2. Background

At the modern GrIS margin, outlet glaciers exit the inland ice through valleys that in
some cases direct ice into the ocean, creating marine-terminating ice, and in other cases maintain
land-terminating ice margins. This difference in termini conditions causes a spatial variation in
the retreat (or advance) forcings on the GrIS margin (Funder et al., 2011; Straneo et al., 2013). A
land-terminating ice body experiences mass loss primarily via surface melting, with some loss

attributed to basal melt. A marine-terminating ice body, however, experiences this melt in



addition to ice loss driven by the ocean (e.g., Sole et al., 2008; Joughin et al., 2012). Calving at
the ice margin into the sea generally removes ice much faster than does surface melt (Rignot et
al., 2010). Submarine basal melt—though attention has only turned to it in the past decade or so
(e.g., Holland et al., 2008; Murray et al., 2010; Straneo et al., 2010; Knutz et al., 2011; Straneo et
al., 2013)—can result in as great a rate of ice loss as calving (Rignot et al., 2010). Thus, marine-
terminating ice tends to experience more rapid changes in margin position than does land-

terminating ice (Rignot et al., 2010; Straneo and Heimbach, 2013).

1.2.1. The Last Glacial Maximum to early deglacial southwestern GrIS

Relatively low boreal summer insolation (Figure 1-1A, Berger and Loutre, 1991), low sea
level (Figure 1-1B, Clark et al., 2009; 2012), and cold air (Figure 1-1C; Grootes and Stuiver,
1997; Dahl-Jensen et al., 1998; Rasmussen et al, 2008) and Labrador Sea temperatures (Figure 1-
1D, Winsor et al., 2012) controlled the LGM mass balance of the southwestern GrIS (Alley et
al., 2010; Funder et al., 2011). At that time, the GrIS extended far past its present-day margin,
likely reaching the continental shelf break in many places (Simpson et al., 2009; Alley et al.,
2010; Funder et al., 2011). However, constraints on the spatial variability of the LGM margin
position are limited.

Discontinuous submarine moraines are mapped on the inner to outer continental shelf
(Kelly, 1985), but in very few locales are these moraines dated conclusively to an LGM or last
deglaciation time period (O Cofaigh et al., 2012). In other regions, no submarine landforms
attributed to subglacial or ice margin processes are documented, likely due more to a lack of
high-resolution bathymetric mapping rather than to an absence of landforms (Funder et al.,

2011). Offshore of southwestern Greenland, limited bathymetric mapping has allowed two



competing views of the LGM ice margin extent—that the GrIS extended to the shelf break
(Simpson et al., 2009), or that the ice margin was restricted to the inner to middle shelf (Kelly,
1985)—to persist. I use a sediment core proximal to the shelf (Figure 1-2) to test for
southwestern GrIS presence on the shelf break and to develop the first chronology of ice retreat
on the shelf in this region. I then place this early deglacial southwestern GrIS margin chronology
into the context of changing insolation, air and ocean temperature, and sea level forcings

(Chapter II).

1.2.2. The late deglacial southwestern GrIS

Terrestrial records of southwestern GrIS withdrawal onto the modern coastline and then
inland to the modern ice margin date the majority of retreat to between 13 and 8 ka, with the
onset of rapid withdrawal occurring around the Younger Dryas (Figure 1-1, Simpson et al., 2009;
Alley et al., 2010; Funder et al., 2011). In many places, retreat chronology depends on minimum-
limiting radiocarbon dates, leading to potential underestimation of the ice margin response to
retreat drivers. However, the recent application of '’Be surface exposure dating has allowed
direct dating of ice abandonment (Balco, 2011). In southwestern Greenland, Rinterknecht et al.
(2009) and Roberts et al. (2009) both report '°Be ages of 18-20 ka near the coastal town of
Sisimiut. Levy et al. (2012) and Carlson et al. (in press) date exposure inland of Sisimiut to 6.7
ka. Further to the south, Larsen et al. (2014) document exposure of the modern coastline of
Sermilik and Sarqarssuaq fjords at 10.5 ka, and of land adjacent to the modern ice margin at 10.1
ka. Inland of the southwestern Greenland town of Paamiut, Carlson et al. (in press) report

exposure at 11.0 ka. In southernmost Greenland, Carlson et al. (in press) date retreat to the



modern ice margin position at 11.3 ka. Yet, without coastal dates from elevation transects and
without paired coastal and inland '’Be dates, thinning and retreat rates cannot be calculated.

I use '°Be surface exposure dating to develop thinning chronologies for coastal
southwestern to southern Greenland sites. These locales represent fjords (n=3) that experienced
relatively strong marine influence, and a fourth region exposed to weaker marine influence. I
then calculate ice retreat rates using these data and the inland data of Levy et al. (2012), Larsen
et al. (2014), and Carlson et al. (in press). With this new, directly dated ice thinning and retreat, I
test whether exposure to strong marine influence drove southwestern Greenland ice contraction

during the last deglaciation.

1.2.3. The late Holocene southwestern GrlS

Following early to mid-Holocene retreat inland of the present ice margin, the
southwestern GrlS once again advanced during the late Holocene (Simpson et al., 2009; Alley et
al., 2010; Funder et al., 2011). Across much of the high-latitude northern hemisphere, cool late
Holocene temperatures reached a minimum during the Little Ice Age (LIA, Figure 1-1),
generally between 600 and 100 years ago (Mann et al., 2009; Funder et al., 2011; Marcott et al.,
2013). This cooling was accompanied by glacial advance, in most cases to an ice margin extent
that surpassed any previous late-Holocene advances (Grove, 2001). However, the Narsarsuaq
moraine in southernmost Greenland is suggested to be late Holocene age (Bennike and
Sparrenbom, 2007) but is ice-distal of the local LIA moraine.

In Chapter IV, I use '’Be surface exposure dating to determine if the Narsarsuaq moraine
of the Kiagtlt sermiat outlet glacier is indeed late Holocene in age. If this southernmost

Greenland outlet glacier responded more strongly to a late-Holocene forcing than to general



northern hemisphere LIA cooling, it would support the hypothesis that southern Greenland

temperature trends were different from the hemisperic average (Mann et al., 2009).

1.3. Summary

In this dissertation, I discuss data documenting GrIS retreat on three different time scales
and under three different forcing conditions. Content in Chapter II examines the evidence for
early deglacial behavior of the southwestern GrIS, while its margin rested on the continental
shelf. Chapter III surveys the late deglacial chronology of southwest GrIS withdrawal onto the
modern coastline, examining ice margins experiencing strong and weak direct marine influence.
Chapter IV focuses on the late-Holocene moraine abandonment of a land-terminating outlet
glacier in southernmost Greenland and its relation to late-Holocene spatial climate variability. A
conclusion summarizing the main findings of these studies and discussing implications for our

understanding of GrlS retreat composes Chapter V.
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Figure Captions:

Figure 1-1. Paleoclimate context of southwestern Greenland ice retreat during the Holocene and
latest Pleistocene. A) Boreal June insolation at 60°N (Berger and Loutre, 1991), B) eustatic sea
level (Clark et al., 2009; 2012), C) GISP2 ice core 8'*O (Grootes and Stuiver, 1997), and D)
Labrador Sea Mg/Ca-derived near-surface calcification temperatures using Neogloboquadrina
pachyderma (sinistral) (Winsor et al., 2012). Vertical bars indicate, from left to right: the Last
Glacial Maximum (LGM, Clark et al., 2009), Heinrich event 1 (H1, Rashid and Piper, 2007), the
Younger Dryas cold period (YD, Svensson et al., 2008), and the Little Ice Age (LIA, Marcott et

al., 2013).

Figure 1-2. Mechanisms of sediment delivery to the lower Greenland rise—the location of
sediment core HU87033-008—when the ice margin attains a shelf-break position. Sediment
transport mechanisms include ice-rafting, debris flows, and meltwater plumes. Warm surface

currents ablate the ice margin. Modified from Reyes et al. (2014).
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Abstract

The Greenland ice sheet (GrIS) advanced onto the continental shelf during the last glacial period.
While deglacial records for when the GrIS withdrew onto the modern coastline are relatively
abundant, the timing of early GrIS retreat on the shelf is poorly constrained. Here we use
planktic foraminiferal 8'*0, sediment grain size, sedimentation rates, and '*C ages in southeast
Davis Strait core HU87033-008 to develop an early deglaciation chronology of the southwestern
GrIS on the continental shelf. Sedimentation rates, and especially silt and clay fluxes, are high
between ~20.5 and ~17.1 ka, suggesting that the GrIS margin was near or at the shelf break,
where it released subglacially derived sediment-laden meltwater. A peak in sedimentation rates
of ~110 cm ka™' between ~19.3 ka and ~18.6 ka, combined with an initial decrease in planktic
880 of ~0.5 per mil, suggests an initial pull back of the GrIS margin from the shelf break with a
concurrent increase in surface ocean meltwater discharge. A subsequent planktic §'*O decrease
of ~1.0 per mil combined with a drop in silt and clay sedimentation rates 18-17 ka likely record
further GrIS retreat to the middle or inner continental shelf, where terrestrial B¢ surface
exposure ages indicate that the GrIS margin remained until ~11 ka. Our new records provide the
first evidence that the southwestern GrIS margin may have begun to deglaciate at the same time
as other Northern Hemisphere ice sheets. Because Labrador Sea water temperatures likely
remained near glacial values until after 17 ka, we suggest that initial southwestern GrIS retreat
was in response to rising global sea level from retreat of other ice sheets and/or the initial

deglacial rise in boreal summer insolation.

2.1. Introduction
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Constraints on retreat of the Greenland ice sheet (GrIS) once its margins retracted to the
modern ice-free land suggest that much of the terrestrial GrIS deglaciation occurred in the early
Holocene (see Funder et al., 2011 for a review). The record of earlier deglaciation when the ice
margin rested on the Greenland continental shelf is understandably more limited. Where the shelf
is narrow, for example in southern Greenland, the last glacial maximum (LGM, 26-19 ka; Clark
et al., 2009) GrIS is generally thought to have extended to the shelf break (e.g., Sommerhoft,
1981; Kelly, 1985; Bennike et al., 2002; Jennings et al., 2006; Simpson et al., 2009; Funder et
al., 2011). In regions with a wider shelf, interpretations vary as to the GrIS presence on the shelf
break, outer shelf, or inner shelf (e.g., Kelly, 1985; O Cofaigh et al., 2004; 2012; 2013; Weidick
and Bennike, 2007; Evans et al., 2009; Roberts et al., 2009; Funder et al., 2011; Simon et al.,
2013).

Because the GrIS extended onto the shelf during the LGM, the initial timing of ice retreat
is difficult to constrain with terrestrial records (Funder et al., 2011) and those that exist suggest a
significant lag in GrIS retreat behind rising boreal summer insolation, rising atmospheric
greenhouse gas concentrations, and other Northern Hemisphere ice sheets (Clark et al., 2009;
2012). Such a lag could suggest a limited sensitivity of GrIS margins to deglacial climate
warming and sea-level rise (Clark et al., 2009). However, '’Be surface exposure ages from west
Greenland at ~67°N suggest initial GrIS thinning by 19-18 ka (Rinterknecht et al., 2009; Roberts
et al., 2009; Winsor et al., in review). Continental rise sediment records from eastern and
southern Greenland show ice retreat commencing by 19-17 ka and ~19 ka, respectively (Nam et
al., 1995; Andrews et al., 1997; Carlson et al., 2008). In contrast, west Greenland ice streams at
~70°N may have remained near the shelf break until 15-14 ka (() Cofaigh et al., 2012; 2013;

Simon et al., 2013). Elsewhere on Greenland, our understanding of initial GrIS margin retreat on
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the continental shelf is even more restricted. Here, we analyze grain size and sedimentation rates
in southeastern Davis Strait sediment core HU87033-008 (Fig. 1A) to constrain the timing of
southwestern GrIS presence on the outer shelf. We couple this sediment data with oxygen
isotope analyses from the sub-polar to polar planktic foraminifera species Neogloboquadrina

pachyderma (sinistral) to identify potential near-surface meltwater dilution.

2.2. Regional Setting
2.2.1. Core HU87033-008

Core HU87033-008 was taken by the CSS Hudson with a long coring facility in
September, 1987 in the southeastern Davis Strait. Located at 62.65°N and 53.88°W, the core was
retrieved from 2424 m water depth along the slope from the Labrador Basin to Davis Strait (Fig.
1A), with ~95 percent recovery (Vilks and Powell, 1987). The HU87033-008 site is near core
DAO04-31P of Knutz et al. (2011) (Fig. 1B). A summary of the shipboard core description is as
follows: The upper 11 cm of the core are a dark gray silty mud, with a portion of the core from 0-
6 cm being olive gray in color. From 11-128 cm, the core is generally very dark gray, silty mud
with mottling and some mm-scale clay clumps. Numerous mm-scale, grayish brown carbonate
clasts were observed at 73-86 cm. From 128-253 cm, core material is highly bioturbated, though
continues to be a very dark gray, silty clay. For the remainder of our sampling intervals (until
308 cm), the core is of the same color and composition, though scattered sand grains were
observed. Mottling was recorded more frequently below 253 cm. Hillaire-Marcel and de Vernal
(1989) describe this core and others nearby as being composed chiefly of hemipelagic mud with

large amounts of ice-rafted debris (IRD).
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2.2.2. Modern and Paleo Hydrography

The Labrador Sea is located south of the Davis Strait, between the northeastern coast of
Canada and the southwestern coast of Greenland (Fig 1A). Hydrography of the Labrador Sea is
of interest to this study in that it determines the source region for sediments deposited at a given
site. Major surface currents enter the area from the westward-flowing arm of the subpolar gyre,
and are composed of both Arctic- and Atlantic-sourced waters. Arctic-sourced waters pass
through the Fram and Denmark Straits in the East Greenland Current, skirting the Greenland
shelf. From the south, the North Atlantic Current delivers relatively warm, saline waters to the
Irminger Current, which flows northwest past Iceland and toward southern Greenland (Fig. 1A).
Near Cape Farwell, Irminger Water and the East Greenland Current are directed into the West
Greenland Current (Coachman and Aagaard, 1974; Cuny et al., 2005).

In the eastern Davis Strait, the West Greenland Current bifurcates into northward and
westward components (Cuny et al., 2002). Here, the separation of the Arctic-sourced waters
from Baffin Bay and the subtropical-sourced waters carried by the West Greenland Current
marks the thermohaline front. Maximum seasonal sea ice extent in the area is approximately at
this thermohaline front (Fenty and Heimback, 2013). The westward-flowing segment of the West
Greenland Current and the southward-flowing Baffin Island Current mix in the western Davis
Strait, forming the surface component of the Labrador Current. The Labrador Current then
travels south along the eastern Canadian shelf (Mudie et al., 1984). Thus, ice and runoff entering
the Labrador Sea from terrestrial North America are brought southward, as opposed to eastward
towards core site HU87033-008.

Below these surface currents, the modern Deep Western Boundary Current passes nearby

to, but at lower depth than, our core site, with its main high velocity core at approximately 2800-



17

3400 m water depth (Fagel et al., 2001; Cuny et al., 2002). At our core site, Labrador Sea Water
occupies the water column below the variable-depth surface mixed layer and above Northeast
Atlantic Deep Water (Bilodeau et al., 1994). Although Labrador Sea Water possesses relatively
low velocity (Dickson and Brown, 1994), it composes part of a recirculation loop of waters from
the Labrador Sea, into the Irminger Sea, and back to the Labrador Basin. In the winter, wind-
driven cooling and buoyancy loss of Labrador Sea surface waters permit deep overturning
circulation in the Labrador Basin (Marshall and Schott, 1999) and formation of Labrador Sea
Water. The water column is re-stratified by summertime, with buoyancy gain derived from
influx of warm Irminger Water (Cuny et al., 2002). Combined with convection and deep-water
formation in the Nordic Seas, Labrador Sea overturning is a primary driver of the strength of
Atlantic meridional overturning circulation (e.g., Broecker, 1997; Hillaire-Marcel and Bilodeau,
2000).

At the LGM, deep-water circulation in the Labrador Sea persisted (Ledbetter and Balsam,
1985), though at lower velocities than during present, and with less recirculation outside of the
Labrador Basin (Fagel et al., 1999). During the last deglaciation, Deep Western Boundary
Undercurrent velocity increased reaching a maximum by ~11 ka (Fagel et al., 1997; 1999). The
presence of a circulating Deep Western Boundary Current suggests that the Labrador Current
also continued transporting water and ice from North America southward away from our study
site (Kirby, 1998). However, sediment from Hudson Strait discharged during Heinrich events of
the Laurentide ice sheet were transported to continental rise west of Greenland (Hillaire-Marcel

et al., 1994; Fagel et al., 2001).

2.3. Methods
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2.3.1. Core Sampling and Grain Size Analysis

We collected sediment from the working half of HU87033-008, kept in ambient storage
at the Bedford Institute of Oceanography. Where possible, we sampled at five-cm intervals,
avoiding obvious burrows, to a core depth of 308 cm. At the University of Wisconsin-Madison,
samples were dried at 30-40°C, then weighed. We wet-sieved each sample to 63 um using dilute
Calgon in deionized water. We then separated the silt (greater than ~5 um for this procedure)
from clay using Stoke’s Law and timed settling in tubes with deionized water. The silt fraction
was dried and weighed, with the residual mass of the total sample being attributed to the clay
fraction (Fig. 2B). Accumulation rates of sediment were approximated by linear interpolation
between radiocarbon tie points (see below) (Table 1; Fig. 2A). We note that these accumulation
rates are uncorrected for sediment density. Density data were not recorded when the core was
recovered and the ambient storage of the core precludes the required precise volume
measurement of a sample. Weight percentages of sand, silt, and clay (Table S1) were converted
to approximate sediment fluxes (e.g., cm of sand accumulated per ka) by multiplying the total

uncorrected accumulation rate by each weight percentage.

2.3.2. Radiocarbon Dating

Nine intervals were sampled for radiocarbon dating of planktic foraminifera (Table 1).
The core top of the trigger weight core, HU87033-008TWC, was also sampled for dating.
Depending on the species assemblage of the sample, a combination of primarily
Neogloboquadrina pachyderma (sinistral), N. pachyderma (dextral), and Globigerina bulloides
specimens were picked. Radiocarbon analyses were performed at the National Ocean Sciences

AMS (NOSAMS) Facility at Woods Hole Oceanographic Institution, using the NBS Oxalic Acid
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1 standard and 5568-year half-life (Stuiver and Polach, 1977). Radiocarbon ages were converted
to calendar ages using the online Calib7.0 calculator and the Marine04 curve (Stuiver and
Reimer, 1993; Stuiver et al., 2005; Table 1). A marine reservoir age of 400 years (AR of 0) for
all samples was chosen for our initial calculation of calendar years (Fig. 2A). We then
recalculated our LGM through deglacial-aged samples (n=8) with a marine reservoir age of 600
years (AR of 200 years), as performed by Knutz et al. (2011) and others (e.g., Bondevik et al.,
2006; Franke et al., 2008). While we use dates calibrated with a 200 year AR for our
interpretations and discussions, we also calibrated our LGM and deglacial ages with a marine
reservoir of 1000 years (AR of 600 years) to represent a maximum uncertainty in our ages
resulting from high meltwater flux, increased water column stratification, and reduced
ventilation (Fig. 2A; Waelbroeck et al., 2001; Knutz et al., 2011). In discussing our ¢ data, we
refer to the mean probability of the age ranges accompanied by two-sigma standard deviation

(Table 1).

2.3.3. Oxygen Isotope Analyses

All intervals possessing sufficient numbers of N. pachyderma (s) (n=44) were analyzed
for 8'0 (Table S1). Approximately 30 individual N. pachyderma (s) tests were picked from the
150-250 pm size fraction for each analysis (Fig. 2C). Foraminifera were not chemically cleaned
prior to stable isotope analysis, though samples were chosen for their clean appearance under a
light microscope. Stable isotope analyses were performed at the Oregon State University Stable
Isotope Laboratory with a Kiel III preparation device and MAT 252 mass spectrometer.
Uncertainty on these analyses is 0.05 per mil. We also use 8'*0 from 12 intervals that were

published in Hillaire-Marcel et al. (1994) (Table S1).
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2.3.4. Magnetic Susceptibility

Uncorrected magnetic susceptibility measurements from the HU87033 cruise report were
digitized (Vilks and Powell, 1987) using Digitizeit software (Fig. 3A). Only uncorrected
magnetic susceptibilities were available, and we thus discourage the analysis of long-term trends
in the magnetic susceptibility data that could be influenced by instrument drift. Measurements
were performed shipboard at three-cm resolution using a Barrington Instruments sensor and
meter, with a Data General DG-1 computer (Vilks and Powell, 1987). Magnetic susceptibility
data were reported in 10 dimensionless cgs units, which we convert to SI units. We discourage
the analysis of long-term trends in the magnetic susceptibility data that could be influenced by

instrument drift.

2.4. Results
2.4.1. Core Chronology

With the exception of a single sample at the 116 cm interval of 15.9 + 0.1 ka that we
exclude from our age model, all '“C dates are in stratigraphic order (Table 1; Fig 2A). The
sample with the oldest calibrated age dates to 20.1 + 0.1 ka (287 cm depth), and is followed by
five samples from the early deglaciation extending to 16.3 + 0.1 ka (76 cm depth). A sample at
58 cm depth has an age of 11.4 + 0.1 ka while another sample from 11 cm depth is from 9.4 +
0.1 ka. We also dated the core top of the adjacent trigger core, HU87033-008 TWC, which is 3.6
+ 0.1 ka. Our age model for core HU87033-008 is based on the eight stratigraphically consistent
samples. We linearly interpolate between each of these '*C tie-points, with short extrapolations

prior to the oldest age, and after the youngest age (Fig. 2A). Hillaire-Marcel et al. (1994) dated
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one N. pachyderma (s) sample from 150 cm depth with an age of ~14.8 '*C ka (no uncertainty

provided), which is close to being in stratigraphic order with our '*C ages.

2.4.2. Grain Size and Sedimentation Rate

The grain size distribution in the upper 308 cm of HU87033-008 shows an abrupt change
in weight percent sand and clay between 86 and 76 cm (Fig. 2A). Between 308 and 86 cm, sand
remains at or below ~11 percent of the total sample weight, though it never reaches zero percent.
Silt composes 45-55 weight percent, and clay generally composes 40-55 weight percent.
Between 118 and 96 cm, clay increases to a peak of ~57 percent. Silt percentage increases again
above ~45 percent by 76 cm, and then remains at 45-55 percent until the top of the core. Clay
percentage decreases following the peak at 96 cm, reaching 25-35 percent by 76 cm and staying
at these levels for the remainder of the core. Starting at 86 cm, sand increases above ~10 percent
to 17-25 percent for most of the remaining sample intervals. At the top of the core (21 to 1 cm),
sand percentage varies with an amplitude of greater than ~20 percent.

Calculated sedimentation rates (Fig. 3E) vary between ~4 cm ka™ and ~110 cm ka™
Rates are high (~50 cm ka™) between 20.5 and 19.3, rise to a peak of ~110 cm ka™ until ~18.6
ka, then return to average values of ~60 cm ka™ until ~18.1 ka. Between ~18.1 ka and ~17.1 ka,
sedimentation rates decrease to ~40 cm ka™'. Rates decrease again to ~25 cm ka™' by ~16.3 ka. At
this point, sedimentation rates drop to a low of ~4 cm ka™ for the next ~5 ka, until they increase
to ~20 cm ka™' by ~11.4 ka, where they remain until at least ~9.4 ka.

Assuming a constant density due to the lack of shipboard density measurements, changes
in the flux of sand, silt, and clay can be broadly estimated by the overall changes in

sedimentation rate and the concentration of each grain size (Fig. 3B-D). Fluxes for silt and clay
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are ~25 cm ka™' during the LGM and then increase to 50-60 cm ka™ at ~19.3 ka, where they
remain until the next '*C age control at ~18.6 ka. During this interval, silt flux is 5-15 cm ka™'
greater than the clay flux. After ~18.6 ka, silt and clay fluxes decrease to ~10 cm ka™ by ~16.3
ka. Between the LGM and ~16.3 ka, sand flux generally remains 2-6 cm ka™'. Between ~16.3 ka
and ~11.4 ka, sand, silt, and clay fluxes all markedly decrease, along with total sedimentation
rates. After ~11.4 ka, sand flux increases to 2-7 cm ka™', silt flux rises to ~10 cm ka™, and clay

flux increase to 7-10 cm ka™.

2.4.3. Oxygen Isotopes
N. pachyderma (s) 'O values are ~4.5 per mil during the LGM until ~18.6 ka when they
decrease by ~0.5 per mil (Fig. 3F). A second decrease of ~0.9 per mil to ~3.1 per mil occurs by

~17.6 ka. For the remainder of the core, 8'°O varies between ~2.6 per mil and ~3.4 per mil.

2.4.4. Magnetic Susceptibility

Although our magnetic susceptibility measurements by be impacted by instrument drift
or sensitivity, we note three large-scale, non-trending features (Fig. 3A). Magnetic susceptibility
1s variable between ~20.5 ka and 17.4 ka, but decreases to a low between ~17.4 ka and ~15.7 ka.
Magnetic susceptibility then increases and is relatively constant to the top of the core. The low in
magnetic susceptibility 17.4-15.7 ka contains brown carbonate clasts that are linked to iceberg
and sediment discharge from the Laurentide Ice Sheet through Hudson Strait, which suggests this
sediment interval is recording Heinrich event 1 (Vilks and Powell, 1987; Hillaire-Marcel et al.,

1994; Stoner et al., 1994; Knutz et al., 2011).
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2.5. Discussion
2.5.1. Interpretation of Sediment Changes

Despite indications of bioturbation (Vilks and Powell, 1987), several lines of evidence
suggest minimal attenuation of our observed paleoenvironmental signal. The rapid decrease in
planktic 8'*0 between ~18.6 ka and 17.6 ka (Fig. 3F) covers the majority of the glacial-
interglacial change in planktic foraminiferal 8'°0O in Labrador Sea cores (e.g., Hillaire-Marcel et
al., 1994). If sediment column mixing had affected our 8'°0 record, we would expect the glacial-
interglacial change to be muted, particularly across the primary change in 8'*0. Perhaps more
convincing, we calculate very rapid sedimentation rates (>40 cm ka™) for the core between ~20.5
ka and ~17.1 ka (Fig. 3E), thus limiting the mixing capacity of burrowing organisms, even with
decimeter-scale sea floor penetration. Additionally, we date Heinrich event 1 at the same time as
the detrital carbonate event is recorded elsewhere in the Labrador Sea (Hillaire-Marcel et al.,
1994; Stoner et al., 1994; Carlson et al., 2008), suggesting our core chronology is not
significantly impacted by bioturbation.

Therefore, assuming minimal influence of bioturbation on the stratigraphic integrity of
our record, the most marked changes in sedimentation rate and silt, clay, and sand fluxes in core
HUS87033-008 are: a) overall elevated sedimentation rates between ~21 and ~17 ka; b) an
interval of high (~110 cm ka™) sedimentation and silt/clay flux between ~19.3 and 18.6 ka; ¢) a
prolonged interval of apparently very low sedimentation (~4 cm ka™) and silt/clay flux between
~16.3 and 11.4 ka; and d) the subsequent partial recovery of sedimentation rates between ~11.4
ka and the top of the core (Fig. 2, 3). The primary mechanisms that bring silt and clay to the
northern Labrador Sea are ice-rafting (Rashid and Piper, 2007), debris flows (Hesse et al., 2004;

Andrews et al., 2012), transport in ice-proximal meltwater plumes (Andrews, 2000), and
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suspension in boundary currents (Fagel et al., 1997; 2001; Carlson et al., 2008; Colville et al.,
2011). No evidence for turbidite sequences was reported in the core description (Vilks and
Powell, 1987), nor were any turbidite sequences observed in nearby core DA04-31P (Fig. 1B)
(Knutz et al., 2011). Furthermore, the coherence of our '*C dates (Fig. 2A, Table 1) argues
against an influx of much older sediments (greater than 1-2 ka) that formed layers on a greater
than centimeter-scale. Therefore, while we acknowledge that the fine-grained tails of turbidity
currents are not obvious and may contribute to our data (McCave and Hall, 2006), we suggest
that much of the terrigenous sediment was transported to the core site by iceberg rafting, ice-
proximal meltwater plumes, and boundary currents.

Iceberg-rafting to core site HU87033-008 would have been controlled by sea ice extent
and seasonality (e.g., Hillaire-Marcel and de Vernal, 1989), the position of the GrIS relative to
the continental slope (Dowdeswell et al., 1995; Syvitski et al, 1996; Hemming et al, 2002; Jullien
et al., 1996), surface water temperatures, (Syvitski et al. 1996; Andrews, 2000; Knutz et al.,
2011), and sediment distribution within calved icebergs (Andrews, 2000). Because of the core
site’s location near the continental slope (Fig. 1B), calving of the GrIS margin likely would have
been the main contributor of IRD to HU87033-008 through the LGM and deglaciation (Andrews,
2000), explaining the persistent, though low-magnitude, deposition of sand-sized grains at a
relatively constant flux (Fig. 3D).

During the LGM, Deep Western Boundary Undercurrent velocity was slower relative to
modern, but generally increased through the deglaciation to peak flow in the early Holocene
(Fagel et al., 1997; 1999; 2001). With an increase in velocity came an increase in sediment
supply sourced from the Irminger and Iceland Seas, and an increase in the influence of Iceland

and East Greenland terrains on Labrador Sea sediments (Fagel et al., 2001). However, the
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increase in undercurrent strength was gradual over ~10 ka (Fagel et al., 1997), and would not
explain the rapid changes in sedimentation we observe early in the last deglaciation at HU87033-
008. Similar abrupt sedimentological changes on the Eirik Ridge off of southern Greenland (Fig.
1A) also seem to be likely related to changes in GrIS sediment supply rather than the Deep
Western Boundary Undercurrent (Stoner et al., 1995; Fagel et al., 2004; Carlson et al., 2008;
Colville et al., 2011; Reyes et al., 2014). We therefore infer that the observed changes in
sedimentation rate and in silt and clay flux were likely driven by changes in ice-margin
proximity to the shelf break and to GrIS melting and sediment discharge (Andrews, 2000; Hesse

et al., 2004; Andrews et al., 2012; O Cofaigh et al., 2013).

2.5.2. LGM and Early Deglacial Sedimentation

We attribute the overall elevated sedimentation rates before ~19.3 ka to the close
proximity of the GrIS margin to the shelf break, where high silt and clay discharge to the core
site occurred in meltwater plumes at depth. These plumes propagate from high-turbidity layers
originating proximal to the grounding line, similar to those observed near modern tidewater
glaciers (e.g. Domack and Ishman, 1993; Ashley and Smith, 2000). A meltwater origin is
consistent with the sediments being structureless hemipelagic silts and clays (Dowdeswell and
Cromack, 1991). The increase in sedimentation rate and silt and clay flux to a maximum between
~19.3 ka and ~18.6 ka could reflect either the maximum extent of the GrIS on the shelf (closest
proximity to the core site) or the initiation of GrIS retreat (increased melting and sediment
discharge) (Fig. 4E, 4F).

Planktic §'*0 begins to decrease at ~18.6 ka (Fig. 4D), which would be consistent with

increased surface ocean meltwater discharge and would suggest the drop in silt and clay fluxes
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by ~18.6 ka reflects the onset of GrIS retreat (Fig. 3B, C). Estimates of Labrador Sea
temperatures indicate that near-surface water masses remained close to LGM temperatures
during this period (Fig. 4C) (Winsor et al., 2012), suggesting the 8'*0 decrease was driven by an
increase in meltwater discharge and not ocean warming. The nearby sediment and 8'*O records
of Knutz et al. (2011) (Fig. 1B) only extend back to ~17 ka, precluding comparison with our
early deglaciation records. However, further south on the Eirik Drift (Fig. 1 A), an increase in
detrital sediment concentration at ~19 ka (Fig. 4G) (Carlson et al., 2008; Colville et al., 2011) is
concurrent with the peak in deglacial sediment flux at HU87033-008. Likewise, '°Be surface
exposure ages on the western Greenland coast at ~67°N suggest GrIS thinning was underway by
19-18 ka (Rinterknecht et al., 2009; Roberts et al., 2009; Winsor et al., in review). These records
therefore support our inference of southwest GrIS initial retreat back from the shelf break
beginning by ~18.6 ka.

The further decrease in sedimentation rate and silt and clay flux after ~18.1 ka is
concurrent with an abrupt decrease in 8'°O to near interglacial values (Fig. 4D). As Labrador Sea
near-surface temperatures likely remained at glacial levels (Fig. 4C) (Winsor et al., 2012), we
attribute the 8'°0 decrease to an increase in meltwater discharge. We suggest that this transition
reflects further GrIS margin retreat on the shelf, with attendant discharge of meltwater. Fallout
from subglacial melt would have become more spatially restricted with a middle to inner shelf
ice margin position (e.g., MacLean et al., 1991; Andrews, 2000; Simon et al., 2013). There,
gravity-driven flow would not encounter the Labrador and Greenland down-slopes, but rather
gentle and potentially uphill terrain. In glaciated shelf environments, more intense ice scouring
of the inner shelf leads to deeper waters proximal to modern coastlines. This topography is

compounded during periods of extended ice position due to isostatic depression. These processes
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combine to form depocenters for glacially derived sediments, preferentially removing suspended
particulate matter while permitting ice-rafted sediments to navigate to deeper waters off the shelf
(e.g., Syvitski et al., 1996; Kirby et al., 1997; Andrews, 2000; o) Cofaigh et al., 2013;
Dowdeswell et al., 2013; Simon et al., 2013). This was observed in the Labrador Sea just to the
east of the Canadian shelf, where sedimentation rates dropped with the initiation of deglaciation
and pull-back of the ice margin from the shelf break (Kirby et al., 1997; Andrews, 2000). The
reduction in sedimentation rate and silt and clay fluxes are therefore consistent with a
sedimentation model placing the GrIS margin on the middle to inner shelf.

Following the initial deglacial sedimentary and 8'*0O changes, magnetic susceptibility
decreases to a low at ~17 ka (Fig. 3A), concurrent with deposition of detrital carbonate clasts
(Vilks and Powell, 1987). Our timing of this low magnetic susceptibility, detrital carbonate layer
in HU87033-008 is in excellent agreement with the detrital carbonate in nearby core DA04-31P,
which is attributed to Heinrich event 1 (Knutz et al., 2011). Sedimentological evidence for
deposition of Hudson Bay-sourced detrital carbonate during Heinrich events is well documented
in the Labrador Sea (e.g., Andrews et al., 1991; 1994; 2012; 2014; Stoner et al., 1994; Hillaire-
Marcel et al., 1994; Jennings et al., 1996; Hesse and Khodabakhsh, 1998; Rashid et al., 2003a; b;
Hesse et al., 2004; Rashid and Piper, 2007). In the Labrador Sea, Heinrich event layers are also
characterized by low magnetic susceptibility (Stoner et al., 1994).

Since Labrador Sea near-surface temperatures were at glacial levels prior to at least 15 ka
(Fig. 4C) (Winsor et al., 2012), ocean warming was likely not the cause of initial southwest GrIS
retreat from the shelf break. Likewise, Greenland ice core temperatures remained near LGM
levels until after ~15 ka. We therefore hypothesize that early deglacial changes in sea level

(Clark et al., 2004; 2009; 2012) (Fig. 4B) could have destabilized the ice margin on the
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continental shelf, driving initial southwest GrIS retreat (Carlson et al., 2008), although the
impact of such changes would depend on the ice-sheet source of the sea-level rise (Clark et al.,
2002). Alternatively, or in addition, the southwest GrIS margins could have retreated at ~19 ka in
response to the gradual rise in boreal summer insolation and attendant increase in incident
shortwave radiation that began ~24 ka (Fig. 4A) (Carlson and Winsor, 2012). The increasing
radiative forcing may have thinned the ice margin, causing it to eventually grow unstable at the
shelf break. Regardless, our sedimentary record suggests southwest GrlS retreat onset concurrent
with many other Northern Hemisphere ice sheets (Clark et al., 2009; Carlson and Winsor, 2012)
as well as the southern and eastern GrIS margins (Nam et al., 1995; Andrews et al., 1997;
Carlson et al., 2008; Rinterknecht et al., 2009; Roberts et al., 2009; Winsor et al., in review). In
contrast, similar sedimentary records from the continental slope and rise off of west Greenland at
~70°N suggest the GrIS margin remained near at the shelf break until 15-14 ka (O Cofaigh et al.,
2012; 2013), significantly lagging the onset of retreat of the southwestern GrIS margin.
Ultimately, modeling of ice-sheet dynamics is required to understand the different deglacial

behavior of the southwestern and western GrIS margins.

2.5.3. Mid- to Late-Deglacial Sedimentation

Above the Heinrich event 1 layer, sedimentation rates in HU87033-008 drop to an
apparent average of ~4 cm ka™' from ~16.0 to ~11.4 ka (Fig. 4F). Due to the low sedimentation
rate and paucity of planktic foraminifera during this period, we cannot resolve rapid or short-
term changes in sedimentation rate or flux of the different grain sizes. Even so, our average

accumulation rates differ considerably from the DA04-31P record to the west of our core, which
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average ~15 cm ka™' during this period (Knutz et al., 2011). We suggest several mechanisms to
explain the low sedimentation rate at HU87033-008.

One possibility is that GrIS-discharged proximal sediments were somehow routed away
from HU87033-008 but still reached DA04-31P. However, if the dominant sediment source to
the site by ~18 ka was meltwater transport or iceberg rafting, the gentle seafloor topography
(relief of less than several 100 m) between HU87033-008 and DA04-31P would likely not
impact sediment transport between the two core sites. A second mechanism is that shifts in the
Deep Western Boundary Undercurrent diverted sediments away from HU87033-008, but other
records of the undercurrent do not support any abrupt changes (Fagel et al., 1997; 1999). A third
possibility is that onset of undercurrent winnowing reduced the deposition of silts and sands. In
that case, we would expect to observe higher sand weight percentages than during the bracketing
time intervals, but we do not (Fig. 3B, C). Therefore, although no note of their presence was
made in DA04-31P or HU87033-008 core descriptions, we submit that erosive processes have
affected the core interval between 16.0 to 11.4 ka. We note that sedimentation rates before and
after this interval are approximately equal, and that sand percentages very briefly reach values of
15-20 percent between 16.7 and 16.3 ka (Fig. 2), which is approximately where they remain until
the top of the core. This offers support to apparent changes in sediment flux being a result of
changes in erosion versus changes in sedimentation (Fig. 2).

The 16.7 to 11.4 ka rise in percentage of iceberg-rafted sands and decrease in percentages
of clays and silts, which had previously been delivered chiefly by meltwater flows and plumes,
suggests a middle- to inner-shelf position for the southwestern GrIS. By ~11.4 ka, net
sedimentation increases from a proposed hiatus, discussed above (Fig. 4F). A peak in terrigenous

sediment concentration is concurrently observed on the Eirik Drift (Fig. 4G) (Carlson et al.,
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2008; Colville et al., 2011). Coastal '°Be surface exposure ages from Paamiut, Nuuk,
Sarqarssuaq, and Sermilik—all near our core site (Fig. 1B)—indicate that the southwestern GrIS
margin retreated onto the continent ~11 ka (Fig. 4H) (Larsen et al., 2014; Winsor et al., in
review). This latest interval of southwest GrIS margin retreat is concurrent with warming of the
Labrador Sea near-surface and surface temperatures towards their deglacial peak (Fig. 4C)
(Solignac et al., 2004; Winsor et al., 2012). Given the likely persistence of the ice margin on the
shelf until peak ocean temperatures were reached, we suggest that late deglacial ocean warming

may have played an important role in driving the southwest GrIS margin off of the continental

shelf.

2.6. Conclusions

We report a new suite of data from southeast Davis Strait core HU87033-008, including a
high-resolution radiocarbon chronology for the early deglaciation, grain size analyses, and V.
pachyderma (s) oxygen isotopes. We suggest a general retreat chronology for the southwestern
GrIS from the shelf break to the coastline. The GrIS margin was either at or reached the
continental shelf break during the LGM, with retreat commencing from the shelf break before
~18.6 ka. The ice margin probably occupied a middle- to inner-shelf position between ~16.7 ka
and ~11 ka. A final stage of ice retreat, with the southwest GrIS margin withdrawing off of the
shelf, occurred by ~11 ka as indicated by terrestrial data. Our record provides the first evidence
for early initiation of southwestern GrIS retreat during the last deglaciation, concurrent with the
retreat of other Northern Hemisphere ice sheets (Clark et al., 2009; Carlson and Winsor, 2012).
We hypothesize that the initial retreat may have been in response to early deglacial sea-level

changes and attendant destabilization of the marine ice margin, and/or due to rising boreal
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summer insolation and consequent increase in incident shortwave radiation. The later retreat of
the southwestern GrIS margin off of the continental shelf may have been partly driven by
warming of the Labrador Sea. We thus suggest that marine-terminating GrIS margins may have
responded rapidly to past small changes in oceanic conditions, such as grounding line depth, and

also to potentially small increases in surface radiative forcing.
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Figure Captions.

Figure 1. A) North Atlantic surface water bodies and bathymetry (Smith and Sandwell, 1997),
and core locations. Currents: LC = Labrador Current, EGC = East Greenland Current, WGC =
West Greenland Current, IC = Irminger Current. Sediment cores: 1 = HU87033-008, 2 =DA04-
31P, 3 =MD99-2227, 4 = HU90-013-013. Dotted outline shows location of Figure 1B. B)
Google Earth image of bathymetry and coastline near southwestern Greenland. An hypothesized
general GrIS margin location along the shelf break is outlined in solid orange. An hypothesized
mid- to inner-shelf general margin location with ice stream margins extending to the shelf break
is outlined in dashed yellow. Also shown are sediment cores HU87033-008 and DA04-31P, and
coastal towns of Paamiut and Nuuk discussed in Winsor et al. (in review), and the Sarqarssuaq

and Sermilik fjords discussed in Larsen et al. (2014).

Figure 2. Sediment core HU87033-008 age model, with grains size and oxygen isotopes. A)
Shown in black diamonds are nine calibrated '*C dates, eight of which are linearly interpolated
between to produce the age model (black line), and one of which is an outlier out of stratigraphic
order. Also shown are dates calibrated using a AR of 0 (red squares and line), and a AR of 600
for pre-Younger Dryas samples (orange circles and line). B) Weight percent sand (orange), silt

(red), and clay (light green). C) N. pachyderma (s) 8'°0 of calcite.

Figure 3. HU87033-008 data against age. A) Uncorrected magnetic susceptibility (Vilks and
Powell, 1987), B) calculated clay, C) silt, and D) sand fluxes, E) sedimentation rate (for pre-
Younger Dryas samples, sedimentation rates are shown using a marine reservoir correction AR

of 0 years (pink), 200 years (maroon), and 600 years (light green)), and F) N. pachyderma (s)
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8'%0. Black squares are radiocarbon tie-points. Light gray bar is peak flux in silt and clay, and
dark gray bar is Heinrich event 1 detrital carbonates. Question marks indicate uncertainty in

sedimentation rates and fluxes due to possible erosion at the associated intervals.

Figure 4. Climate context and evidence for southwestern and southern GrIS melt and retreat. A)
June insolation at 60°N (Berger & Loutre, 1991), B) eustatic sea level (Clark et al., 2012), C)
Mg/Ca-derived calcification temperatures from N. pachyderma (s) in MD99-2227 (Winsor et al.,
2012), D) N. pachyderma (s) §'°0 for HU87033-008 (dark blue) and MD99-2227 (light blue-
green; Evans et al., 2007; Winsor et al., 2012), E) HU87033-008 silt (red) and sand (orange)
fluxes, F) MD99-2227 titanium runoff record corrected against calcium (Carlson et al., 2008),
and G) '’Be exposure dates from coastal southwestern Greenland (Larsen et al., 2014; Winsor et
al., in review). Gray bar is peak sedimentation in HU87033-008, and blue-green bar is GrIS
retreat from the modern coastline. Question marks indicate uncertainty in sedimentation rates

and fluxes due to possible erosion at the associated intervals.



43

Table 2-1. Radiocarbon metadata and ages. “Indicates trigger-weight core sample, and *indicates

excluded outlier. Uncertainty in '*C and calibrated ages is 20. Marine reservoir correction AR

used here is 200 years (total for samples 287 through 76 cm in depth, and 0 years for samples 58

through core top in depth.
Calibrated

Depth Yc Yc (e AR Calibrated Calibrated Mean Calibrated
(cm age Uncertainty (per AR  Uncertainty Upper Lower Probability  Uncertainty
bsf) (ka) (ka) mil)  (ka) (ka) Range (ka) Range (ka) (ka) (ka)

Twc” 3.72 0.03 0 0.0 0.05 3.81 3.49 3.64 0.06
11 8.70 0.03 0.4 0.0 0.05 9.23 9.49 9.37 0.06
58 10.35 0.04 0.15 0.0 0.05 11.20 11.72 11.40 0.06
76 14.10 0.07 -0.2 0.2 0.1 15.88 16.65 16.25 0.12
96 14.65 0.05 -0.2 0.2 0.1 16.67 17.44 17.07 0.11
116* 13.80 0.05 0.11 0.2 0.1 15.45 16.19 15.85 0.11
137 15.50 0.06 0.02 0.2 0.1 17.84 18.41 18.12 0.12
166 15.95 0.06 0.03 0.2 0.1 18.35 18.84 18.61 0.12
241 16.60 0.08 0.54 0.2 0.1 18.96 19.61 19.30 0.13
287 17.30 0.07 0 0.2 0.1 19.82 20.49 20.15 0.12
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Table 2-S1. Stable isotope data from Neogloboquadrina pachyderma (s), with starred intervals

published in Hillaire-Marcel et al. (1994), and sand, silt, and clay weight percentages.

613C 6180
Depth (per (per % %
(cm) mil) mil) Sand %Silt Clay
1 0.60 2.56 10 51 40
2 0.51 2.52
4 0.67 2.74
6 7 56 37
8 0.59 2.58
11 0.42 2.71 32 44 24
16 12 48 40
21 28 43 29
26 23 46 31
31 19 46 35
36 16 50 34
41 21 45 35
46 20 50 30
51 -0.03 3.25 19 50 31
53 0.17 3.05 17 51 31
56 -0.06 3.26 19 50 31
57* 0.06 2.83
58 0.18 2.91 26 49 25
61 -0.24 3.40 18 49 33
63 -0.17 3.16 17 50 33
66 -0.09 3.35 19 52 29
69 0.07 3.29 19 50 31
71 -0.19 3.11 24 46 30
73 18 47 35
75* -0.03 2.64
76 -0.18 3.21 21 46 33
81 -0.28 3.03 13 44 43
84 -0.12 3.29 6 41 53
86 -0.20 3.12 17 42 41
91 -0.16 3.01 6 41 53
93 -0.07 3.45 5 42 52
96 0.00 3.44 5 38 57
101 0.08 3.15 5 40 55
106 -0.13 3.17 7 41 52
111 5 46 49
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Abstract

Marine-terminating outlet glaciers are a major source of modern ice loss from the
Greenland Ice Sheet (GrIS). Here, we develop last deglacial outlet glacier retreat chronologies
for four sites in southwest and south Greenland in order to improve understanding of spatial
variations in centennial- to millennial-scale ice loss during a warming climate. We calculate '’Be
surface exposure dates on boulders located in fjords near the towns of Qaqortoq, Paamiut, Nuuk,
and Sisimiut. Our northernmost study site, Sisimiut, deglaciated earliest at 17.8 + 0.8 ka to 14.5
+ 0.6 ka at a thinning rate of 0.1-0.3 m yr’'. Inland retreat from Sisimiut to the modern ice
margin took ~7 ka at a retreat rate of 15-20 m yr™'. After retreat from the small coastal Sisimiut
fjords, the GrIS margin was mainly land-terminating in this region. In contrast, earliest exposure
following ice retreat occurred at ~12 ka near Qaqortoq, and 11-10 ka near Nuuk and Paamiut. Ice
retreat inland from the extensive Nuuk, Paamiut, and Qaqortoq fjord systems to near-present
margins occurred in <1 ka, resulting in minimum retreat rates of 25-60 m yr’' and a maximum
retreat rate of 95 m yr’' to instantaneous within the uncertainty of our measurements. This rapid
retreat of marine-terminating southwest GrlS margins is contemporaneous with a foraminiferal
Mg/Ca-inferred incursion of relatively warm ocean waters into the Labrador Sea and toward the
southwest Greenland coast, suggesting that a warming ocean may have contributed to the more
rapid retreat of marine GrlIS termini in the Nuuk, Paamiut, and Qaqortoq fjord systems relative to

the slower ice retreat inland from Sisimiut.

3.1. Introduction
The southwestern portion of the Greenland Ice Sheet (GrIS) reached its maximum extent

at ~24-19 ka during the last glacial period (Kelly, 1985; Funder and Hansen, 1996; Weidick et
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al., 2004; Fleming and Lambeck, 2004; Alley et al., 2010). Moraine systems on the inner
continental shelf suggest that the Last Glacial Maximum (LGM) ice margin may have terminated
10-50 km offshore of the modern coastline (Kelly, 1985; Funder and Hansen, 1996). Modeled
southwest GrIS isostatic rebound, on the other hand, suggests that LGM ice extended much
further, to the continental shelf break (Bennike et al., 2002; Weidick et al., 2004). Following the
local LGM, the southwestern GrIS began to retreat inland from the shelf, eventually exposing
glacially scoured coastal terrain. Constraining the timing of onset of retreat is, in most places,
hampered by the fact that the LGM margins are now below sea level. However, radiocarbon
dates along the southwest Greenland coast generally indicate that ice retreated beyond the
modern coastline prior to 11-10 ka (e.g., Bennike and Bjorck, 2002; Alley et al., 2010; Larsen et
al., 2014). Coastal '°Be surface exposure data near 66°N from Rinterknecht et al. (2009) and
Roberts et al. (2009) suggest much earlier ice retreat by ~18 ka and ~20 ka, respectively. Further
to the south at ~60°N, radiocarbon data suggest first coastal land exposure may have occurred
14.1 ka (Funder, 1989; Bennike and Bjorck, 2002).

Most datasets for last deglacial outlet glacier retreat on Greenland rely on minimum-
limiting radiocarbon dates. These ages can lead to underestimation of the responsiveness of
outlet glaciers to climate forcings, and are similarly restricted in their ability to precisely
constrain past thinning and retreat rates (Balco et al., 2011). Thus, more accurate pinpointing of
deglacial land surface exposure and rates of past ice retreat leads to better assessment of how
glacial margins respond to deglacial climate warming.

Here, we present a suite of '’Be surface exposure dates from four outlet glacier fjords in
southwestern Greenland, sampled along vertical profiles of coastal slopes. When combined with

data from near the current GrIS margin (Larsen et al., 2014; Carlson et al., in press), we are able
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to calculate thinning and retreat rates of the ice margins. The purpose of this study is twofold: to
construct retreat chronologies that do not rely on minimum-limiting data, and to identify

mechanisms that may explain the thinning and retreat rates of different fjords in the region.

3.2. Geologic Setting and Sampling Locations

Cosmogenic nuclide surface exposure samples were collected from boulders in four fjord
valleys in southern and southwestern Greenland, near the coastal towns of Sisimiut, Nuuk,
Paamiut, and Qaqortoq (Figure 1). In general, the southern and southwestern Greenland coast
consists of glacially smoothed hills gaining in elevation as they extend inland. The terrain is
punctuated by fjords that vary in length, with some extending to the present GrIS margin (inland
ice), and others terminating distal of the ice margin. Predominant orientation of fjords in this
region is west-southwest trending.

The northern Labrador Sea abuts southern and southwestern Greenland. Surface and
near-surface waters of the Labrador Sea are sourced from the Arctic and North Atlantic, bringing
a mix of cooler and fresher water from the north and warmer and more saline water from the
south (Coachman and Aagaard, 1974; Holliday et al., 2007). The West Greenland Current flows
along the shelf of southwestern Greenland and lies above the intermediate depth Labrador Sea
Water (Lucotte and Hillaire-Marcel, 1994; Fagel and Hillaire-Marcel, 2006). Waters of the
Labrador Sea enter Greenland fjords, mixing with meltwater and in many cases stratifying the
fjord water columns (e.g., Mgller et al., 2006; Mortensen et al., 2011).

Modern observations of southeastern and western Greenland fjords demonstrate that the
incursion of warm waters—on both seasonal and annual timescales—provides significant heat to

fjord systems and has likely contributed to recent glacier acceleration and resultant thinning (e.g.,
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Rignot and Kanagaratnam, 2006; Holland et al., 2008; Howat et al., 2008; Murray et al., 2010;
Rignot et al., 2010; Straneo et al., 2010; 2011; Straneo and Heimbach, 2013). The influence of
open ocean waters on southwestern Greenland fjord systems varies with bathymetry of the
fjords, as many fjords possess sills that restrict entry of deeper water (e.g., Moller et al., 2006;
Sparrenbom et al., 2006a; b; 2013; Mortensen et al., 2011). This influence also varies with
continental shelf depth and width, with some locales having particularly shallow offshore
shelves.

Modern air temperatures along coastal southern and southwestern Greenland are heavily
modulated by local ocean currents, reaching a monthly average of ~7°C in summer, and -11°C in
winter (Vinther et al., 2006). While modern precipitation over Greenland has shown some
decadal-scale variability, with possibly anti-phased coastal versus inland yearly precipitation
values (Mernild et al., 2014), southern coastal precipitation totals are ~1 m yr' water equivalent.
Further north, e.g. near Sisimiut, climate becomes progressively more arid. Precipitation over the
ice sheet is also strongly influenced by synoptic-scale weather events, particularly during the
winter (Schuenemann et al., 2013), temperature inversions, and persistent regional high-pressure

systems (Steffen and Box, 2001).

3.2.1 Terrestrial Study Locales
3.2.1.1 Sisimiut

Sampling locations near Sisimiut (66.939°N, 53.672°W, also known as Holsteinborg) are
located ~150 km from the modern ice margin to the east, and ~120 km from the nearest shelf
break to the west. LGM ice extent near Sisimiut is uncertain, and may (e.g., Bennike and Bjorck,

2002; Simpson et al., 2009), or may not (e.g., Funder and Hansen, 1996; Fleming and Lambeck,
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2004; Roberts et al., 2010) have reached the shelf edge. The marine limit at this location is ~140
m asl (Bennike et al., 2011). To the south of the town and sampling area, the modern fjord
extends only ~35 km inland, well distal of the current inland ice margin. To the north of
Sisimiut, a small valley connects the coast to the hills and mountains inland, with 300 m of
elevation gain over less than 10 km. Here, a stream dissects proglacial sediment into terraces.
Between the two valleys lies a ridge extending to ~400 m above sea level, where previous
workers have observed a weathering boundary between smoothed bedrock below, and grussified,
felsenmeer-like surfaces above (e.g., Kelly, 1985). This ridge and the proglacial terraces to the
north host the sampled boulders (Fig. 2a), with five boulders above the trimline (~590 m above
sea level), and four at lower elevations (~160 m above sea level). Low elevation samples were
located above the local marine limit. Due to the steepness of the slope leading to the ridge, no
samples were collected from middle elevations at this site. Bedrock in this region is

predominantly gneiss, with a swath of charnockite in the coastal Sisimiut area (Roberts et al.,

2010).

3.2.1.2 Nuuk

The town of Nuuk (64.182°N, 51.715°W) is ~70 km from the shelf break. Like other
coastal southwest Greenland sites, the landscape is that of smoothed, glacially scoured bedrock,
which in this location is primarily gneiss (Moller et al., 2006). Inland of the town, a network of
fjords extends to modern outlet glaciers of the GrIS, located ~100 km to the east (Fig. 2b). The
main fjord of this network, termed Nip Kangerdlua or Godthébsfjord, possesses an outer sill at
~170 m water depth, although the shelf shallows seaward to ~50 m below sea level (Mortensen

et al., 2011). The two smaller fjords of the network possess outer sills at ~350 m below sea level
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to the south but shallower sills to the north (Mortensen et al., 2011). Although these sills limit the
depth of water masses that can influence GrIS outlet glaciers, modern observations show that
relatively warm and saline pulses entrained within the West Greenland Current do enter Nip
Kangerdlua (Mortensen et al., 2011). Subsurface (below ~200 m) West Greenland Current-
derived fjord waters are cooler and more saline than the local surface waters in summer, which
are influenced by solar heating and meltwater dilution (Meller et al., 2006). However, during the
winter, the West Greenland Current is a significant heat source and cause of modern marine-
terminating ice melt (Mortensen et al., 2011).

Sampling locations near Nuuk were focused on the hilly, narrow strip of land to the south
of Nip Kangerdlua (Fig. 2b). Four high-elevation samples at ~420 m above sea level were
located on a hilltop just outside of town, two middle-elevation samples (~330 m above sea level)
were on the adjacent hill slope, and another four were taken from low elevations (~140 m above
sea level). Here, the local marine limit is at ~90 m above sea level (Kelly, 1985), and all samples

were retrieved from above that altitude.

3.2.1.3 Paamiut

The coastal town of Paamiut (61.597°N, 49.400°W), briefly called Frederikshab, sits
adjacent to Kuannersooq, a branching fjord that extends to the modern inland GrIS (Fig. 2c¢).
Smaller fjords that terminate distal of the outlet glacier terminus lie between Paamiut and the
Frederikshab ice cap. Low-elevation, scoured, and jointed gneissic bedrock stretches from the
coast eastward to the sampling sites, which are located where the land rises from ~50 m asl to
~550 m asl. The continental shelf extends ~60 km offshore. The region near Paamiut is relatively

unstudied, but LGM ice extent may have reached the shelf edge (e.g., Weidick et al., 2004).
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Just to the east of town, we sampled an erratic at the highest accessible elevation (515 m
above sea level), and another three from ~70 m below that (Fig. 2c). Two samples were collected
from middle elevations (~250 m above sea level), and five from low elevations (~65 m above sea
level). The lowest samples from Paamiut were from above, but very close to, the ~50 m marine

limit (Kelly, 1985).

3.2.1.4 Qagqortoq

Our southernmost study site is located just northeast of the town of Qaqortoq (60.720°N,
46.037°W) on a ridge rising to ~400 m asl from the shoreline. Bedrock is primarily composed of
granite, sandstone, and syenites, and hosts abundant small lakes, some of which have been
studied for local sea level reconstruction (Sparrenbom et al., 2006a). Fjords in this area are
parallel and NE-SW oriented (Fig. 2d). Beyond the mainland coastline are numerous glacially
smoothed bedrock islands. The continental shelf extends ~75 km from the westernmost land near
Qaqortogq—the town itself is ~20 km inland of the coast. LGM ice may have extended near to, or
reaching, the shelf edge (e.g., Bennike et al., 2002; Weidick et al., 2004), and contributed to
overdeepening of fjords in the area, which reach depths of ~600 m below sea level (Sparrenbom
et al., 2006a).

Three samples were collected from the highest elevation peak (~400 m above sea level),
and an additional four from an adjacent, slightly lower elevation ridge top (~320 m above sea
level). Two sets of three samples each were also taken from low-middle (~180 m above sea
level) elevations and low (~100 m above sea level) elevations. As for the first three sites,
Qaqortoq samples were all sitting above the marine limit, which near Qaqortoq is estimated to be

~50 m (Kelly, 1985).
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3.3. Methods and Age Calculation
3.3.1 Field and Laboratory Methods

Our sampling for '’Be surface exposure dating targeted boulders that rested directly on
bedrock or on a thin soil covering bedrock. We avoided sampling bedrock directly because of
evidence for '’Be inheritance in deglacial samples from southwest Greenland (e.g., Roberts et al.,
2009; Larsen et al., 2014). We also avoided sampling moraines to circumvent problems with
moraine deflation and reworking (Gosse and Phillips, 2001) that result in erroneously young
exposure ages. All boulders were chosen based on the following characteristics: little to no
visible weathering on the boulder surface and on the surrounding substrate, a height >1 m, a
slightly dipping to horizontal upper surface, a high quartz content, and location that would
preclude post-depositional rolling (e.g., on high points rather than on steep slopes). Topographic
shielding and GPS coordinates were measured in the field. At most sites, we sampled multiple
boulders at each elevation.

At the University of Wisconsin-Madison Cosmogenic Nuclide Laboratory, boulder
samples were first cut to <4 cm thick, with average thickness measured. Samples were crushed
and sieved to 480-825 pm to obtain grains of single mineral species, then exposed to a Frantz
magnetic separator to remove the more magnetic minerals. Non-magnetic sample components
were repeatedly acid-etched first using concentrated HCI and then repeatedly using a weak
HF/HNO; mixture to isolate quartz grains and remove meteoric '’Be contamination (Kohl &
Nishiizumi, 1992; Gosse and Philips, 2001). Quartz purity was verified by inductively coupled
plasma optical emission spectroscopy at the University of Colorado-Boulder Department of

Geological Sciences. Pure samples were fully dissolved in HF acid with a *Be carrier, followed
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by repeated HC1O4 dissolutions and evaporations to remove fluoride complexes. Through a
series of anion and cation exchange columns and pH adjustments, we isolated and then ignited
Be(OH),. The final BeO product was bound with Nb and packed into targets for accelerator mass
spectrometry (AMS) measurement at the Purdue Rare Isotope Measurement (PRIME)
Laboratory.

Laboratory blanks using *Be carriers from the commercial Claritas and Merck standards,
as well as a custom-made low-level carrier from Oregon State University (OSU Blue; Murray et
al., 2012), were processed with each sample set. Average '*Be/’Be blanks for the Claritas carrier
were 1.316 x 107+ 9.937 x 10'® (n=5), for the Merck carrier were 3.42 x 10" + 3.81 x 107'°
(n=3), and for the OSU Blue carrier were 1.63 x 10" £ 3.05 x 10'® (n=14). Complete blank
information for each run is present in Supplementary Table 1. PRIME Laboratory measurements
were normalized to the 07KNSTD standard, which has a reported '°Be/’Be of 2.85 x 1072

(Nishiizumi et al., 2007).

3.3.2 Exposure Age Calculation

Surface exposure ages were calculated using the CRONUS online calculator version 2.2,
with constants version 2.2 (Balco et al., 2008). We use the Arctic sea-level high-latitude "Be
production rate of 3.96 + 0.15 atoms g”' yr'' (Young et al., 2013b) with the time-varying
spallation production rate-scaling scheme of Lal (1991) and Stone (2000) to account for temporal
changes in geomagnetic field strength. This production rate has been successfully used in
Greenland and is similar to that found for Scandinavia and the Canadian Arctic (Briner et al.,

2012; Young et al., 2013a; b). When other spallation scaling schemes are used (i.e., those of
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Dunai (2001), Desilets and Zreda (2003), Desilets et al. (2006), and Lifton et al., (2005)), final
calculated ages differ by only ~2 percent.

No correction for snow cover was made due to the size of the boulders (>1 m) (Gosse and
Phillips, 2001; Young et al., 2013). Similarly, we do not correct for post-LGM isostatic uplift or
late-Holocene subsidence (e.g., Sparrenbom et al., 2006a; b; Long et al., 2011). The marine limit
at Qaqortoq, Paamiut, and Nuuk is between 30 and 90 m asl (Kelly, 1985; Bennike et al., 2002;
Sparrenbom et al., 2006a; Woodroffe et al., 2014), and taking an average of elevations
experienced by samples since exposure yields very small changes from the samples’ modern
elevations (Kelly et al, 2008; Young et al., 2013). Sisimiut, with a marine limit of ~140 m
(Kelly, 1985), has experienced more isostatic rebound, but the effects are still small relative to
the uncertainty in the "Be measurements (Kelly et al., 2008; Rinterknecht et al., 2009; Hughes et
al., 2012; Young et al., 2013). We use the Shapiro-Wilk test to determine if the ages within a
sample set were normally distributed. We identify potential statistical outliers using Chauvenet’s
criterion of exclusion (noted in Table 2) and make our decision to exclude based on stratigraphic
consistency with both samples from this study and from published studies. For each elevation
where we have multiple samples, we calculated an error-weighted mean age and error-weighted
mean uncertainty to account for varying analytical uncertainties. The latter is possible because
each of our sample sets overlaps within the analytical uncertainty (Bevington and Robinson,
2002).

We use our coastal '’Be ages along elevation transects to calculate ice thinning rates at
four study locales along southwest Greenland. We also compare our lower elevation coastal ages
to '’Be surface exposure ages from samples inland (Carlson et al., in press; Larsen et al., 2014)

of each of our four sites in order to calculate ice retreat rates from the coast to the position of the
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modern margin. Data from Roberts et al. (2009), Rinterknecht et al. (2009), Levy et al. (2012),
Carlson et al. (in press) and Larsen et al. (2014) were recalculated using the Young et al. (2013)
Arctic spallation production rate to facilitate inter-study comparison. We measure retreat
distance between coastal and inland locales for the three southern sites using along-fjord lengths
measured in Google Earth. For Sisimiut-inland ice, we measure retreat distance linearly between

the two sites. Maximum, minimum, and mean thinning and retreat rates are provided in Table 3.

3.4. Results

Surface exposure ages for our four sample locations are presented in Table 2. At our
northernmost site, Sisimiut, high elevation samples at ~590 m (n=5) date to between 17.8 £ 1.1
and 37.6 £ 2.1 ka, with all but one samples dating to well before the LGM (Fig. 2, 3, 4). We note
that in our presentation of results, we refer to internal uncertainties derived from uncertainty in
the AMS '’Be measurement. A full description of uncertainty calculation is provided in
Appendix A3.1. External uncertainties incorporating both this uncertainty and that associated
with the '°Be production rate are listed in Table 2. At lower elevations (~160 m), Sisimiut
samples (n=4) date to between 10.1 £ 0.6 and 15.2 + 0.9 ka. The 10.1 ka date is likely too young,
and does not overlap with the other three dates within uncertainty. Thus, these lower elevation
samples yield an error-weighted mean and uncertainty of 14.5 &+ 0.6 ka if the 10.1 ka outlier is
excluded.

Near Nuuk, high elevation samples at ~420 m (n=4) date between 9.7+ 1.4 kaand 11.4 +
2.6 ka (Table 2), produce an error-weighted mean and uncertainty of 10.7 = 0.6 ka (Figs. 2, 3).

Middle elevation samples at ~330 m (n=2) date to between 9.6 + 0.6 ka and 9.9 + 0.9 ka, with an
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average of 9.7 £ 0.5 ka. Low elevation samples at ~140 m (n=4) yield ages between 9.7 £ 1.1
and 14.9 + 2.6 ka, and an error-weighted mean of 11.0 + 0.7 ka.

The Paamiut sampling location has a high elevation deglacial age (n=1) of 11.7 £ 0.6 ka
at ~515 m (Table 2, Figs. 2, 3). The next sample site downhill at ~445 m has ages (n=3) between
8.9+ 1.2kaand 11.0 + 2.0 ka. We calculate an error-weighted mean of 10.6 + 1.0 ka. Middle
elevations at ~250 m (n=2) result in ages of 9.9 = 0.7 ka and 10.0 = 0.6 ka, averaging 9.9 + 0.4
ka. Low elevation ages at ~60 m (n=5) between 9.7 £+ 1.5 ka and 14.3 + 3.3 ka have an error-
weighted mean of 11.2 £ 0.5 ka.

Finally, Qaqortoq high elevation ages at ~400 m (n=3) date t0 9.8 + 2.2 kato 11.9 £ 0.8
ka (Table 2, Figs. 2, 3). Here, we calculate an error-weighted mean of 11.7 + 0.5 ka. Upper-
middle elevation ages at ~320 m (n=4) date to 8.8 + 2.6 ka to 13.7 £+ 4.2 ka with an error-
weighted mean of 12.3 + 1.1 ka. Lower-middle elevation ages at ~180 m (n=3) date to 10.5 + 1.1
ka to 12.7 + 0.6 ka and an error-weighted mean of 12.5 + 0.4 ka. Low elevation ages at ~100 m

(n=3) date from 7.2 £ 1.0 ka to 9.3 + 1.2 ka, with an error-weighted mean of 8.6 + 0.6 ka.

3.5. Timing and Rates of Deglaciation
3.5.1 Sisimiut

Four out of the five high-elevation Sisimiut boulder samples from above the regional
trimline (Kelly, 1985) cluster around 36.5 = 0.8 ka, which pre-dates the global LGM (Clark et
al., 2009), with only one sample dating from the last deglaciation. Kelly (1985), Roberts et al.
(2009) and Rinterknecht et al. (2009) suggested that the trimline below the high-elevation
samples represents an ice-sheet boundary, with ice-free conditions above the weathering limit

during the LGM (Fig. 5). Alternatively, the pre-LGM dates at the high elevations near Sisimiut
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may be due to the presence of cold-based, less erosive ice during the last glacial period, and
contain inherited nuclides.

Roberts et al. (2009) report bedrock exposure ages at high elevations near Sisimiut of
242 + 1.3 kato 165.7 + 8.2 ka (Figs. 2A, 4). Rinterknecht et al. (2009) report a boulder age from
above the trimline of 21.7 + 4.1 ka (Figs. 2A, 4), which overlaps with our deglacial-age boulder
sample. Given the occurrence of bedrock '’Be ages above the trimline that pre-date the LGM but
are much younger than the penultimate deglaciation (Rinterknecht et al., 2009; Roberts et al.,
2009) and that at least two boulder samples from above the trimline are deglacial in age (Table 2;
Rinterknecht et al., 2009), we suggest that the trimline likely represents an englacial thermal
boundary. Above this demarcation cold-based ice cover during the LGM only partly removed
bedrock and boulder surfaces that had been previously exposed. This inference of cold-based ice
agrees with other studies in Greenland where bedrock surfaces above an erosional trimline
contained significant inheritance while boulder surfaces from above the trimline sometimes
contained minimal inheritance (Corbett et al., 2013; Roberts et al., 2013; Lane et al., 2014;
Larsen et al., 2014). Our single LGM-early deglacial age likely exhibits the least inheritance and
is the most accurate date for the deglacial chronology.

Therefore, we use only the younger deglaciation age when calculating thinning from high
elevation near Sisimiut. Using this single high-elevation date of 17.8 + 1.1 ka and the low
elevation error-weighted mean of 14.5 + 0.6 ka, ~440 m of thinning occurred at this location over
the course of ~3 ka. Thinning rates are between 0.1-0.3 m yr™.

Our '’Be ages, and those of Rinterknecht et al. (2009) and Roberts et al. (2009), suggest
an early onset of deglaciation from the coast near Sisimiut, around the onset of Northern

Hemisphere deglaciation (e.g., Clark et al., 2009; Carlson and Winsor, 2012). While limited,
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there is evidence for retreat of southeast and east GrIS margins before ~17 ka (Nam et al., 1995;
Andrews et al., 1997; Carlson et al., 2008). Our timing of the pull back of the GrIS from the
Sisimiut coast at ~14.8 ka is earlier than, but not inconsistent with, reconstructions based on
minimum-limiting '*C dates (Long et al., 2009; Bennike et al., 2011). Our timing of coastal
retreat is concurrent with the initial retreat of the west GrIS margin from the continental shelf
break west of Disko Bugt (O’Cofaigh et al., 2013). '°Be ages on valley glacier moraines in
Scoresby Sund also show that the much larger LGM outlet glacier had retreated from the shelf
before ~14 ka (Kelly et al., 2008). Therefore, the GrIS retreat recorded around Sisimiut may not
be an isolated phenomenon as there is limited evidence elsewhere on Greenland for such early
deglacial thinning and retreat.

While exposure at the coast occurred in the early part of the last deglaciation, the GrIS
margin retreated to its present extent by the middle Holocene. The Carlson et al. (in press) and
Levy et al. (2012) '°Be exposure ages from near the inland ice margin average 6.7 + 0.2 ka
(n=16). Using our low elevation error-weighted mean '°Be age of 14.5 + 0.6 ka, calculated
retreat rates from Sisimiut to the inland ice are 15-20 m yr™'. A prolonged retreat from Sisimiut to
the modern GrIS margin is consistent with persistent glacially derived sediments deposited in the
Kangerlussuaq fjord until ~7 ka (Storms et al., 2012). This slow retreat of the southwest GrIS
margin from Sisimiut is also reconstructed by Rinterknecht et al. (2009), which has the ice

margin ~20 km west of its present extent at ~9 ka.

3.5.2 Nuuk
Exposure ages from coastal Nuuk indicate that ice thinned ~280 m between 10.7 + 0.6 ka

and 11.0 + 0.7 ka. Our middle elevation average age at Nuuk of 9.7 + 0.5 ka overlaps within
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uncertainty with the overall thinning history. The minimum estimated thinning rate is ~0.3 m yr’'
and the maximum thinning rate is essentially instantaneous within the uncertainties of our
measurements. The timing of coastal retreat is consistent with minimum-limiting '*C ages in the
fjord west of our Nuuk samples of ~10.7 to ~11.4 ka (Larsen et al., 2014). Likewise, three
coastal '’Be boulder ages several fjords south of Nuuk range from 10.4 + 0.4 ka to 10.8 + 0.7 ka
(Larsen et al., 2014), in excellent agreement with our '°Be ages. The similarity between our
dataset and that of Larsen et al. (2014) provides support for the high degree of reproducibility of
""Be exposure ages in this region.

We calculate a minimum retreat rate from Nuuk of ~65 m yr’' (Table 3), using an error-
weighted mean age of 10.1 + 0.3 ka from published '°Be ages (n=3) just to the south of the head
of Nip Kangerdlua (Larsen et al., 2014), and our low elevation date of 11.0 + 0.7 ka. The
maximum retreat is essentially instantaneous within the uncertainty of these dates. This range
somewhat lower than that estimated by Larsen et al. (2014) of 90-210 m yr'". We note that the
lack of '“Be ages at the head of Niip Kangerdlua preclude a more precise retreat rate, but our
retreat rates are consistent with minimum-limiting radiocarbon ages from the Nip Kangerdlua

fjord (Weidick, 1976; Larsen et al., 2014).

3.5.3 Paamiut

At Paamiut, ~450 m of surface exposure occurred between 11.7 + 0.6 ka and 11.2 + 0.5
ka. Our highest elevation site is only dated by one boulder sample, but another three boulder
samples from ~70 m lower are 10.6 £+ 1.0 ka in age. The middle elevation site mean age of 9.9 +

0.4 ka is almost within stratigraphic order. We estimate thinning rates between infinite and ~0.3
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m yr”'. Our timing of retreat from the coast at ~11.2 ka agrees with the oldest minimum-limiting
'C date in the region of ~11 ka (Woodroffe et al., 2014).

Carlson et al. (in press) dated the GrIS margin nearing its current extent up-fjord from
Paamiut at 10.4 + 0.4 ka (n=4), which overlaps with our low elevation date of 11.2 + 0.5 ka.
Another five boulder dates from high elevations (~740 m asl) near the inland GrIS margin
averaged 10.7 = 0.1 ka. (Carlson et al., in press). Therefore, simultaneous deglacial exposure at
the coastal Paamiut site and the modern outlet glacier terminus, ~40 km away, is possible within
uncertainty (Table 3). We calculate a minimum retreat rate of ~25 m yr™'. The timing of retreat
from the coast up-fjord is in general agreement with the last pulse in ice-rafted debris north of
Paamiut ~11 ka to ~9 ka (Fig. 1) (Knutz et al., 2011), where icebergs would be transported in the

West Greenland Current.

3.5.4 Qaqortoq

At the low elevation Qaqortoq site (~100 m above sea level), the error-weighted mean is
8.5 £ 1.0 ka (Table 3). Minimum-limiting '*C ages show ice-free conditions in fjords near
Qaqortoq by ~11 ka (Sparrenbom et al., 2006a). Therefore, we suggest that the three lowest
elevation Qaqortoq boulders are erroneously young and may have experienced post-depositional
rolling or delayed exposure due to sediment uncovering. As a result, we calculate thinning rates
over ~220 m between our highest elevation site (11.7 & 0.5 ka) and our second lowest elevation
site (~180 m; 12.5 + 0.4 ka). Rates imply nearly instantaneous (within a few centuries) exposure
of high and low elevation samples, being between ~2 m yr’' to infinite within the uncertainty of
our measurements (Table 3). Our estimated occurrence of ice-free conditions at the coast of 12.5

+ 0.4 ka is ~1 ka earlier than the earliest exposure inferred from surrounding '“C dates (Bennike
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& Bjorck, 2002; Weidick et al., 2004; Sparrenbom et al., 2006a; 2006b), but is still consistent
given the limiting nature of the '*C dates. Our '°Be ages also agree with the oldest minimum-
limiting age from the outermost island southwest of Qaqortoq suggesting ice-free conditions by
~14.1 ka (Bennike & Bjorck, 2002; Sparrenbom et al., 2006b).

Inland of Qaqortoq near the present ice margin near the town of Narsarsuaq, surface
exposure boulder ages (n=4) date to 11.1 + 0.2 ka (Carlson et al., in press). This data and our
lowest in situ elevation Qaqortoq boulder date (12.5 = 0.4 ka) suggest retreat rates from
Qagqortoq inland of 35-95 m yr™' (Table 3). Using mainly minimum-limiting '*C dates, Larsen et
al. (2011) estimated a minimum retreat rate of ~30 m yr™', which is slightly slower than our '°Be-
based estimates. A GrIS runoff record from south of Qaqortoq on the Eirik Drift (Fig. 1) shows
the major peak in GrIS deglaciation occurring ~13.0 ka to ~10.5 ka (Carlson et al., 2008; Fig.

6h), concurrent with our '’Be dated ice retreat in southernmost Greenland.

3.5.5. Summary of thinning and retreat rates

We have calculated thinning rates at the coast, and retreat rates inland of these sites,
using a combination of new '’Be ages and previously analyzed '°Be samples (Table 3, Figs. 3, 7;
Larsen et al., 2014; Carlson et al., in press). Coastal thinning occurred slowly at Sisimiut (0.1 to
0.3 m yr''), more rapidly at Nuuk and Paamiut (0.3 m yr’' to instantaneous exposure), and
extremely rapidly at Qaqortoq (2 m yr'' to instantaneous exposure) (Fig. 7). Retreat inland from
Sisimiut was also relatively slow, at a rate of 15-20 m yr™'. Retreat from Qaqortoq was faster, at
35-95m yr'l. From coastal Paamiut, minimum retreat was 25 m yr'l, and the maximum retreat

rate implies instantaneous exposure within our uncertainties. Retreat from Nuuk is estimated to
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have had a minimum value of 65 m yr "I and a maximum that, like at Paamiut, implies
instantaneous exposure within uncertainty (Fig. 7).

These retreat rates are similar to, though potentially faster than, those estimated for other
GrIS margins. Roberts et al. (2013) estimated deglacial retreat of the Uummannaq ice stream
(71.0°N, 53.7°W; Fig. 1), west Greenland, at ~30 m yr'l. This is slower than all but one of our
retreat rates for Qaqortoq, Paamiut, and Nuuk, and faster than maximum rates at Sisimiut (Table
2, Fig. 3). Just south of Nuuk, Larsen et al. (2014; Fig. 1) calculated a retreat rate of 90-210 m yr’
! Our minimum retreat rate from Nuuk is identical to their minimum value, with our maximum
rate of infinite-within-uncertainty being greater than the Larsen et al. (2014) maximum estimate.
In southeastern Greenland, Hughes et al. (2012) document late deglacial retreat rates of ~80 m
yr'' for Helheim Glacier in Sermilik Fjord (65.9°N, 37.8°W; Fig 1), with exposure onset at ~13
ka to ~10 ka and no difference in exposure times at the head versus mouth of the fjord. This is
comparable to our minimum retreat rate estimates at Nuuk, our maximum estimate at Qaqortoq,
and between our minimum and maximum values at Paamiut (Table 2, Fig. 3). The Helheim

retreat rates are, however, certainly much swifter than at Sisimiut (Fig. 3; Hughes et al., 2012).

3.6. Environmental Influences on southwest Greenland Deglaciation

Why did retreat inland from Sisimiut occur at a slower average pace than at the three
more southern sites? We suggest that this difference is primarily due to the relatively weak
marine influence on the transect inland from Sisiumt. The Sisimiut fjord system is less extensive
than the fjords around Qaqortoq, Paamiut, and Nuuk (Fig. 2). This means that the ice margin
near Sisimiut would have become isolated from deep marine influences before reaching

Kangerlussuaq, even with a marine limit of ~140 m above modern sea level (Kelly, 1985). Just
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to the west of Kangerlussuaq (Fig 2), Kelly (1985) observed a marine limit of 65 m asl, and at
Mt. Keglen (~ 15 km distal of the modern margin) a marine limit of ~50 m asl. These are
consistent with minimum marine limit estimates of Ten Brink (1974) (Storms et al., 2012).
Modern minimum elevation in these shallow valleys are on the order of 100-150 m asl,
permitting ~250-300 m of maximum water depth at the retreating ice margin close to the modern
coastline, and ~100-150 m maximum depth close to the modern inland ice. However, low
elevation valleys are very narrow and winding in this region, with much intervening topography
that would have limited the areal contact of the ice margin with the penetrating marine system.
Considering this topography inland of our Sisimiut study location, and as suggested by Bennike
and Bjorck (2002), the glaciers of this region would therefore lose mass primarily via surface
melting as opposed to by calving and submarine basal melting.

Compared to Sisimiut, the sites of Nuuk, Paamiut and Qaqortoq experienced relatively
strong marine influence on retreat. The outer sill at Nuuk is ~170 m below modern sea level
(Mortensen et al., 2011), and with a coastal marine limit of ~90 m (Kelly, 1985), this restricted
deglacial seawaters deeper than ~260 m from entering the fjord. Unlike the fjords near Sisimiut,
the fjord inland of Nuuk deepens. The two southernmost outlet glaciers entering Nip Kangerdlua
(Fig. 2b) are estimated to be grounded below sea level near their modern margin (Morlighem et
al., 2014). Although fjord bathymetry is not constrained at Paamiut, Morlighem et al. (2014)
indicate that subglacial bed topography upstream from the modern outlet-glacier terminus is
below sea level. The bed of outlet glacier Kiagtlit Sermiat, at the head of our Qaqortoq transect,
(Fig. 2d), is above modern sea level, although other nearby glacier termini are grounded below
sea level and fjords do extend inland close to the Kiagtlit Sermiat terminus (Morlighem et al.,

2014). This relatively shallow topography may help explain the slower maximum retreat rate
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estimated at Qaqortoq, compared to those at Nuuk and Paamiut (Fig. 3). However, considered as
a whole, the fjords of Nuuk, Paamiut, and Qaqortoq are wider and deeper than the fjords near
Sisimiut and extend inland close to or at the modern GrIS margin. It is therefore likely that
calving and submarine melting played a larger role for GrIS mass loss near Nuuk, Paamiut and
Qagqortoq relative to mass loss near Sisimiut. These additional ablation mechanisms may thus
explain the more rapid thinning and retreat inland near Nuuk, Paamiut, and Qaqortoq relative to
Sisimiut.

Ocean forcings on ablation is supported by regional paleoclimate records. Deglacial
warming of the eastern Labrador Sea began ~13 ka and reached maximum warmth by ~10 ka,
likely due to the influx of warm Irminger Current waters (Solignac et al., 2004; Knutz et al.,
2011; Winsor et al., 2012; Fig 6f). This warming is concurrent with up-fjord ice retreat at our
three southern locations. The strong contrast between the timing and rate of thinning and retreat
at Sisimiut, which is less exposed to marine influences (Mgller et al., 2006; Mortensen et al.,
2011), and the other sites that have extensive fjord systems, could therefore be explained by the

relative strength of marine influence on local ice margins.

3.7. Conclusions

We present a new deglacial thinning and retreat chronology of four outlet glaciers in
southwestern Greenland using '’Be surface exposure dating. Our data show that ice retreat in
three of the fjords occurred at 13.0-11.0 ka at rates >25-65 m yr'' (Table 3). Ice retreat in a fourth
fjord with relatively little marine influence (being shallow and short) occurred comparatively
earlier (~17.8 ka to ~14.6 ka), but at a rate of only ~20 m yr''. Together, our fjord retreat

chronology suggests that ocean warming—and transfer of ocean heat to the outlet glacier



72

systems—played an important role in the timing and rate of southwestern GrIS retreat. Such a
marine influence on ice retreat is consistent with modern observations of accelerated outlet
glacier thinning and retreat coeval with the incursion of warmer waters into Greenland fjord
systems (e.g., Holland et al., 2008; Murray et al., 2010; Straneo et al., 2010). Interestingly,
modern ice thinning rates for marine margins are in some places >0.2 m yr'' (Pritchard et al.,
2009). Our deglacial '’Be chronology suggests that such rates could be sustained for centuries in

marine-terminating settings, with attendant significant mass loss from the GrIS.
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Figure Captions:

Figure 1. Index map of Greenland study locales. Shown are: previous '’Be exposure ages
(vellow circles), '’Be dates from this study (orange circles), GISP2 ice core location (blue
square), and mapped modern elevations (m) above sea level (courtesy of G. Sinclair). Previous
studies are numbered accordingly: 'Carlson et al. (in press), “Hughes et al. (2012), *Kelly et al.

(2008), “Larsen et al. (2014), *Levy et al. (2012), *Roberts et al. (2013).

Figure 2. Close-up satellite imagery showing the study sites of A. Sisimiut, B. Nuuk, C.
Paamiut, and D. Qaqortoq. Blue circles indicate sample locations for '’Be dating published in
Rinterknecht et al. (2009, medium blue), Roberts et al. (2009, light blue), and Larsen et al. (2014,
medium blue). Orange circles mark our coastal locales, with nearby towns (pink circles), and
yellow circles mark inland locales used to calculate retreat rates. Sites of relative sea level data
are shown in green circles, with ages representing the start time of rapid deglacial sea level rise

(Sparrenbom et al., 2006a; b; Woodroffe et al., 2014).

Figure 3. New '’Be ages (circles) with internal errors for each boulder, with EWMs (orange
squares) and EWM uncertainties for each elevation grouping. Outliers are included in this figure
(gray circles), but pre-LGM Sisimiut dates are not. Bars indicate duration of coastal thinning as

constrained by EWMs.

Figure 4. All '’Be data from the Sisimiut region, including new ages from this study and data
from Rinterknecht et al. (2009) and Roberts et al. (2009), recalculated using the Young et al.

(2013) Arctic production rate for spallation.
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Figure 5. Geomorphic difference between high-elevation Sisimiut and other coastal locales. (A)
Highly weathered boulders in an environment resembling felsenmeer on the ridge-top sampling
site at Sisimiut, and (B) glacially smoothed and exposed bedrock at the high elevation Nuuk site,

exhibiting glacial scouring and little post-glaciation weathering.

Figure 6. Paleoclimate context for our '’Be ages. (A-D) the EWM of our new coastal '’Be dates
(squares) and published inland '’Be dates (open circles) (Carlson et al., in press; Larsen et al.,
2014), (E) June insolation at 60°N (Berger and Loutre, 1991), (F) Ca-corrected Ti concentrations
from the northeastern Labrador Sea representing GrIS runoff (Carlson et al., 2008), (G) Mg/Ca-
derived calcification temperatures of Neogloboquadrina pachyderma (s) from the northeastern
Labrador Sea (Winsor et al., 2012), and (H) Greenland ice core GISP2 8'*0 (Grootes and

Stuiver, 1997).

Figure 7. Summary of '’Be exposure ages from this study and from Levy et al. (2012)°, Larsen

et al. (2014)*, Carlson et al. (in press)'. Image is from Figure 1.



Table 1. Sampling and lab processing data for '°Be surface exposure dating.

Sample
Sample Longitude  Elevation Shielding  Thickness Quartz 9Be Carrier
Name Latitude (N) (E) (m asl) correction (cm) mass (g)  Added (g)
QAQORTOQ
QQ-1-08 60.736 -46.033 313 1.000 2.0 12.002 0.502
QQ-2b-08 60.735 -46.033 326 1.000 2.0 46.976 0.508
QQ-3-08 60.735 -46.031 305 1.000 2.0 21.299 0.497
QQ-4-08 60.735 -46.031 305 1.000 1.0 11.220 0.502
QQ-5-08 60.732 -46.022 176 0.994 2.5 35.946 0.494
QQ-6-08 60.733 -46.018 97 0.991 1.0 28.401 0.511
QQ-7-08 60.733 -46.018 97 0.991 2.0 24.585 0.506
QQ-8-08 60.733 -46.018 97 0.991 2.0 26.268 0.506
QQ-1-10 60.744 46.046 399 1.000 1.0 21.769 0.251
QQ-2-10 60.744 -46.046 399 1.000 1.0 28.246 0.248
QQ-3-10 60.744 -46.046 399 1.000 1.0 28.937 0.248
QQ-4-10 60.731 -46.023 175 0.997 1.0 28.303 0.247
QQ-5-10 60.732 -46.023 185 0.996 2.0 27.219 0.248
PAAMIUT
PA-1-10 62.004 -49.550 65 0.997 3.0 29.041 0.233
PA-2-10 62.004 -49.550 65 0.997 1.8 28.777 0.247
PA-3-10 62.004 -49.550 66 0.997 1.0 22.805 0.249
PA-4-10 62.005 -49.554 57 0.999 2.3 20.126 0.250
PA-5-10 62.005 -49.553 59 0.998 2.8 29.977 0.252
PA-6-10 62.012 -49.528 515 0.959 2.0 30.233 0.247
PA-7-10 62.012 -49.528 499 0.985 2.0 29.481 0.252
PA-8-10 62.011 -49.530 448 0.990 2.3 28.774 0.252
PA-9-10 62.011 -49.530 448 0.990 3.4 29.376 0.250
PA-10-10 62.011 -49.529 439 0.988 33 32.242 0.250
PA-11-10 62.007 -49.538 257 0.994 1.5 23.717 0.248
PA-12-10 62.007 -49.540 251 0.994 3.5 26.043 0.248
NUUK
NU-1-10 64.178 -51.674 126 0.995 2.6 20.824 0.248
NU-2-10 64.178 -51.672 149 0.997 2.0 17.984 0.249
NU-3-10 64.178 -51.673 144 0.996 1.9 20.113 0.250
NU-4-10 64.187 -51.645 427 1.000 2.7 23.071 0.249
NU-5-10 64.187 -51.645 427 1.000 3.8 20.305 0.250
NU-1-2008 64.187 -51.646 419 1.000 2.5 22.578 0.249
NU-2-2008 64.187 -51.646 422 1.000 2.0 19.258 0.248
NU-4-2008 64.183 -51.657 334 0.998 1.5 23.837 0.248
NU-5-2008 64.182 -51.657 333 0.998 2.0 21.456 0.248
NU-7-2008 64.178 -51.672 146 0.997 1.5 22.739 0.251
SISIMIUT
SM-1-2009 66.928 -53.577 588 1.000 1.5 20.855 0.248
SM-2-2009 66.928 -53.577 592 1.000 2.5 20.558 0.248
SM-3-2009 66.928 -53.577 592 1.000 2.0 51.703 0.483
SM-4-2009 66.928 -53.578 591 1.000 3.0 19.406 0.248
SM-5-2009 66.928 -53.578 591 1.000 2.0 40.226 0.510
SM-6-2009 66.937 -53.560 158 0.985 2.0 20.107 0.249
SM-7-2009 66.937 -53.559 149 0.990 2.0 46.298 0.511
SM-8-2009 66.937 -53.559 149 0.990 3.5 22.076 0.250

SM-9-2009 66.937 -53.560 158 0.990 2.0 46.260 0.511
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Table 2. AMS results and age calculation of boulder samples using the CRONUS online
calculator (Balco et al., 2009). All ages calculated with the Arctic high latitude/sea level
production rate (Young et al., 2013b), zero erosion, a rock density of 2.65 g cm™, and the

Lal/Stone time-varying spallation scaling scheme (Lal, 1991; Stone, 2000).

Measured 10Be Production Production
Measured 10/9Be 10Be  uncertainty Rate Rate Internal External
Sample Elevation 10/9Be Error (107- (atoms/g) (atoms/g) (muons) (spallation)  Exposure  Uncertainty Uncertainty
Name (masl) (107-15) 15) (1074) (1073) (atoms/g/yr) (atoms/g/yr)  Age (ka) (ka) (ka)
QAQORTOQ
QQ-1-08 313 43 6 8.12 2.5 0.206 5.74 13.7 4.2 4.2
QQ-2b-08 326 118 9 7.54 8.3 0.207 5.81 12.6 1.4 1.5
QQ-3-08 305 48 7 5.20 15.3 0.206 5.69 8.8 2.6 2.6
QQ-4-08 305 38 3 7.19 23.0 0.206 5.74 12.1 3.9 3.9
QQ-5-08 176 74 6 5.38 5.8 0.196 4.94 10.5 1.1 1.2
QQ-6-08 97 52 4 4.41 5.9 0.191 4.59 9.3 1.2 13
QQ-7-08 97 40 2 3.43 4.5 0.191 4.55 7.2 0.9 1.0
QQ-8-08 97 47 2 4.14 4.3 0.191 4.55 8.8 0.9 1.0
QQ-1-10 399 81 14 5.99 13.1 0.208 5.94 9.8 2.1 2.2
QQ-2-10 399 133 9 7.69 5.4 0.213 6.29 11.9 0.8 1.0
QQ-3-10 399 135 7 7.61 3.9 0.213 6.29 11.7 0.6 0.8
QQ-4-10 175 115 5 6.62 3.0 0.196 5.01 12.7 0.6 0.8
QQ-5-10 185 110 6 6.56 35 0.197 5.02 12.6 0.7 0.8
PAAMIUT
PA-1-10 65 104 8 5.45 4.4 0.188 4.37 12.0 1.0 1.1
PA-2-10 65 85 6 478 3.4 0.188 4.42 10.4 0.7 0.8
PA-3-10 66 79 13 5.67 9.9 0.189 4.45 12.3 2.1 2.2
PA-4-10 57 79 18 6.48 14.8 0.188 4.37 14.3 3.3 3.3
PA-5-10 59 82 7 4.40 6.7 0.188 4.36 9.7 1.5 1.5
PA-6-10 515 150 8 8.05 4.3 0.221 6.69 11.7 0.6 0.8
PA-7-10 499 112 11 6.18 8.5 0.22 6.77 8.9 1.2 1.3
PA-8-10 448 129 21 7.32 13.5 0.216 6.46 11.0 2.0 2.1
PA-9-10 448 122 14 6.75 9.9 0.216 6.4 10.2 1.5 1.6
PA-10-10 439 138 18 6.94 10.4 0.215 6.34 10.6 1.6 1.6
PA-11-10 257 81 4 5.54 3.2 0.202 5.41 9.9 0.6 0.7
PA-12-10 251 87 4 5.44 2.4 0.201 5.28 10.0 0.5 0.6
NUUK
NU-1-10 126 66 7 5.15 5.4 0.193 4.68 10.6 1.1 1.2
NU-2-10 149 82 14 7.46 12.8 0.194 4.83 14.9 2.6 2.6
NU-3-10 144 71 11 5.85 9.2 0.194 4.81 11.7 1.9 1.9
NU-4-10 427 106 23 7.53 16.9 0.215 6.4 11.4 2.6 2.6
NU-5-10 427 78 11 6.32 9.4 0.214 6.34 9.7 1.4 1.5
NU-1-2008 419 97 8 7.15 6.0 0.214 6.36 10.9 0.9 1.0
NU-2-2008 422 82 8 7.04 6.6 0.215 6.4 10.7 1.0 1.1
NU-4-2008 334 83 5 5.81 3.8 0.208 5.88 9.6 0.6 0.7
NU-5-2008 333 78 7 5.99 5.2 0.208 5.85 9.9 0.9 0.9
NU-7-2008 146 66 7 4.85 5.3 0.194 4.84 9.7 1.1 1.1
SISMIUT
SM-1-2009 588 362 16 28.80 13.4 0.228 7.53 37.4 1.8 2.3
SM-2-2009 592 170 7 13.73 6.1 0.228 7.5 17.8 0.8 1.1
SM-3-2009 592 463 18 28.88 11.3 0.228 7.53 37.6 1.5 2.1
SM-4-2009 591 328 16 28.02 13.6 0.228 7.46 36.8 1.8 2.3
SM-5-2009 591 301 16 25.52 13.6 0.228 7.53 33.2 1.8 2.2
SM-6-2009 158 91 5 7.55 4.3 0.195 4.79 15.2 0.9 1.1
SM-7-2009 149 97 10 7.12 7.2 0.194 4.77 14.4 1.5 1.6
SM-8-2009 149 66 4 4.96 2.9 0.194 4.71 10.1 0.6 0.7

SM-9-2009 158 91 7 6.74 5.0 0.195 4.82 13.5 1.0 1.1
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Appendix A3-1. Calculating uncertainty in '°Be exposure ages.

In our discussion of '°Be exposure ages, we refer to internal and external uncertainties, which are
both outputs of the CRONUS online calculator (Balco et al., 2008) and explained in the
MATLAB documentation on http://hess.ess.washington.edu/. Here, we briefly describe the
sources of uncertainty in stated internal and external uncertainties. A very thorough description

of sources of uncertainty, and the associated percent errors at the date of publication, is provided
in Gosse and Phillips (2001).

Internal Uncertainty
The internal uncertainty (cins X txx) is calculated by:

(Gint X txx) = ((Itxx)/(AN))? x ON?
where:
(Itx)/(IN) = (Pe 1 xx — N(A + (pE)/Asp))”!

Scaling scheme is represented by Xx, N is the concentration of the '°Be nuclide, oN is the
standard error associated with the measured N, ¢ is the erosion rate, A is the '°Be decay constant,
Ay, 1s the effective attenuation length for production for neutron spallation, p is the sample

density, and the effective production rate is P ¢, where:

Perr= Pref, xx X Se £, Xx X Sthick X Sg.

Stick 18 the thickness scaling factor, S. ¢¢, xx is the effective scaling factor for a given scaling
scheme and S, is the geometric shielding correction.

External Uncertainty

The external uncertainty in '’Be exposure ages for the CRONUS online calculator are calculated
as follows:

(Gext X tx)” = ((Atx)/(ON))* x ON? + ((3tx)/(0Pe £r, x))” X OPe 1 x
where

(9txx 0)/(P% £, xx) = N(P%err xx — N x Perg xx (M + (p€)/Agp))”
and

O X Peff,Xx:0 X Pref,Xx X Seff,Xx X Sthick X Sg

and P . ¢ x, 1S the reference production rate standard error for a given scaling scheme.
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Abstract

In southernmost Greenland near Narsarsuaq, the terminal Narsarsuaq moraine was deposited
well outside of a historical Little Ice Age (LIA) moraine adjacent to the modern ice margin.
Using '’Be surface exposure dating, we determine Narsarsuaq moraine abandonment at
1.51£0.11 ka. A second set of '°Be ages from a more ice-proximal position shows that ice has
been within or at its historical (i.e., LIA) extent since 1.34+0.15 ka. Notably, Narsarsuaq moraine
abandonment was coincident with climate amelioration in southern Greenland. Southern
Greenland warming at ~1.5 ka was also concurrent with the end of the Roman Warm Period as
climate along the northern North Atlantic sector of Europe cooled into the Dark Ages. The
warming of southern Greenland and retreat of ice from the Narsarsuaq moraine is consistent with
studies suggesting possible anti-phase centennial-scale climate variability between northwestern
Europe and southern Greenland. Other southernmost Greenland ice-margin records do not
preclude a pre-LIA ice-margin maximum, potentially concurrent with a Narsarsuaq advance
prior to ~1.51 ka, but also lack sufficient ice-margin control to confirm such a correlation. We
conclude that there is a clear need to further determine whether a late-Holocene pre-LIA
maximum was a local phenomenon or a regional southern Greenland ice maximum, and if this

advance and retreat reflects a regional fluctuation in climate.

4.1. Introduction

Over the Holocene, boreal climate generally cooled in response to declining high northern
latitude summer insolation, culminating in the Little Ice Age (LIA) of the last several centuries
(Kaufman et al., 2009; Marcott et al., 2013). In Greenland, valley glaciers and the Greenland ice

sheet advanced across the Neoglacial interval (the last 4 ka), with their maximum extents
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generally occurring during the LIA (Weidick, 1963; Kelly, 1980; Weidick et al., 2004; 2012;
Kelly et al., 2008; Kelly & Lowell, 2009; Alley et al., 2010; Briner et al., 2011; Funder et al.,
2011; Levy et al., 2012; 2013; Lowell et al., 2013). The timing and extent of these late-Holocene
glacier maxima are often used as baselines for assessing the cause of present and future ice
volume changes on the island (Oerlemans, 2005; Jansen et al., 2007). It is therefore societally
relevant to determine the timings of Greenland ice margin maximum late-Holocene extents and
to constrain the geographic variability of these maxima (Seidenkrantz et al., 2008).

Ice margin records from across Greenland suggest that general global cooling resulted in
glacial maxima at different times during the late Holocene. Jakobshavn Isbra, which is the
largest single source of modern ice loss in Greenland, advanced throughout the LIA, surpassing
older late Holocene extents (Weidick & Bennike, 2007; Briner et al., 2011). However, just to the
south of Jakobshavn, '“C dating of land-terminating ice margins indicates a late-Holocene
maximum post-dating the LIA in the last century (Kelley et al., 2012). Ice-marginal records from
east Greenland also show a nuanced response to late-Holocene climate change, with one valley
glacier reaching its maximum extent early in the LIA (Kelly et al., 2008), while two ice caps
neared their late-Holocene maximum prior to the LIA (Levy et al., 2013; Lowell et al., 2013). In
southwest and southeast Greenland, ice-marginal records are more limited and do not provide a
close constraint on late-Holocene Greenland ice sheet and valley glacier behavior (e.g., Roberts
et al., 2008; Hughes et al., 2012; Weidick et al., 2012; Larsen et al., 2013).

In southernmost Greenland, the prominent Narsarsuaq moraine was deposited outside of the
LIA/historical extent of the outlet glacier Kiagtlit sermiat, and is indirectly inferred to be late
Holocene in age, although an early or middle Holocene age is also plausible given available

chronologic constraints (Weidick, 1963; Kelly, 1980; Dawson, 1983; Bennike & Sparrenbom,
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2007). Analysis of sediments originating from a combination of glaciated and unglaciated terrain
downstream of Kiagt(it sermiat yielded an average age of 3.5 ka (Nelson et al., 2014). Existing
records from other southern Greenland ice margins are somewhat contradictory, and are
interpreted to show either ice-margin late-Holocene maxima during the LIA (Kaplan et al., 2002)
or an earlier maximum (Larsen et al., 2011). Here, we use '’Be surface exposure ages to directly
date ice retreat from the Narsarsuaq moraine and to determine if this moraine represents a pre-

LIA late-Holocene maximum ice-margin advance.

4.2. Kiagtiit Sermiat setting & methodology

Northeast of Narsarsuaq [61.15°N, 45.43°W] (Figure 1), the Kiagtit sermiat outlet glacier
flows to the southwest. The outlet glacier is sourced from the southern dome of the Greenland
ice sheet as part of a larger outlet glacier that splits into Kiagtilit sermiat and Qdrqup sermia
glaciers (Figure 2) (Weidick et al., 2004; Larsen et al., 2011). The modern glacier is land-
terminating, with the mouth of Tunugliarfik fjord located ~8 km down valley to the southwest of
the present ice margin. Kiagtlit sermiat glacier is sometimes referred to as Kiattut sermiat of
Kiatuut sermia (e.g., Weidick et al., 2004; Nelson et al., 2014).

The Narsarsuaq moraine of Kiagtlit sermiat is clast-supported and consists of a prominent
ridge extending from the valley mouth up onto the plateau (Figure 2) (Weidick, 1963; Larsen et
al., 2011). Several recessional moraines are up-valley of the terminal moraine, but these as well
as the terminal moraine have been heavily reworked by human activity, particularly during and
shortly after World War I1. Weidick (1963) first suggested a late-Holocene age for the
Narsarsuaq moraine based on its elevation relative to the marine limit, although marine limit

deposits also experienced significant human impact from World War II activity. Organic
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materials recovered from Cedar Lake within the moraine date (calibrated) to ~1.2 ka (Bennike &
Sparrenbom, 2007), but these are minimum-limiting radiocarbon dates and therefore do not
preclude an age for the moraine ranging from the last deglaciation to the late Holocene.
Similarly, lichenometry has been interpreted to suggest a moraine age of ~2.4 ka, but this age is
an extrapolation of the lichen growth curve well beyond its calibration period of the last several
centuries, and only constrains the moraine as older than the latest-Holocene lichen-calibration
period (Dawson, 1983; Loso & Doak, 2006).

For this study, we sampled 17 boulders for '’Be surface exposure dating from within the
innermost recessional segments of the Narsarsuaq moraine (Figure 2). Eleven samples were from
just within the last recessional moraine segment and thus date the onset of Kiagtlit sermiat retreat
from the Narsarsuaq moraine. Another six samples are just ice-distal of the historical ice limit—
which also is the LIA ice limit—and therefore constrain the last time Kiagt(it sermiat was more
advanced than its 20™ century extent (Weidick, 1963). We chose large (>1 m tall) granitoid or
gneissic boulders with relatively even and horizontal tops. Samples showed no sign of post-
depositional rolling or of being reworked, and their topographic shielding was recorded. We
avoided boulders on the moraine itself because of human impact on the end-moraine segments
and clear evidence for downhill deflation of the lateral moraines. We note that our samples are
likely not noticeably impacted by inheritance, as evidenced by low concentrations of '’Be found
in sediments released from the GIS in this region (Nelson et al., 2014).

Laboratory preparation of '°Be targets was performed in the University of Wisconsin-
Madison Cosmogenic Nuclide Laboratory. Processing included the isolation of pure quartz and
removal of meteoric '’Be using successive HF/HNOjs acid leaches, chemical separation and

purification of Be(OH), via anion and cation chromatography and selective hydroxide
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precipitation, ignition to BeO, and mixture with Nb powder prior to loading into cathodes
(Nishiizumi et al., 1984; Kohl & Nishiizumi, 1992). Samples were analyzed by Accelerator Mass
Spectrometry (AMS) for '’Be/’Be (online data repository) at Lawrence Livermore National
Laboratory (LLNL) and the Scottish Universities Environmental Research Centre (SUERC)
(Rood et al., 2010; 2013; Xu et al., 2010). At LLNL, samples were normalized to standard
07KNSTD3110 with a reported ratio of 2.85x10™'* (Nishiizumi et al., 2007). At SUERC,
samples were normalized to the NIST standard with an assumed ratio of 2.79x10™"". All samples
were blank corrected (online data repository).

We calculated surface exposure ages with the CRONUS online calculator (version 2.2, with
constants version 2.2) using the Arctic reference sea-level high-latitude production rate due to
spallation of 3.96+0.15 '’Be atoms g yr'' (Young et al., 2013), the muonogenic production rate
from Heisinger et al. (2002a; b), and the time-dependent Lal/Stone scaling scheme (Table 1 and
online data repository) (Lal, 1991; Stone, 2000; Balco et al., 2008). Use of other scaling schemes
provided by the CRONUS calculator yield maximum age differences of 4-7 % (online data
repository). No corrections were made for snow cover or erosion, considering the height of the

boulders and their young age, respectively.

4.3. Results

The five samples from just ice-distal of the historical extent of Kiagtlt sermiat yield exposure
ages between 0.91+0.06 ka and 1.82+0.09 ka, after excluding one outlier based on Chauvenet’s
criterion (NA08-03; 3.49+0.34 ka) (Table 1, Figure 2, 3). Because the five ages are normally
distributed, as determined by a Shapiro-Wilk normality test, we calculate an arithmetic mean of

1.34+0.15 ka (all ages are presented with one standard error uncertainty). After excluding one
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outlier based on Chauvenet’s criterion (NA08-05; 4.85+0.39 ka), the remaining ten samples from
just within the Narsarsuaq moraine are normally distributed according to a Shapiro-Wilk test and
have exposure ages between 1.04+0.26 and 2.12+0.18 ka (Table 1, Figure 2, 3), with an
arithmetic mean of 1.51+0.11 ka for ice retreat from the Narsarsuaq moraine. Our mean ages for
the two sample locations overlap within the standard errors of the sample sets, but due to their

different geographic settings are separate glacial deposits from Kiagtiit sermiat retreat.

4.4. Discussion

Our new '’Be exposure ages suggest that the Narsarsuaq moraine is from a pre-LIA, late-
Holocene advance of Kiagtlt sermiat. It is unlikely that the moraine is a recessional deposit from
an early to middle Holocene ice advance, as abundant evidence points to a smaller-than-present
early- to mid-Holocene ice margin extent (e.g., Weidick et al., 2004; Sparrenbom et al., 2006a; b;
Long et al., 2011), with Neoglacial advance occurring after ~3 ka (e.g., Weidick et al., 2004;
Larsen et al., 2011). Additionally, the only moraine that lies in front of these '°Be sample
locations is the Narsarsuaq moraine, thus suggesting that they provide a close age constraint on
ice retreat after moraine deposition. Our data is in agreement with previous inferences from the
marine limit, minimum-limiting ¢ dates, and new '’Be data (Weidick, 1963; Kelly, 1980;
Bennike & Sparrenbom, 2007; Nelson et al., 2014). We now precisely date moraine
abandonment at 1.51+0.11 ka, several hundred years earlier than the oldest minimum-limiting
AMS 'C date from within the moraine (Bennike & Sparrenbom, 2007). Our ice-proximal '°Be
ages show that up-valley retreat to near the present ice margin occurred by 1.34+0.15 ka, and
that ice did not subsequently exceed its historical extent. These '’Be ages suggest that Kiagtit

sermiat retreated from the Narsarsuaq moraine to its historical/LIA extent at a rate of greater than
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15 m yr" (maximum age difference between the two sampling sites).

4.4.1. Comparison to other Greenland ice margins

Our results raise the question as to whether the Narsarsuag-moraine maximum prior to the
LIA was a local phenomenon or part of a more regional-scale ice-margin fluctuation. We
therefore compare our Narsarsuaq '’Be ages against other Greenland ice-margin constraints on
when glaciers and the ice-sheet margin reached their late-Holocene maximum extent (Figure 4).

No direct ages or indirect '*C dates confirm correlative mapping of the Narsarsuaq moraine
outside the terminal region of Kiagtit sermiat (Figure 2) (Weidick, 1963; Weidick et al., 2004;
Larsen et al., 2011). However, Larsen et al. (2011) used a sediment sequence from a nearby
threshold lake of Nordbo Glacier (Figure 1, 2), Lower Nordbosg, to constrain Nordbo Glacier
behavior during the Holocene. Larsen et al. (2011) documented minerogenic sedimentation at ~3
to 2.8 ka and in the last ~0.5 ka, probably resulting from ice-margin advance into the catchment.
We show in Figure 4A the '“C dates from Lower Nordbose that are unambiguously from
intervals of organic deposition in the lake and firmly constrain a retracted ice margin. Like
Larsen et al. (2011), we suggest that the Nordbo Glacier margin was at least near its late
Holocene maximum by ~3 ka. We note, however, that Nordbose Lake lies above Lower
Nordbose and could buffer the Lower Nordbose sediment sequence from recording more subtle
changes in the sediment discharge from Nordbo Glacier (Figure 2).

Another sediment record from Qipisarqo Lake may constrain the behavior of the Qassimiut
lobe in southern Greenland (Figure 1). Kaplan et al. (2002) interpreted the sediment record as
indicating maximum extent of the Qassimiut lobe during the LIA. However, multiple

radiocarbon date reversals occur in the upper 50 cm (late Holocene) portion of the core,
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particularly in the sequence attributed to the LIA period (Kaplan et al., 2002). Because these are
!¢ dates on humic acid extractions, not macrofossils, the cause of the reversals is not
unequivocally reworking of plant remains. We thus only show the '*C dates from portions of the
lake record that are clearly intervals of organic sedimentation >2 ka (Figure 4A), which
document the Qassimiut lobe as being smaller than present prior to the Neoglacial advance. It is
therefore unclear from the Qipisarqo Lake record as to when the Qassimiut lobe reached its
maximum late-Holocene extent, which could have occurred prior to the LIA. In agreement with
our interpretation of the Qipisarqo Lake record, '*C dates on samples reworked in historical
moraines of southern Greenland outlet glaciers and the Qassimiut lobe have yet to be found
younger than ~3 ka (Figure 1, 4A) (Weidick et al., 2004; 2012). These maximum-limiting,
indirect '*C dates on ice-margin advance in southern Greenland are consistent with our direct
""Be ages on Kiagtiit sermiat retreat.

A single marine ice-rafted debris (IRD) record from a southern Greenland fjord near Kiagtht
sermiat (Figure 1, 2) shows a peak in iceberg sedimentation 2.3-1.8 ka, with a decrease at ~1.5
ka (Figure 4B) (Nergaard-Pedersen & Mikkelsen, 2009). Increased IRD deposition is, however,
ambiguous with respect to ice-margin position. This late Holocene peak and subsequent
diminution at ~1.5 ka could reflect either an ice-margin maximum (more icebergs and IRD from
closer ice proximity) and later retreat at ~1.5 ka (fewer icebergs/IRD), or ice retreat 2.3 to 1.8 ka
(more icebergs/IRD from increased calving) and subsequent advance at ~1.5 ka (reduced
calving/IRD) (Nergaard-Pedersen & Mikkelsen, 2009).

In southwest Greenland, there are fewer chronologic constraints on when ice margins
reached their late-Holocene maxima (Figure 1, 4A) (Weidick et al., 1990; 2012; Larsen et al.,

2013). Radiocarbon dates on marine shells underlying late-Holocene glacial outwash from inland
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of Nuuk document local outlet glacier advance after ~4.7 ka (Figure 1) (Weidick et al., 1990;
2012). Larsen et al. (2013) produced '°Be boulder and bedrock surface exposure ages outside of
the historical extent of the southwest Greenland ice-sheet margin (Figure 1). These '’Be samples
date to the early Holocene and thus preclude a late-Holocene advance of the ice margin to their
position, consistent with continuous organic sedimentation in a lake ~4 km from the ice margin
since ~8.7 ka (Larsen et al., 2013). Nevertheless, they are >500 m above the present historical
ice limit, or ~1 km in front of the historical ice limit, and therefore do not provide a constraint on
margin behavior within this distance. Indeed, Weidick et al. (2012) noted that the late-Holocene
history of this portion of Greenland was not well constrained before ~0.3 ka.

Southwest and west Greenland ice margins near Kangerlussuaq and in the Disko Bugt,
Uummannagq Fjord, and Upernavik regions are well-constrained by '’Be ages, reworked '*C
dates in historically deposited moraines, and ice-marginal lake records. Most of these records
show that ice margins reached their maximum extent during the LIA (Figure 1, 4A) (Briner et
al., 2010; 2011; 2013; 2014; Corbett et al., 2011; 2013; Young et al., 2011; 2013; Kelley et al.,
2012).

The timings of southeast Greenland late-Holocene ice maxima are poorly constrained. '°Be
ages from Sermilik Fjord only constrain the Helheim Glacier Holocene history to within ~40 km
of its present calving margin (Hughes et al., 2012). Roberts et al. (2008) produced bedrock '’Be
and *°Al ages that constrain the Greenland ice-sheet margin just south of Sermilik Fjord to have
not advanced beyond its LIA extent since ~11-12.5 ka (we recalculate this published data on
samples T11 and TI5 using the new Arctic '°Be production rate and updated CRONUS versions;
Young et al., 2013). However, these concordant '’Be-*°Al bedrock ages do not necessarily rule

out brief periods of ice cover given the uncertainties in both measurements.
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Ice-sheet margins have not been directly dated in east Greenland, but four '’Be dates on a
moraine in the Scoresby Sund region have two different populations (ages calculated with the
Arctic '’Be production rate; Young et al., 2013). One population suggests moraine deposition
during the LIA, the other several hundred years prior to the LIA (Kelly et al., 2008). Threshold
lake records for two other ice caps in the Scoresby Sund region show that these ice margins
neared their maximum late-Holocene extents prior to the LIA, but do not constrain precisely
when this maximum occurred (Levy et al., 2013; Lowell et al., 2013).

We have summarized an emerging picture of Greenland ice-sheet and glacier margin advance
in the late Holocene. In west and east Greenland, it is clear that most ice margins were at their
maximum extents during the LIA, although in east Greenland the advance to this maximum
could have occurred prior to the LIA. In southwest and southeast Greenland, records are more
tentative, and in only one location in southeast Greenland is the ice-margin maximum confirmed
as likely occurring during the LIA (Roberts et al., 2008). In contrast, in south Greenland, the
only record that suggests an LIA maximum, the Qipisarqo Lake sediment sequence (Kaplan et
al., 2002), has issues with age reversals during the most critical part of the record.

Other south Greenland ice-margin constraints from reworked '*C dates and IRD, as well as a
more conservative interpretation of the Qipisarqo Lake record, are not inconsistent with our
Narsarsuaq '’Be ages for a pre-LIA maximum that terminated at ~1.5 ka. The Larsen et al.
(2011) Lower Nordbose sediment record does suggest an earlier timing for the end of the first
late-Holocene maximum extent of Nordbo Glacier, but the onset of this maximum still could
have been coincident with the advance of Kiagtiit sermiat. The role of upstream Nordbos@ in
buffering the Lower Nordbose sediment record has also yet to be resolved. We suggest that

direct dating of Nordbo Glacier margin deposits and coring of Nordbose would help to determine
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if Nordbo Glacier behaved differently than the adjacent Kiagtht sermiat. This comparison of
records across the southern half of Greenland implies that southern Greenland ice margins may
have behaved differently from their northern counterparts. Therefore, an inspection of regional
climate (and the forcings behind this climate) is warranted to help understand potential spatial

variability in late-Holocene Greenland ice margins.

4.4.2. Late Holocene Greenland climate change

We now assess the records of climate change across the southern half of Greenland to
determine if a climatic forcing underlies Kiagtlit sermiat advance to and later abandonment of the
Narsarsuaq moraine, and if spatially variable climate change could explain ice-margin
variability. We note that observations and glacier modeling suggests that marine-terminating ice
margins can respond to climate change within a decade while land-terminating ice margins can
respond to climate change within a century (Andresen et al., 2012; Kelley et al., 2012; Nick et
al., 2013). As such, we limit our discussion of paleoclimate records to the century or longer time
scale to reduce the potential for associating climate variations to local non-climatic ice-margin
variations. There is no evidence for centennial scale variations in snow accumulation over
Greenland during the late Holocene (Cuffey & Clow, 1997), implying that temperature was the
primary forcing of late-Holocene Greenland glacier variations. A climatically driven pre-LIA
maximum in southern Greenland is conceivable, as the Mann et al. (2009) hemispheric climate
reconstruction for the last 1.5 ka shows southern Greenland to be anomalously warm during both
the LIA and the preceding Medieval Climate Anomaly, relative to the mid-last century and the
general Arctic temperature pattern (Figure 4G) (Kaufman et al., 2009; PAGES 2k Network,

2013).
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One pollen-based record exists from Qipisarqo Lake in southern Greenland (Fréchette & de
Vernal, 2009), but its interpreted surface air temperature (SAT) record has uncertainties large
enough to preclude any assessment of relative temperature change within the late Holocene. The
aforementioned humic '*C age reversals from the same core question its late-Holocene
stratigraphic integrity. The SAT estimate of the Qipisarqo Lake pollen record may also have
biases introduced from far traveled pollen sourced from Canada (Jessen et al., 2011).

Two biogenic silica records, which are proxies of lake biological productivity potentially
related to temperature and/or precipitation, exist in south Greenland but are in disagreement. The
record from Lake N14 (Figure 1) suggests cooler/drier conditions during the Narsarsuaq ice
maximum and warmer/wetter conditions around the time of ice retreat (Figure 4F) (Andresen et
al., 2004). The Lake N14 record ends at ~0.5 ka, precluding an assessment of whether the LIA
was actually a cool/dry period in southern Greenland. The other record is from Qipisarqo Lake
(Figure 1) (Kaplan et al., 2002) and has the aforementioned issues with humic acid '*C date
reversals that question the stratigraphic integrity of the record.

Southern Greenland’s fjord benthic faunal records do show consistent late-Holocene
subsurface water source variability (Arctic vs. Atlantic, i.e., temperature). The best-resolved and
dated record, however, comes from southern southwest Greenland. Core 248260-2 in Amerilik
Fjord near Nuuk documents the first late-Holocene arrival of cold Arctic waters at ~2.8 ka and
the return of warm Atlantic waters at ~1.5 ka (Figure 4C) (Mgller et al., 2006; Seidenkrantz et
al., 2007), which also occurred in southernmost Greenland fjords near Narsarsuaq (Jensen et al.,
2004; Lassen et al., 2004). The return of warm Atlantic waters at ~1.5 ka is concurrent with
Kiagtlit sermiat retreat from the Narsarsuaq moraine (Figure 4A).

Two lake alkenone-SAT records from near Kangerlussuaq in southwest Greenland also show
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a decrease to generally colder temperatures between ~2.8 and 1.8 ka, with rapid warming
centered at ~1.6 ka followed by cooling to a non-trending but variable SAT (Figure 4E)
(D’Andrea et al., 2011). No SAT proxy records exist at present from southeast or east Greenland
ice margins. Although the Dye 3 mean-annual borehole SAT records the coldest late-Holocene
interval as occurring during the LIA (Figure 4E) (Dahl-Jensen et al., 1998), such high-elevation
observations should not necessarily be extrapolated to Greenland ice-sheet margins due to the
thermal inversion over the Greenland ice sheet (e.g., Cuffey & Clow, 1997; Severinghaus et al.,
1998).

In west Greenland’s Disko Bugt, lake and marine records show that the LIA interval was the
coldest period of the late Holocene on land and in the adjacent fjords (Figure 4D, 4E)
(Seidenkrantz et al., 2008; Briner et al., 2011; Perner et al., 2011; Axford et al., 2013). Most of
the existing ice-marginal constraints document that the west Greenland ice margin maximum
extent occurred during this late-Holocene temperature minimum (Briner et al., 2011; 2013;
Kelley et al., 2012).

The paleoclimate records from southern Greenland could therefore suggest an underlying
climate forcing of the Kiagtlt sermiat advance to and retreat from the Narsarsuaq moraine.
Cold/dry atmospheric conditions existed in southernmost Greenland and Arctic-sourced waters
occupied its fjords when Kiagtlit sermiat was presumably advancing to the Narsarsuaq
maximum. Likewise, abandonment of the Narsarsuaq moraine corresponds with warm/wet
conditions in southernmost Greenland and the arrival of warm Atlantic-sourced waters in its
fjords. Similarly, the LIA maximum in west Greenland is concurrent with the coldest late-
Holocene temperatures. This spatially variable Greenland climate could be the underlying cause

of the different timing of ice-margin maximum extent between south and west Greenland.
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Andresen et al. (2004) and Seidenkrantz et al. (2007) both noted that the period of relatively
cold conditions in southern Greenland prior to 1.5-1.6 ka corresponded with the Roman Warm
Period in northwestern Europe, while the return to relatively warm conditions in southern
Greenland corresponded with cooling of northwestern Europe into the Dark Ages. Glacier
records from northern Europe are consistent with this regional pattern of climate change as they
show retracted ice during the Roman Warm Period with ice advance during the Dark Ages
(Denton & Karlen, 1973; Nesje, 2009). The contrast between southern Greenland and
northwestern European climate fits with the analogy that late-Holocene centennial-scale climate
variability in the North Atlantic region had a footprint similar to the modern North Atlantic
Oscillation (Keigwin and Pickart, 1999; Andresen et al., 2004; Seidenkrantz et al., 2007; Mann
et al., 2009; Trouet et al., 2009; D’ Andrea et al., 2011; Ribeiro et al., 2011). The North Atlantic
Oscillation is defined as the pressure difference between the Azores high and the Icelandic low
over the last century (Marshall et al., 2001), and the resulting climate pattern shows an anti-phase
behavior between southern Greenland SAT and northwestern European SAT (Hanna &
Cappelen, 2003).

This North Atlantic Oscillation analogy has usually been made when comparing the
Medieval Climate Anomaly to the LIA (e.g., Keigwin and Pickart, 1999; Mann et al., 2009;
Trouet et al., 2009), but it may also have extended to earlier centennial climate events like the
Roman Warm Period and the Dark Ages (e.g., Keigwin, 1996; Keigwin and Pickart, 1999;
Andresen et al., 2004; Seidenkrantz et al., 2007; D’ Andrea et al., 2011; Ribeiro et al., 2011). If
this is the case, the Narsarsuaq moraine could indicate that at least one southern Greenland ice
margin responded to late-Holocene century-scale climate variability. This speculation does,

however, require further dating of other southern Greenland ice margins, because a regional
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advance would be predicted if southern Greenland was generally cooler during the Roman Warm

Period relative to the LIA.

4.5. Conclusions

We have used '’Be surface exposure ages to date the retreat of Kiagtit sermiat from the
Narsarsuaq moraine in southernmost Greenland at 1.5140.11 ka, and determined that ice reached
its historical/LIA position at 1.34+0.15 ka. Thus, high-precision dating confirms a pre-LIA late-
Holocene glacier maximum extent in southernmost Greenland. We show that the Kiagtlit sermiat
occupied the Narsarsuaq moraine during cool/dry climate conditions in southern Greenland when
cold Arctic waters filled nearby fjords, with retreat of Kiagt(it sermiat from the moraine
coincident with warming of southern Greenland. This transition from colder to warmer
conditions in southern Greenland and the contemporary retreat of ice from the Narsarsuaq
moraine are concurrent with northwestern European cooling from the Roman Warm Period into
the Dark Ages, which would lend support to the hypothesis that late Holocene climate variability
in southern Greenland did not necessarily track that of northwestern Europe (Andresen et al.,
2004; Seidenkrantz et al., 2007; Mann et al., 2009; D’ Andrea et al., 2011). At present, records
for other southern Greenland ice margins are not necessarily inconsistent with the Narsarsuaq
advance being regional in extent, but they also do not confirm such a correlation. We conclude
that future research should focus on directly dating the late-Holocene extent of southern

Greenland ice margins and quantitatively reconstructing the parallel climate conditions.
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Figure Captions.

Figure 4.1. Location of Holocene records from southern to central Greenland. Figure 2 location
is indicated by the dashed-line box. Also shown are early and late Holocene '’Be dates, ice-
marginal lake records, reworked 'C dates in historical moraines, surface-air temperature (SAT)
records, lake biogenic silica records, marine ice-rafted debris, and benthic faunal records. In
counter-clockwise order around the island are represented sites from 'Briner et al. (2011),
*Briner et al. (2014), *Briner et al. (2013), *Corbett et al. (2013), *Lane et al. (2013), *Roberts et
al. (2013), "Perner et al. (2011), *Corbett et al. (2011), ’Axford et al. (2013), '"Weidick et al.
(1990), ''Briner et al. (2010), "*Kelley et al. (2012), *Young et al. (2011), '*Levy et al. (2012),
"D’ Andrea et al. (2011), '°Kelly (1980), '"Seidenkrantz et al. (2007), "*Weidick et al. (2004),
19Kaplan et al. (2002), 20N;argaard-Pedersen & Mikkelsen (2009), *'Larsen et al. (2011), **this
study, *Andresen et al. (2004), **Dahl-Jensen et al. (1998), *’Hughes et al. (2012), **Levy et al.

(2013), *’Kelly et al. (2008), and **Lowell et al. (2013).

Figure 4.2. The Narsarsuaq region, its three main outlet glaciers—Eqalorutsit kangigdlit sermiat,
Kiagtlit sermiat, and Qorqup sermia, early Holocene moraines (orange lines), Narsarsuaq
moraine (yellow lines), and historical moraine (blue lines). (Modified from Larsen et al., 2011.)
'"Be sample sites of this study indicated by the red circles, and '*C sample sites of previous
studies by the green circles. Note the locations of Nordbo Glacier, Nordbosg, and Lower

Nordbose (the Larsen et al., 2011 study area, with the blue dot indicating the coring sites).

Figure 4.3. '°Be exposure ages and standard error from this study for historic-marginal ages
g p g y g g

(top) and Narsarsuaq moraine ages (bottom). One older statistical outlier for each group is
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observable.

Figure 4.4. Late-Holocene records from southern to western Greenland (Figure 1). To facilitate
comparison between figures, each relevant reference below is given with the corresponding
number shown in Figure 1. (A) '*C dates from intervals of organic deposition in threshold lakes
(black bars) (ZOKaplan et al., 2002; '*'"Briner et al., 2010; 2011; 2013; *'Larsen et al., 2011;
Kelley et al., 2012), and from reworked material in historical moraines that clearly document as
ice being less far-reaching than its late-Holocene extent (red bars) (‘°Kelly, 1980; '*'*Weidick et
al., 1990; 2004; *Briner et al., 2014), and Narsarsuaq '°Be dates (blue squares; this study), (B) ice
rafted debris from Ga3-2 (*’Nergaard-Pedersen & Mikkelsen, 2009), (C) percent
agglutinated/Arctic benthic foraminifera from 248260-2 ('’Seidenkrantz et al., 2007), (D)
percent Atlantic foraminifera from 344310 ("Perner et al., 2011), (E) change in surface air
temperature (SAT) at Dye 3 (purple, **Dahl-Jensen et al., 1998), Jakobshavn (black, *Axford et
al., 2013), and Kangerlussuaq (blue, ’D’Andrea et al., 2011), (F) percent biogenic silica in Lake
N14 sediment (** Andresen et al., 2004), and (G) compilation of relative changes in Arctic
temperatures (Kaufman et al., 2009). Vertical gray bar shows timing of maximum Kiagttt

sermiat extent at the Narsarsuaq moraine.
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Table 4.1. '°Be sample data and exposure ages

10 . Internal
Latitude Longitude Elevation Thickness Shielding Be Ty Uncertalr_ltx Age (ka)*  Uncertainty
Sample? (°N) (°E) (m asl) (cm) Factor (atomsg)’ (atomsg™) (ka)
Just within the Narsarsuaq moraine
NA08-05  61.2061 -45.3153 285 2.0 1.000 27861 2252 4.85 0.39
NA08-06 61.2061 -45.3153 285 4.0 1.000 6683 890 1.18 0.16
NA08-24  61.2061 -45.3119 305 1.5 0.999 9966 907 1.70 0.15
NA10-03 61.2063 -45.3150 289 25 0.999 11338 1073 1.98 0.19
NA08-07 61.1856 -45.3618 68 1.5 0.973 7199 451 1.60 0.10
NA08-08 61.1856 -45.3618 68 1.5 0.973 9550 801 2.12 0.18
NA08-09* 61.1856 -45.3618 67 25 0.960 6232 805 1.41 0.18
NA08-10* 61.1851 -45.3632 76 2.0 0.980 6389 962 1.40 0.21
NAO8-12  61.1847 -45.3635 59 25 0.965 6002 1072 1.37 0.24
NA08-13* 61.1886 -45.3590 153 1.5 1.000 6845 760 1.35 0.15
NA08-14* 61.1889 -45.3602 159 2.0 1.000 5262 1323 1.04 0.26
Ice-distal of the historical extent of Kiagt(t sermiat
NA08-01 61.2153 -45.3045 180 2.0 0.992 9354 453 1.82 0.09
NA08-02 61.2153  -45.3050 180 1.5 0.995 7706 742 1.49 0.14
NA08-03* 61.2158 -45.3042 179 3.0 0.990 17712 1701 3.49 0.34
NA08-04 61.2149 -45.3043 171 25 0.989 5784 1173 1.14 0.23
NA10-01 61.2159 -45.3041 185 2.0 0.994 4707 289 0.91 0.06
NA10-02 61.2159 -45.3034 181 2.0 0.991 6757 343 1.32 0.07

Ptalics indicates sample with inheritance that were excluded as outliers.

"Data measured at SUERC.

"Be concentrations are blank corrected (LLNL: average blank "Be/’Be of 8.8+1.5%107'°, n=6;
SUERC: average blank '“Be/’Be of 6.1+0.7x10'®, n=3) and normalized to standards
07KNSTD3110 with a reported ratio of 2.85 x 10" (Nishiizumi et al., 2007) at LLNL or

NIST 27900 with an assumed ratio of 2.79 x 10" at SUERC.

‘Uncertainties are 16 AMS uncertainties propagated in quadrature with associated blank
uncertainties.

*Calculations use standard atmosphere, density of 2.65 g cm™, zero erosion, and no inheritance in
the CRONUS online calculator (Balco et al., 2008) (version 2.2, with constants version 2.2)
using the Arctic reference sea-level high-latitude spallogenic production rate 3.96+0.15 (+ 1o)

"Be atoms g™ yr' (Young et al., 2013), muonogenic production after Heisinger et al. (2002a, b),
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and the time-dependent Lal/Stone scaling scheme (Lal, 1999; Stone, 2000).
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Table 4.S1 footnotes.

Bltalics indicates sample with inheritance that were excluded as outliers.

*Data measured at SUERC.

"Be concentrations are blank corrected (LLNL: average blank "Be/’Be of 8.8 + 1.5%107'°, n=6;
SUERC: average blank '“Be/’Be of 6.1 + 0.7x10°'®, n=3) and normalized to standards
07KNSTD3110 with a reported ratio of 2.85 x 10" (Nishiizumi et al., 2007) at LLNL or

NIST 27900 with an assumed ratio of 2.79 x 10" at SUERC.

‘Uncertainties are 16 AMS uncertainties propagated in quadrature with associated blank

uncertainties.
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Table 4.S2. Comparison of '°Be age calculations using alternative scaling schemes

Lal/Stone Desilets Lal/Stone

Constant Internal External time- External  Dunaitime-  External  Liftontime- External time- External

Production Uncertainty Uncertainty dependent Uncertainty dependent Uncertainty dependent Uncertainty dependent Uncertainty
Samplef (ka) (ka) (ka)* (ka) (ka)" (ka) (ka)* (ka) (ka)” (ka) (ka)*
NA08-05 4.85 0.39 0.43 4.87 0.44 4.92 0.45 4.86 0.45 4.85 0.43
NA08-06 1.18 0.16 0.16 1.19 0.17 1.21 0.17 1.16 0.16 1.18 0.16
NA08-24 1.70 0.15 0.17 1.70 0.17 1.73 0.18 1.67 0.17 1.70 0.17
NA10-03 1.98 0.19 0.20 1.98 0.21 2.01 0.21 1.95 0.20 1.98 0.20
NA08-07 1.60 0.10 0.12 1.58 0.12 1.60 0.12 1.55 0.12 1.60 0.12
NA08-08 2.21 0.18 0.20 2.09 0.20 2.12 0.20 2.07 0.20 2.12 0.20
NA08-09* 1.41 0.18 0.19 1.40 0.19 1.42 0.19 1.37 0.19 1.41 1.90
NA08-10* 1.40 0.21 0.22 1.39 0.22 1.41 0.22 1.36 0.21 1.40 0.22
NA08-12 1.37 0.24 0.25 1.35 0.25 1.37 0.25 1.32 0.24 1.37 0.25
NA08-13* 1.35 0.15 0.16 1.35 0.16 1.37 0.16 1.32 0.16 1.35 0.16
NAO08-14* 1.04 0.26 0.26 1.03 0.26 1.05 0.27 1.01 0.26 1.04 0.26
NA08-01 1.82 0.09 0.11 1.82 0.12 1.84 0.12 1.79 0.12 1.82 0.11
NA08-02 1.49 0.14 0.15 1.49 0.16 1.51 0.16 1.46 0.15 1.49 0.15
NA08-03* 3.49 0.34 0.36 3.48 0.36 3.52 0.37 3.46 0.37 3.49 0.36
NA08-04 1.14 0.23 0.24 1.14 0.24 1.16 0.24 1.12 0.23 1.14 0.24
NA10-01 0.91 0.06 0.07 0.91 0.07 0.92 0.07 0.89 0.07 0.91 0.07
NA10-02 1.32 0.07 0.08 131 0.09 1.33 0.09 1.29 0.09 1.32 0.08

Bltalics indicates sample with inheritance that were excluded as outliers.

*Data measured at SUERC.

*Calculations use standard atmosphere, density of 2.65 g cm™, zero erosion, and no inheritance in
the CRONUS online calculator (Balco et al., 2008) (version 2.2, with constants version 2.2)
using the Arctic reference sea-level high-latitude spallogenic production rate 3.96 £ 0.15 (+ 10)
"Be atoms g™ yr' (Young et al., 2013) and muonogenic production after Heisinger et al. (2002a,
b).

*Uncertainties are 16 AMS uncertainties only, propagated in quadrature with associated blank
uncertainties.

"Includes scaling scheme and production rate uncertainties (Balco et al., 2008).
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CHAPTER V:
CONCLUSIONS

5.1. Summary

This dissertation examines southwestern Greenland Ice Sheet (GrIS) retreat chronology
under conditions ranging from a Last Glacial Maximum (LGM) position on the continental shelf
break to a Holocene position inland of the modern coastline. During the LGM and early
deglaciation, the southwestern GrIS margin rested on the middle to inner shelf after an early
retreat from the shelf break, probably due to a combination of local sea level fluctuations and an
increase in shortwave radiative forcing (Figure 1-1; Chapter II; Clark et al., 2009; 2012). During
the late last deglaciation, exposure of the modern coastline occurred around the start of the
Holocene, when boreal summer insolation was at its maximum and when the Labrador Sea upper
water column warmed rapidly from glaciation-like cool temperatures (Figure 1-1; Chapter I1I;
Berger and Loutre, 1991; Knutz et al., 2011; Winsor et al., 2012). In a purely terrestrial
environment, the late-Holocene Kiagtlit sermiat outlet glacier in southern Greenland responded
to local environmental changes that may have deviated from average late-Holocene hemispheric
climate trends (Chapter I'V; Seidenkrantz et al., 2004; 2008; Mann et al., 2009; Trouet et al.,
2009; Perner et al., 2012; Winsor et al., 2014). This comprehensive treatment of margin retreat is

only possible due to the use of complementary marine and terrestrial records.

5.2. Retreat Forcings
The retreat chronologies discussed here suggest southwestern GrIS retreat due to small
changes in sea level (Chapter II), regional oceanic warming (Chapter III), rises in radiative

forcing (Chapters II and III), and local air temperature increase (Chapter IV). Each of these
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drivers exists in the modern, and is projected to increase in magnitude over the coming centuries.
When the GrIS margin, located on the continental shelf break, was exposed to even small sea
level fluctuations of the early last deglaciation (Clark et al., 2009; 2012), it retreated to a new
mid- to inner-shelf position within several centuries. Once there, however, ~100 m of deglacial
sea level rise did not prompt collapse and retreat behind the modern coastline—such retreat was
only achieved by warming of the waters in contact with the ice margin (Knutz et al., 2011;
Winsor et al., 2012). With the onset of ocean warming, southwestern GrIS abandonment of the
inner shelf and coast occurred over less than 2,000 years. Late in the Holocene, the land-
terminating southernmost Greenland Kiagtlit sermiat outlet glacier responded rapidly to what

was most likely to centennial scale changes in atmospheric temperatures (Winsor et al., 2014).

5.3. Future research directions
5.3.1. Early deglaciation shelf retreat

Abundant opportunities for defining southwestern GrIS shelf retreat mechanisms would
be provided by sediment core records and submarine geomorphology. Categorization of sand-
fraction provenance would test whether ice-rafted debris (IRD) in core HU87033-008 is from
southern Greenland (Knutz et al., 2011; Simon et al., 2013). Coupled with silt- and clay-fraction
provenances, this would determine whether the source of sand-transporting icebergs was
measurably different from the source of silts and clays, a difference that would not be expected
under the sedimentation mechanisms proposed in this dissertation. Grain size analysis to
examine sortedness of the silt fraction of HU87033-008 would point to an IRD source if poorly
sorted (Andrews, 2000), and a meltwater plume or Deep Western Boundary Undercurrent source

if well sorted (Fagel et al., 1997). The sand, silt, and clay weight percentages discussed in
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Chapter II, and previous work on the undercurrent (Fagel et al., 1997), suggest a meltwater
plume deposition, but additional provenance studies and grain size analyses would lend support
(or opposition) to this hypothesis.

The southwestern Greenland continental shelf remains largely unmapped (Kelly, 1985).
Early bathymetric soundings performed in the 1960s and 70s documented moraine-like
landforms on the inner shelf and in cross-shelf troughs (Figure 2-1b; Rvachev, 1964; Brett and
Zarudzki, 1979; Roksandic, 1979). However, these possible moraines are not dated, nor can they
offer detailed constraints on ice sheet behavior at the time of deposition. High-resolution
bathymetric mapping on the southwestern Greenland shelf would enable identification of
glacially derived landforms, which, if radiocarbon dated, could define periods of ice margin
stabilization (O Cofaigh et al., 2012). Furthermore, several large cross-shelf troughs on the shelf
near Nuuk and Paamiut may have housed ice streams. If present, these ice streams would have
been strong controls on southwestern GrIS behavior (Roberts et al., 2010; O Cofaigh et al., 2012;
2013; Dowdeswell et al., 2013; Simon et al., 2013). Without bathymetric mapping capable of
defining potential ice stream behavior, a comprehensive understanding of southwest GrIS retreat
is not possible (Roberts et al., 2010).

An intriguing potential course of study stemming from this work is the influence of a 19
ka meltwater pulse, which may have rapidly increased sea levels by 10 m immediately after the
LGM sea-level minimum (Figure 2-4; Clark et al., 2004; 2009). Sea-level fingerprinting
indicates that a northern hemisphere origin for this meltwater is likely (Clark et al., 2009;
Carlson and Clark, 2012). Local sea level changes in southwestern Greenland would have been
dependent on the precise location of this northern hemisphere ice loss, and been influenced by

the competing and compounding potential contributions of eustatic sea level rise (Simpson et al.,
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2009), possible Laurentide Ice Sheet forebulge drop (Long et al., 2011), and reduction of
gravitational pull of the ice body (Clark et al., 2002). While I suggest that sea level change
destabilized the southwestern GrIS at ~19 ka, it is not possible to differentiate, using the present
sedimentological evidence, an advance to the shelf break from a retreat from that location, as
both of these events would have enabled the high sedimentation rates observed in HU87033-008.
If the source of the 19 ka meltwater pulse were determined, model simulations of the
resulting sea level fingerprint could identify whether the southwestern GrIS was compelled to
advance or retreat (Clark et al., 2002; Clark et al., 2004; Carlson and Clark, 2012). Alternatively,
if an advance or retreat at this time were identified, this data would be a valuable contribution to
restricting the possible source locations for the 19 ka meltwater pulse (G. Milne, personal
communication). Unfortunately, such identification would likely require radiocarbon dating of
glacially derived shelf landforms, which, as explained above, are largely unmapped and not

sampled.

5.3.2. Marine vs. terrestrial late deglaciation retreat

The primary finding of Chapter III is that retreat from the modern coastline to the modern
ice margin occurred far more slowly in a region without strong marine influence than in fjord
systems with a strong marine influence (Figure 3-6). If retreat inland from Sisimiut occurred
steadily between 14 and 7 ka (Chapter III), as suggested by the lack of substantive moraines in
the intervening land, no further causes of the relatively slow retreat could be defined. However,
if hiatuses did occur, it may be possible to attribute specific changes in atmospheric
temperatures, particularly during the Younger Dryas cold period (Figure 1-1, Svensson et al.,

2008), to this terrestrial-dominated ice margin retreat. If a hiatus did occur during the Younger
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Dryas, it would suggest that oceanic forcing of thinning and retreat at the southern locations was
stronger than the countering atmospheric drivers. A high-resolution '’Be exposure-dated transect
between Sisimiut and the Kangerlussuagq sites of Levy et al. (2012) and Carlson et al. (in press)
would identify potential dates and locations of hiatuses in retreat.

Data from Chapter III also demonstrate that coastal exposure occurred earlier near the
town of Sisimiut than at the more southern three locales. An early southwestern GrIS onset of
retreat is supported by a marked drop in HU87033-008 sedimentation rates (Chapter II; Figure 2-
3) and by nearby, high-elevation '°Be exposure dates (Rinterknecht et al., 2009; Roberts et al.,
2009; Figure 3-4). Why did shelf retreat from the LGM to the modern coastline occur more
quickly at Sisimiut? As suggested in section 5.3.2, high-resolution bathymetric mapping of the
southwestern Greenland continental shelf would greatly improve our understanding of deglacial
GrIS behavior. Dating of submarine moraines offshore of Sisimiut would point to an LGM ice
extent more specific than ‘middle to outer shelf’ (e.g., Roberts et al., 2010), thereby providing

the distance variable required for calculating retreat rates.

5.3.3. Late Holocene glacial maxima

In Chapter IV, I discuss evidence for a late-Holocene, southernmost Greenland Kiagtit
sermiat glacier maximum preceding the Little Ice Age (LIA). However, the cause of this timing
is unknown (Winsor et al., 2014). Was pre-LIA late Holocene moraine abandonment due to local
ice dynamics or to local climate change? Some records of late-Holocene southern Greenland
climate suggest warming at the time of Kiagtiit sermiat moraine abandonment (Andresen et al.,
2004; D’ Andrea et al., 2011), though others are in disagreement (Kaplan et al., 2002). Two study

directions will enable identification of the causes of Kiagtiit sermiat moraine abandonment. First,
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high-precision dating of additional southern Greenland outlet glaciers will determine if the
Kiagtlit sermiat chronology is unique, and therefore likely driven by ice dynamics. If the
chronology is representative of other margins, it is likely driven by climate changes. Second,
additional high-resolution, well-dated, late-Holocene climate records would test whether for a

coherent regional change (warming at ~1.5 ka) that drove retreat.
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