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Abstract. Determining the sensitivity of the Greenland Ice
Sheet (GrIS) to Holocene climate changes is a key prerequi-
site for understanding the future response of the ice sheet to
global warming. In this study, we present new information on
the Holocene glacial history of the GrIS in Inglefield Land,
north Greenland. We use '°Be and in situ '4C exposure dat-
ing to constrain the timing of deglaciation in the area and ra-
diocarbon dating of reworked molluscs and wood fragments
to constrain when the ice sheet retreated behind its present-
day extent. The '°Be ages are scattered ranging from ca. 92.7
to 6.8 ka, whereas the in situ '“C ages range from ca. 14.2
to 6.7 ka. Almost half of the apparent '°Be ages predate the
Last Glacial Maximum and up to 89 % are to some degree af-
fected by nuclide inheritance. Based on the few reliable '°Be
ages, the in situ '*C ages and existing radiocarbon ages from
Inglefield Land, we find that the deglaciation along the coast
commenced at ca. 8.6-8.3 kacal BP in the western part and
ca. 7.9 ka in the central part, following the opening of Nares
Strait and arrival of warm waters. The ice margin reached
its present-day position at ca. 8.2 ka at the Humboldt Glacier
and ca. 6.7ka in the central part of Inglefield Land. Radio-
carbon ages of reworked molluscs and wood fragments show
that the ice margin was behind its present-day extent from
ca. 5.8 to 0.5 kacal BP. After 0.5 ka cal BP, the ice advanced
towards its Little Ice Age position. Our results emphasize
that the slowly eroding and possibly cold-based ice in north
Greenland makes it difficult to constrain the deglaciation his-
tory based on !“Be ages alone unless they are paired with

in situ '“C ages. Further, combining our findings with those
of recently published studies reveals distinct differences be-
tween deglaciation patterns of northwest and north Green-
land. Deglaciation of the land areas in northwest Greenland
occurred earlier than in north Greenland, and periods of re-
stricted ice extent were longer, spanning the Middle and Late
Holocene. Overall, this highlights past ice sheet sensitivity to
Holocene climate changes in an area where little information
was available just a few years ago.

1 Introduction

Information about the glacial history of the Greenland Ice
Sheet (GrIS) is important to constrain its sensitivity to past
and ongoing climate changes (Lecavalier et al., 2017; Larsen
et al., 2018). Since the 1990s, mass loss from the GrIS has
accelerated, coinciding with atmospheric warming, and the
ice sheet appears to be extremely sensitive to this warming,
especially in north Greenland, where the ablation area has
expanded by 46 % (Khan et al., 2015; Noél et al., 2019). As a
result, the relative contribution to sea level rise from the north
GrIS has increased significantly, primarily through enhanced
runoff as well as ice discharge via calving and melting at the
Humboldt Glacier front (Mouginot et al., 2019; Noél et al.,
2019).
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With the introduction of cosmogenic nuclide exposure dat-
ing, previously glaciated areas of Greenland have been sys-
tematically targeted, and > 1000 '°Be exposure ages have
been published within the last two decades (Sinclair et al.,
2016).

In consequence, the late glacial and Holocene glaciation
history is well constrained in most areas of Greenland (Ben-
nike and Bjorck, 2002; Funder et al., 2011; Sinclair et al.,
2016). However, there are still areas where the deglacia-
tion chronology is constrained by minimum limiting radio-
carbon ages of mainly marine molluscs along the coast and
where inland exposure ages are unavailable (Bennike and
Bjorck, 2002; Funder et al., 2011). This is particularly true
for north Greenland including Inglefield Land where the cur-
rent knowledge is primarily based on studies from late 1960s
and 1970s (Nichols, 1969; Tedrow, 1970).

Despite that, '°Be exposure dating has been shown to be
an efficient tool for constraining the deglaciation of the GrIS,
but the use of this method is not without pitfalls. The method
assumes that the measured '°Be concentration was produced
in one single post-glacial exposure period, but a number of
studies have demonstrated that this assumption does not al-
ways hold. A particular challenge arises when subglacial
bedrock erosion is too slow to remove '"Be inventories pro-
duced during earlier exposure periods, such as the previous
interglacial. In such cases, the resulting age is typically re-
ferred to as an apparent '*Be exposure age in acknowledge-
ment of the fact that this age typically exceeds the true expo-
sure age (Kelly et al., 2008; Corbett et al., 2015; Farnsworth
et al., 2018; Larsen et al., 2018; Sgndergaard et al., 2019;
Ceperley et al., 2020; Skov et al., 2020). This problem of
10Be nuclide inheritance emphasizes the need for new meth-
ods to be implemented in order to thoroughly constrain the
glacial history in parts of Greenland where the ice is cold-
based and inefficient erosion leads to widespread nuclide in-
heritance.

Here we use a combination of '°Be and in situ '4C expo-
sure dating of boulders and pebbles to overcome the problem
of nuclide inheritance and constrain the Holocene deglacia-
tion history of the GrIS in Inglefield Land, north Greenland.
In addition, we use radiocarbon dating of reworked marine
molluscs and wood fragments to constrain the Holocene tim-
ing of restricted ice extent in the study area. Finally, we re-
view and assess the glacial history in northwest and north
Greenland with both local and regional climate records in or-
der to expand our knowledge of the long-term sensitivity of
the GrIS to climate changes.

2 Study site and previous work
Inglefield Land is situated in north Greenland, between 78.2—
79.1° N and 65.8-72.8° W, and is bound to the south and east

by the GrIS, to the west by Smith Sound, and to the north
by Kane Basin and Humboldt Glacier (Fig. 1). Humboldt
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Glacier drains ca. 5 % of the GrlIS into Nares Strait and has
a varied velocity profile due to diverse bed topography and
drainage networks (Rignot and Kanagaratnam, 2006; Hill et
al., 2017; Livingstone et al., 2017). In addition to the ma-
rine terminating Humboldt Glacier, the land-based Hiawatha
Glacier is present in the eastern part of Inglefield Land. To-
gether with the GrIS, this glacier overlies the newly discov-
ered Hiawatha impact crater, which makes the ice form a half
circular structure, characterized by ice that flows faster than
the rest of the ice margin terminating on land in Inglefield
Land (Kjer et al., 2018).

The region is a high-Arctic desert, with low precipitation
rates of ca. 100-150 mm yr~, falling mostly as snow (Blake
et al., 1992; Dawes, 2004). The bedrock in the area is com-
posed of Paleoproterozoic granite and gneiss, Late Protero-
zoic sedimentary and volcanic rocks, and Lower Paleozoic
sedimentary rocks and shelf carbonates with Quaternary de-
posits close to the present-day ice margin (Dawes, 2004;
Kolb et al., 2016). The relief is gently declining from 600 to
700ma.s.l. close to the present-day ice margin towards the
coast where meltwater channels and rivers cut the up to ca.
400 m high plateaus composed of sedimentary rocks (Dawes,
2004).

During the Last Glacial Maximum (LGM) the GrIS and
Inuitian Ice Sheet coalesced in Nares Strait and the ice flowed
north- and southward from a saddle in Kane Basin (Eng-
land et al., 2006). The southward flowing ice formed the
Smith Sound Ice Stream (England et al., 2006; Jennings et
al., 2019), and it is believed to have extended to the 600 m
depth contour in northern Baffin Bay (Funder et al., 2011).
Radiocarbon ages reveal that deglaciation of Nares Strait was
initiated at the northern entrance ca. 11 kacal BP and south-
ern entrance ca. 10 ka cal BP (Bennike and Bjorck, 2002; Jen-
nings et al., 2011). The final deglaciation and opening of
Nares Strait have been debated but recent off-shore studies
together with a few terrestrial studies place the collapse of the
ice saddle in Kane Basin and opening of Nares Strait between
ca. 9-8kacal BP (Georgiadis et al., 2018; Jennings et al.,
2019; Dalton et al., 2020). Recently, Jakobsen et al. (2018)
and Reusche et al. (2018) proposed an overall glacial retreat
of the GrIS in north Greenland during the Holocene, but with
a possible stillstand of the ice sheet and its outlet glaciers as
a response to the 8.2ka cold events. These studies further
suggested a restricted extent of the ice sheet in the Middle
and Late Holocene, until ca. 0.3 ka where the ice reached its
Little Ice Age (LIA) position.

The glacial history of Inglefield Land comprises the his-
tory of the Smith Sound Ice Stream along the coast and
the history of the GrIS in Inglefield Land, as described by
Nichols (1969), Tedrow (1970) and Blake et al. (1992), with
additional evidence from the neighbouring Humboldt Glacier
and Washington Land to the east by Bennike (2002) and
Reusche et al. (2018). The deglaciation of the interior parts
of Inglefield Land is less well known but a set of distinct
moraine systems between the present-day ice margin and the
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Figure 1. Location of the study area in Greenland (a), with marked northwest (NW) and north (N) Greenland extent and places mentioned
in the text (b). Panel (c) shows Inglefield Land with places discussed in the text. Black dots denote sample locations for wood fragments
in front of the Hiawatha Glacier, molluscs at the margin of the Humboldt Glacier and boulder samples (GL17XX) collected throughout the

study area.

coastline (Nichols, 1969) suggest that the GrIS made sev-
eral stops or re-advances during the overall deglaciation of
Inglefield Land. Our current knowledge about the timing of
deglaciation in Inglefield Land comprises a number of min-
imum limiting radiocarbon ages of raised marine deposits
from the coastal areas that range from ca. 8.6 to 6.6 ka cal BP
(Nichols, 1969; Blake et al., 1992; Mason, 2010). The ma-
rine limit in Inglefield Land has been determined at several
locations and decreases from ca. 90 m in the southwestern
part of Inglefield Land to ca. 65 m in the northeastern part of
Inglefield Land (Nichols, 1969; Funder and Hansen, 1996).

3 Methods

3.1 Cosmogenic nuclide exposure dating

Cosmogenic nuclide exposure dating is a widely used
method to constrain the deglaciation history of former
glaciated areas (Gosse and Phillips, 2001; Ivy-Ochs and
Kober, 2008; Balco, 2020). One of the most common nu-
clides used is '°Be as it forms in the abundant mineral quartz,
and is fairly easy to extract and measure by accelerator mass
spectrometry. However, due to its relatively slow decay and
long half-life (1.4 x10° years), problems can arise in areas
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characterized by slow-moving cold-based ice. Here, small
rates of erosion hinder complete removal of nuclides “inher-
ited” from prior exposures and thus yield apparent exposure
ages exceeding the length of the last ice-free period (Hey-
man et al., 2011). Nuclide inheritance is present in samples
throughout Greenland, particularly at high elevations away
from glacial troughs and fjords (Kelly et al., 2008; Corbett
et al., 2013; Hakansson et al., 2016; Young et al., 2020), but
it seems to be especially frequent in north Greenland where
several studies have shown more widespread nuclide inher-
itance (Farnsworth et al., 2018; Larsen et al., 2018, 2020;
Se¢ndergaard et al., 2019; Ceperley et al., 2020).
Measurements of in situ produced '*C in boulders and
bedrock can, however, circumvent the nuclide inheritance
problem and help to obtain more reliable exposure ages
(Hippe, 2017; Graham et al., 2019). Due to its shorter half-
life (5730 years), in situ '4C is sensitive to radioactive decay
on Late Quaternary and Holocene timescales, as the concen-
tration build-up from prior exposure will rapidly decay when
a surface is shielded from cosmic rays (Lifton et al., 2001;
Hippe, 2017). As such, it is an optimal tool to solve the most
recent deglaciation history of the GrIS. However, in situ '*C
is still not the preferred nuclide for exposure dating as the
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extraction process is demanding despite many improvements
and developments within recent years (Lifton et al., 2015;
Goehring et al., 2019; Lupker et al., 2019). Still more robust
information on the deglaciation history can be achieved by
using combined measurements of '°Be and '#C as shown by
previous studies (Corbett et al., 2013; Hippe, 2017; Young et
al., 2018; Graham et al., 2019).

3.1.1 1°Be exposure dating

10Be exposure dating of boulders and pebbles was used to
constrain the most recent deglaciation history of Inglefield
Land. A total of 25 boulder samples were collected, all rest-
ing on bedrock except for sample GL1732-GL1735, which
were on top of two moraines in the western part of Inglefield
Land (Fig. 1c). The lithology of boulders sampled were all
granite or gneiss, matching the lithology in and around Ingle-
field Land, but due to the placement on bedrock and moraines
we assume the boulders were transported some distance be-
fore deposition. In addition, two samples consisting of quartz
pebbles (GL1715 and GL1716) were collected on an out-
wash plain in the northeastern part of Inglefield Land. Sam-
ples were collected using a rock saw, hammer and chisel to
cut out the top few centimetres of quartz bearing stable boul-
ders (Fig. 2). With a hand-held Garmin eTrex 30 GPS, we
recorded the latitude, longitude and elevation of each sam-
ple. The orientation of the rock surface and shielding by the
surrounding topography were measured using a compass and
clinometer, respectively. Elevations of the sampled boulders
were all between 65 and 542 ma.s.l. and thus were all at or
above the local marine limit of the area (Nichols, 1969; Blake
et al., 1992; Funder and Hansen, 1996). We measured sample
thicknesses with a caliper before the samples were crushed
and sieved. This information was used to calculate the aver-
age thickness of each sample. For boulder and pebble sam-
ples we used the 250-700 pm fraction to isolate quartz and
extract beryllium.

All samples were processed in the Cosmogenic Nuclide
Laboratory at the Department of Geoscience, Aarhus Uni-
versity following methods adapted from Corbett et al. (2016).
The '°Be/?Be ratios were measured at the Aarhus AMS Cen-
tre and all samples were blank corrected. Nuclide concentra-
tions were normalized to the Beryllium Standard ICN-01-
5-4, with a 1°Be/Be value of 2.851 x10~? (Nishiizumi et
al., 2007). Apparent '°Be exposure ages were calculated us-
ing the online exposure age calculator formerly known as
the CRONUS-Earth online exposure calculator v.3 (Balco
et al., 2008) in combination with the Baffin Bay produc-
tion rate (Young et al., 2013) and the Lm production scal-
ing scheme (Lal, 1991; Stone, 2000). The rock density was
set to 2.65gm™> as it is representative for the boulders we
sampled, and we assumed zero erosion. We did not cor-
rect for cover by vegetation or snow as the vegetation in
the area is sparse and precipitation rates are low, ca. 100-
150 mmyr~—! (Dawes, 2004). The sampled boulders were
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furthermore all positioned in open locations in the landscape
making it highly unlikely that any snow cover would have
persisted for long periods of time. As the glaciostatic up-
lift history is not well constrained in north Greenland, we
present our '°Be ages without any uplift correction, similarly
to many other studies in Greenland which have shown the
corrections to be negligible (Young et al., 2012; Sinclair et
al., 2016; Larsen et al., 2018; Young et al., 2020).

All resulting apparent exposure ages and parameters used
in the calculations can be seen in Table 1. The '"Be ages
are presented with a 1o analytical uncertainty, and we note
that ages calculated using other scaling schemes deviate by
<2%.

3.1.2 Insitu *C exposure dating

We used in situ '*C exposure dating to further constrain the
deglaciation history of Inglefield Land, primarily by testing
for '9Be nuclide inheritance in selected samples. Four of the
quartz samples used for °Be exposure dating were chosen
for in situ 14C exposure dating, GL1725, GL1712, GL1701
and GL1708. We chose these samples based on (i) the re-
sulting apparent '°Be exposure ages within each sample lo-
cation, (ii) the amount of quartz left and (iii) the sample lo-
cation in the study area to secure a broad spatial distribution
(Fig. 1c). Approximately 4 g of purified quartz, the same used
for 19Be extraction, was used to extract the in situ produced
14C. Samples for in situ '*C measurements were processed
using the in situ '*C extraction line at ETH Ziirich (Hippe
et al., 2009; Lupker et al., 2019). Samples were measured
at ETH Ziirich with the MICASAS AMS system (Synal et
al., 2007; Wacker et al., 2010) and sample in situ 14C con-
centrations were calculated from measured '*C/!2C ratios
(Hippe and Lifton, 2016). In situ '*C ages were calculated
using the online exposure age calculator formerly known as
the CRONUS-Earth online exposure calculator v.3 (Balco
et al., 2008), the west Greenland production rate (Young et
al., 2014) and the Lm production scaling scheme (Lal, 1991,
Stone, 2000). All resulting ages and variables used in the cal-
culations are listed in Table 2. In situ '4C exposure ages are
presented with a 1o analytical uncertainty and ages calcu-
lated using other scaling schemes deviate by <4 %.

3.2 Radiocarbon dating of reworked molluscs and wood
fragments

Radiocarbon dating of reworked organic material in glacial
deposits can be used to determine when the ice extent was
smaller than it is at present (Bennike and Weidick, 2001;
Briner et al., 2014; Farnsworth et al., 2018). For this pur-
pose, we therefore collected reworked marine molluscs from
the surface of and within diamictic sediments at the southern
margin of the Humboldt Glacier (Fig. 1c). From the sample
site, 15 molluscs were chosen, pre-treated following the pro-
cedure of Brock et al. (2010), and radiocarbon dated at the
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GL1709
£111.8.£0.6 ka

Figure 2. Boulders sampled for 10Be exposure dating in Inglefield Land (a—f), as well as resulting ages. Panels (a) and (f) show boulders
sampled close to the present-day ice margin. Panel (b) is a boulder sampled next to the Humboldt Glacier. Panels (¢) and (d) show boulder
samples close to the outer coast. Panel (e) shows a boulder sampled on a moraine in the western part of the study area.

Table 2. Sample collection, l4c isotopic information and resulting exposure ages for four boulders from Inglefield Land, north Greenland.

Sample  Elevation Latitude Longitude  Shielding Quartz CO, F4c?  s§13c  MC/12Cm  4C atoms blank 14c 10° l4c
name (ma.s.l.) (°N) (°W)  correction (g) yield (%0) (10_14) corrected atg™ 1) exposure

(Hg) (10%)b age (ka)°
GL1701 542 78.76 67.01 0.9999 3.9552 2293 0.550 —10.1 65.0+0.71 6.88+0.10 1.74+0.03 142405
GL1708 524 78.51 67.94 0.9998 39036 7628 0.114 —10.8 13.4+£0.25 4.544+0.11 1.16£0.03 6.7+0.3
GL1712 65 79.14 65.81 0.9998 3.9156 80.01 0.083 —129 9.70+0.23 3.30+0.11 0.844+0.03 8.2+0.5
GL1725 86 78.85 68.89 0.9991 3.8113 7742 0.083 —11.6 9.77+0.23 3.20+0.10 0.84+0.03 7.9+04

a Normalized to §!13C of —25%. VPDB and AD 1950. ® All samples were blank corrected (0.589 £ 0.052 105 l4C atoms). © 14C ages were calculated using the online
exposure age calculator formerly known as the CRONUS-Earth online exposure calculator v.3 (Balco et al., 2008), the west Greenland production rate (Young et al., 2014) and the

Lm scaling scheme (Lal, 1991; Stone, 2000) under standard atmosphere conditions. A rock density of 2.65 gcm

are reported as the 1o analytical uncertainty.

Aarhus AMS Centre (Olsen et al., 2016). In addition, four
wood fragments were retrieved at 193 m a.s.1. on the meltwa-
ter plain next to the meltwater outlet at the Hiawatha Glacier
(Fig. 1c). Due to the placement of the wood fragments at the
tip of the glacier, we assume the wood was transported from
underneath the glacier a distance up the ice, before deposition
at the glacier front. The wood fragments were collected to-
gether with sediment samples analysed in recent studies con-
cerning the Hiawatha impact crater (Kjer et al., 2018; Garde
et al., 2020). It was not possible to identify the dated wood
fragments to species level. The four samples were pre-treated
and radiocarbon dated at Beta Analytic.

Radiocarbon ages for the molluscs were calibrated using
OxCal v4.3 (Ramsey, 2009) with the Marinel3 calibration
curve (Reimer et al., 2013) and a marine reservoir effect of
550 '#C years (AR = 150'*C a) based on a couple of ages
from molluscs collected alive before 1960 in north Green-

Clim. Past, 16, 1999-2015, 2020

—3 was used and we assumed zero erosion. 14C age uncertainties

land (Morner and Funder, 1990). Radiocarbon ages for the
wood fragments were calibrated with the IntCall3 calibra-
tion curve (Reimer et al., 2013). Sample information, result-
ing radiocarbon ages and calibrated ages are reported in Ta-
ble 3. Throughout the text, we use the mean calibrated radio-
carbon age +20.

4 Results

41 19Be and in situ '*C exposure dating

10B¢ exposure dating was carried out on 25 boulder sam-
ples and 2 samples consisting of pebbles to constrain the
deglaciation of Inglefield Land (Fig. 3). The measured '°Be
concentrations in the 27 samples range from 3.0 4 0.9 x 10*
t0 60.3 4 0.9 x 10* 19Be atoms g~! and result in apparent ex-
posure ages ranging from 92.7 £ 1.5 to 6.8 & 2.0 ka, with the
oldest ages being from boulders on moraines in the western

https://doi.org/10.5194/cp-16-1999-2020
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Table 3. Sample collection information, radiocarbon ages and calibrated ages for marine molluscs collected at the margin of the Humboldt
Glacier and wood fragments collected in front of the Hiawatha Glacier, north Greenland.

Lab ID Sample Latitude Longitude Elevation Age Age (95 % range) Mean age

material °N) °wW) (ma.s.l.) (14C years BP) (cal. years BP)*  (cal.yearsBP +2 o)*
AAR-27511  Mya truncata 2006 £ 24 1321-1494 1400 £+ 44
AAR-27512  Mya truncata 1589 +22 920-1050 983 £ 35
AAR-27513  Mpya truncata 3387434 2937-3166 3052+ 60
AAR-27514  Mya truncata 2899 +27 2345-2606 2466 +70
AAR-27515  Mpya truncata 3831+£26 3501-3684 3593 £ 44
AAR-27516  Mya truncata 1093 +£20 499-605 542428
AAR-27517  Mya truncata 1415£23 736-891 812+41
AAR-27518  Hiatella arctica 79.143 65.797 90 3413 £25 2984-3181 3087 £50
AAR-27519  Hiatella arctica 1988 +28 1299-1474 1379 +£45
AAR-27520  Hiatella arctica 1195+£23 553-662 613 £30
AAR-27521  Hiatella arctica 2580+ 25 1979-2148 2066 £ 45
AAR-27522  Hiatella arctica 1428 +23 749-900 825+39
AAR-27523  Hiatella arctica 2318 £33 1698-1884 1793 £49
AAR-27524  Hiatella arctica 2248 +£22 1666-1865 1761 +49
AAR-27525  Astarte borealis 1466 + 25 783-922 857+ 38
471815 Wood 2260+ 30 2158-2346 2256 £59
471816 Wood 1910+30 1741-1929 1854 £37
471817 Wood 78.830 67.133 193 2260+ 30 2158-2346 2256 +59
471818 Wood 5120+ 30 5751-5930 5846 £ 59

* Radiocarbon ages were calibrated using OxCal v4.3 (Ramsey, 2009). The Marine13 calibration curve (Reimer et al., 2013) and a marine reservoir effect of 550 l4c years
(AR = 150) (Morner and Funder, 1990) were used for calibrating sample AAR-27511 to AAR-27525. For sample 471815-471818, the Intcalll3 curve was used for calibration

(Reimer et al., 2013).

part of the area and the younger ages resulting from boulders
closer to Humboldt Glacier and the coast in the northeastern
part of the area (Fig. 3, Table 1).

Although the '"Be ages are scattered we see some struc-
ture in the dataset. There is no clear pattern between the
lithology of the individual boulders sampled and the result-
ing exposure ages, but the majority of ages sampled be-
low 300 ma.s.l. group within the post-LGM period, with a
peak in the Early Holocene, whereas most samples above
450ma.s.l. predate the LGM. Further, there also seems to be
a vague pattern in spatial distribution, with the oldest '°Be
ages being from the two moraine ridges in western Ingle-
field Land and the youngest boulder ages closer to Humboldt
Glacier.

In situ '*C exposure dating was carried out to bet-
ter constrain the deglaciation of Inglefield Land from the
scattered '°Be ages. The measured in situ 'C concentra-
tions in the four samples range from 8.440.3 x10* to
17.440.2 x10* atoms ¢~ and resulted in exposure ages
ranging from 14.2 0.5 to 6.7 + 0.3 ka (Fig. 3, Table 2). All
in situ '*C ages are younger than the '°Be ages resulting
from the same quartz sample, confirming that the '"Be ages
are generally affected by nuclide inheritance. However, the
in situ '*C ages do to some degree match the youngest '°Be
ages from the same localities, except for GL1701, which pre-
dates the Holocene. The remaining three in situ '*C ages
group in the Middle Holocene.
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4.2 Radiocarbon dating of reworked molluscs and wood
fragments

Reworked marine molluscs were collected along the south-
ern margin of the Humboldt Glacier (Fig. 1c). Several
species were identified and 15 samples of Mya truncata,
Hiatella arctica and Astarte borealis were used for radio-
carbon dating. The calibrated mean radiocarbon ages range
from 3.6£0.04 to 0.5+0.03kacal BP (Fig. 4, Table 3)
and reflect the period when the Humboldt Glacier was be-
hind its present-day extent. In addition, the wood samples
on the meltwater plain next to the meltwater outlet at the
Hiawatha Glacier resulted in ages between 5.8 0.06 and
1.9 +0.04 ka cal BP (Fig. 4, Table 3). As the wood fragments
were retrieved right in front of the Hiawatha Glacier, the
wood fragments are more likely to have originated from un-
derneath the glacier than have been transported from a nearby
soil to the sample site by wind or water. We therefore believe
these ages to constrain a time when the glacier was behind
its present-day extent.

Clim. Past, 16, 1999-2015, 2020
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Figure 4. Radiocarbon age probability plots of wood fragments col-
lected in front of the Hiawatha Glacier (green) and reworked marine
molluscs collected at the margin of Humboldt Glacier (blue). Each
plot represents the age of a single wood fragment or mollusc shell
and its calibrated age probability distribution.

5 Discussion

5.1 Indications of low erosion rates and cold-based ice
in north Greenland

The '“Be ages from Inglefield Land are scattered, which
makes it difficult to fully constrain the glacial history in the
area. We consider the 12 '°Be ages older than the LGM as
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evidence of nuclide inheritance from prior exposure (Fig. 3)
and discard them from constraints of the glacial history in
Inglefield Land. Of the remaining 15 samples postdating the
LGM, some do most likely also reflect nuclide inheritance.
Within uncertainty, only 4 of the 15 post-LGM '"Be ages
overlap with the 3 youngest in situ '“C ages. Thus, by in-
cluding in situ '*C ages in the analysis we determine that 11
of the post-LGM !°Be ages are affected by inheritance and
thus overestimate the post-LGM exposure period to a vary-
ing degree. In total, 24 out of 27 samples (ca. 89 %) from
Inglefield Land show some degree of nuclide inheritance.

We also consider the oldest in situ '*C age of ca. 14.2ka
to be affected by inheritance as it is unlikely that Inglefield
Land was deglaciated at that time. Different modelled sce-
narios of in situ *C nuclide build-up, which almost reach
the measured concentration of the sample and still follow
the known glacial history of the GrIS in north Greenland,
are seen in Fig. 5. In the first scenario, Inglefield Land was
deglaciated during MIS 3 from 45 to 23 ka and again in the
Holocene from 6.7 ka until the present. This limits the ex-
pansion of the GrIS during the LGM to a narrow interval
from ca. 23 to 7 ka. This scenario is to some degree consis-
tent with other studies in northern Greenland where radio-
carbon ages of marine molluscs show that the GrIS has had
a restricted ice extent during MIS 3, starting as early as ca.
42 kacal BP (Larsen et al., 2018; Sgndergaard et al., 2019),
and a late coalescence of the GrIS and Inuitian Ice Sheet
around 22 kacal BP (England, 1999). We have tried differ-
ent model runs, including letting the initial concentration be
at saturation (starting the model at 60 ka), but due to the short
half-life of '*C, any concentration build-up prior to our con-
strained period only results in a very small increase in the fi-
nal present-day concentration (ca. 5 %). Therefore exposure
prior to 45ka is not the main reason for the remaining “in-
heritance”.

https://doi.org/10.5194/cp-16-1999-2020
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Figure 5. Modelled exposure scenario for boulder sample GL1701. The red line shows the measured in situ 14¢ concentration in the sample
and the orange line is the nuclide concentration build-up and decay during periods of exposure and ice cover. Panel (a) shows exposure from
45 to 23 ka and again from 6.7 ka until present and ice cover in between. Panel (b) shows exposure from 60 to 23 ka and again from 6.7 ka

until present and ice cover in between.

However, as we only have one data point and the simula-
tion is incapable of fully reaching the measured concentra-
tion we cannot make any firm conclusions on the timing of
prior exposure of the sample and its implication for the ice
sheet history.

The trend between apparent '“Be ages and elevation of
the samples point towards larger amount of inheritance in
samples from higher elevations (Fig. 6). This pattern has
also recently been observed in adjacent Washington Land
as well as in Dove Bugt, northeast Greenland (Ceperley et
al., 2020; Skov et al., 2020). In addition, there is an increas-
ing amount of inheritance in samples farther away from the
Humboldt Glacier. This spatial distribution of samples with
inheritance at higher elevations away from the Humboldt
Glacier is expected as these locations represent areas outside
troughs where erosion is low because of slowly moving or
even cold-based ice. A similar relationship between nuclide
inheritance and elevation and distance to deep fjords with
large fast-flowing outlet glaciers indicative of higher erosion
rates has been demonstrated elsewhere in Greenland (Larsen
et al., 2014; Sgndergaard et al., 2019).

Overall, inheritance and the lack of sufficient nuclide re-
setting are widespread problems, especially in north Green-
land, and have complicated several studies within recent
years (Corbett et al., 2015; Farnsworth et al., 2018; Sgnder-
gaard et al., 2019; Ceperley et al., 2020; Larsen et al., 2020).
Thus, we conclude that large parts of the north GrIS were
inefficient at eroding the subglacial topography during parts
of or throughout the last glaciation. This is probably because
subglacial sliding was limited by cold-based thermal condi-
tions and the overall low ice flux resulting from the relatively
small precipitation rates of the region. We note that cold-
based zones are also considered to dominate the present-day
thermal state of the GrIS (MacGregor et al., 2016).
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Figure 6. 10Be ages from boulders sampled at various elevations in
Inglefield Land, north Greenland. Panel (a) shows 10Be ages plot-
ted against elevation of the sample sites. Each red dot represents
the 19Be age of an individual boulder and its associated elevation.
Panel (b) shows the relative probability distribution of the boulder
ages with their 1o analytical uncertainty (red lines) and the cumu-
lated probability plot of all 10Be ages (black line).

5.2 Holocene glacial history of Inglefield Land

During the LGM, Inglefield Land was completely ice cov-
ered, and the ice nourished the Smith Sound Ice Stream pri-
marily through the Humboldt Glacier until the opening of

Clim. Past, 16, 1999-2015, 2020
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Nares Strait sometime between ca. 9 and 8 ka cal BP (Geor-
giadis et al., 2018; Jennings et al., 2019; Dalton et al., 2020).
The outer coast at Kap Inglefield, Kap Grinnel and Rensse-
laer Bay in southwest Inglefield Land was deglaciated be-
tween ca. 8.6 and 8.3 ka cal BP (Nichols, 1969; Blake et al.,
1992; Mason, 2010). Farther north, the deglaciation at the
outer coast at Marshall Bay in central Inglefield Land is con-
strained to ca. 7.9 ka by a single in situ '*C age. This age is
largely consistent with a radiocarbon age of marine molluscs
of ca. 8.2kacal BP at Minturn Elv located ca. 20 km east of
Marshall Bay (Nichols, 1969) (Fig. 7a).

After reaching the outer coast, the ice margin continued its
retreat towards its present-day position, which was reached
by ca. 6.7ka in the central part of Inglefield Land. Farther
north, the ice probably retreated somewhat slower as sug-
gested by the dating of a rearrangement of the meltwater
drainage pattern from the Hiawatha Glacier. Initially, melt-
water flowed from the Hiawatha Glacier towards Dallas Bay,
but this changed when the ice margin was approximately
halfway between the coast and its present-day extent where
a water divide then rerouted the meltwater towards Marshall
Bay (Nichols, 1969). The timing of this change is constrained
by a single '"Be age of meltwater deposits (pebble sample)
that yield an age of ca. 6.8ka (Fig. 7b). The '°Be age is,
however, consistent with a radiocarbon age of molluscs, pre-
sumably from lower-lying prodeltaic sediments, with an age
of ca. 6.6 kacal BP at Dallas Bay (Nichols, 1969). This sug-
gests that the ice margin was located north of the meltwater
drainage divide around ca. 6.8 ka. Farthest north in Inglefield
Land, at the southern flank of the Humboldt Glacier, the ice
margin already reached its present-day extent by ca. 8.2ka
(Fig. 7a). This age is consistent with the 'Be chronology
from the northern flank of the Humboldt Glacier where a
moraine a few hundred metres outside the LIA moraine was
abandoned at ca. 8.3 ka (Reusche et al., 2018).

After the ice margin reached its present-day position it
continued to retreat farther inland. Wood fragments in front
of the Hiawatha Glacier demonstrate that the land-based part
of the GrIS in Inglefield Land was smaller than present be-
tween ca. 5.8 and 1.9 ka cal BP. In addition, the age distribu-
tion of the molluscs collected at the Humboldt Glacier mar-
gin indicates that the glacier was behind its present-day posi-
tion between ca. 3.6 to 0.5 kacal BP (Fig. 7a). At the north-
ern flank of Humboldt Glacier, radiocarbon ages of reworked
marine molluscs suggest that the glacier retreated at least
25 km farther inland between ca. 3.7 and 0.3 ka cal BP (Ben-
nike, 2002), possibly favoured by the bed topography being
below sea level tens of kilometres inland (Morlighem et al.,
2014, 2017). Thus, no later than ca. 0.3 ka cal BP, the GrIS in
Inglefield Land re-advanced towards its LIA maximum ex-
tent. The spatial extent of the Late Holocene retreat of the
Hiawatha Glacier behind its present-day ice margin is not
known, but the ice retreat has possibly exposed parts of the
Hiawatha impact crater (Fig. 7b).
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5.3 A review of the Holocene glacial history in northwest
and north Greenland

In the following we review the new data from northwest and
north Greenland to put our results into a broader context. We
focus on two stages of the deglaciation history of the GrIS,
namely when it (i) deglaciated from the coast towards its
present-day extent and (ii) when it was smaller than present
(Fig. 8). For information about the offshore deglaciation his-
tory, the reader is referred to recent reviews by Georgiadis et
al. (2018), Jennings et al. (2019) and Dalton et al. (2020).

In the southern part of northwest Greenland, the ice margin
reached the outer coast near Upernavik at ca. 11.3 ka (Corbett
etal., 2013) coinciding with the overall ice retreat in Melville
Bay being initiated at ca. 11.6ka (Sgndergaard et al., 2020)
(Fig. 8b). The ice reached the inner part of Upernavik Fjord
at ca. 9.9 ka (Briner et al., 2013) and in Melville Bay the ice
was already at its present-day extent at ca. 11.5ka (Sgnder-
gaard et al., 2020) (Fig. 8b). Farther north, coastal deglacia-
tion near Thule and Delta S¢ began at ca. 10.8 ka (Corbett
et al., 2015; Axford et al., 2019) and the ice margin reached
its present-day extent at nearby Wax Lips Lake at ca. 10.1 ka
(McFarlin et al., 2018). In Inglefield Bredning north of Thule
the ice reached the inner parts of the fjord at ca. 11.9ka
(Sgndergaard et al., 2019) (Fig. 8b). In north Greenland, re-
sults from Inglefield Land show that the deglaciation of the
outer coast commenced at ca. 8.6 kacal BP in the southeast
and ca. 7.9 ka in the central part of the coastline, and the ice
reached its present-day position in central Inglefield Land at
ca. 6.7ka. The Humboldt Glacier deglaciated and reached
its present-day extent at ca. 8.2ka. In the adjacent Washing-
ton Land, deglaciation of the outer coast is constrained to ca.
9.0ka, with widespread deglaciation of the entire area evi-
dent at ca. 8.6ka and absence of widespread glacial ice no
later than 6.9 ka (Ceperley et al., 2020). Farther north, Peter-
mann Glacier was positioned at the outer sill in Hall Basin
ca. 8.7 (Jakobsson et al., 2018) and it reached its present-day
position at ca. 6.9 ka (Reilly et al., 2019).

Restricted ice extent behind the present-day ice margin in
northwest and north Greenland was widespread during large
parts of the Middle and Late Holocene. At Upernavik and
in Melville Bay, the ice sheet was behind its present-day
position between ca. 9.1 and 0.4 kacal BP (Bennike, 2008;
Briner et al., 2013; Briner et al., 2014; Axford et al., 2019;
Sgndergaard et al., 2020) (Fig. 8c). Farther north, mosses
from a local ice cap and subfossil plants from the GrIS show
a smaller than present-day extent before ca. 3.3kacal BP
around Qaanaaq and throughout most of the Holocene un-
til ca. 1850 AD in the Thule area (Farnsworth et al., 2018;
Axford et al., 2019; Sgndergaard et al., 2019). In Inglefield
Land, north Greenland, wood fragments in front of the Hi-
awatha Glacier suggest that the ice margin was behind its
present-day extent from ca. 5.8 and 1.9 kacal BP, whereas
the Humboldt Glacier retreated at least 25 km inland at ca.
3.7 to 0.3 ka cal BP (Bennike, 2002). The Petermann Glacier
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the transect (x—y) seen in panel (a).

farther north also retreated inland from its present-day posi-
tion and after a re-advance reached its LIA extent at ca. 0.3 ka
(Reusche et al., 2018; Reilly et al., 2019) (Fig. 8c).

In summary, the timing of deglaciation along the coast
in northwest Greenland is earlier than in north Greenland
around Nares Strait, but the timing is in accordance with
the overall deglaciation in Greenland (Bennike and Bjorck,
2002; Funder et al., 2011). Further, the periods of the Mid-
dle and Late Holocene restricted ice extent of the GrIS, and
larger outlet glaciers in north Greenland were initiated later
than in northwest Greenland and were shorter.

5.4 Holocene ice and climate interactions in northwest
and north Greenland

The contrasting patterns of deglaciation between northwest
and north Greenland can in part be explained by different
responses of the two sectors to Holocene climate changes
(Fig. 9). The early deglaciation of the land areas in north-
west Greenland from Upernavik to Inglefield Bredning coin-
cides with the early arrival of the Holocene Thermal Maxi-
mum (HTM) (ca. 11-8 ka) in northwest Greenland (Lecava-
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lier et al., 2017; Axford et al., 2019) (Fig. 9a—c). This rapid
increase in surface air temperatures has been suggested to be
the main driver of the widespread rapid deglaciation specifi-
cally in Melville Bay, the Thule area and Inglefield Bredning
(Axford et al., 2019; Sgndergaard et al., 2019; Sgndergaard
et al., 2020), showing the sensitivity of marine-based ice to
rising air temperatures.

In north Greenland, atmospheric temperatures during the
Early and Middle Holocene were above those of the Late
Holocene. The GrIS in this region could therefore have ex-
perienced a larger sensitivity towards atmospheric tempera-
tures early in the Holocene. It has, however, been proposed
that the effects of the retreating Innuitian Ice Sheet, which
still covered Ellesmere Island during the Early Holocene,
to some degree dampened the effect from the high atmo-
spheric temperatures on the GrIS in western north Greenland
during this period (Briner et al., 2016; Dalton et al., 2020).
Further it has been suggested that warm Atlantic waters in
Hall Basin, northern Nares Strait, assisted Early Holocene
ice retreat (Jennings et al., 2011). Warm waters and increas-
ing ocean temperatures in southern Nares Strait seemed to
arrive later than along the west Greenland coast (Dyke et
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of restricted ice extent has not been constrained.

al., 1996; Levac et al., 2001; Lecavalier et al., 2017; Ax-
ford et al., 2019). This delay in warming ocean conditions in
southern Nares Strait might be the reason why the opening of
Nares Strait and the deglaciation of the coastal areas in Ingle-
field Land and Washington Land happened 2-3 kyr later than
the land areas in northwest Greenland (Bennike and Bjorck,
2002; Larsen et al., 2014, 2019; Sinclair et al., 2016).

After the ice margin reached its present-day extent in
northwest and north Greenland it continued to retreat far-
ther inland. In northwest Greenland, the period with re-
stricted ice extent in Melville Bay ca. 9.1 to 0.4 kacal BP
was driven by a strengthening of the West Greenland Cur-
rent and warm ocean waters arriving in the Middle Holocene
(Levac et al., 2001; Caron et al., 2020) (Fig. 9d). The pres-
ence of Chlamys islandica infers that the marine-based out-
lets were behind their present-day extent in north Greenland
when warm waters arrived in Nares Strait (Bennike, 2002).
Warming sea surface temperatures drove Middle Holocene
ice sheet retreat, especially in northwest Greenland, but the
overall retreat was possibly initiated and still affected by
Early Holocene rising atmospheric temperatures.

Clim. Past, 16, 1999-2015, 2020

The Neoglacial cooling is known to have affected ice on
land in northwest Greenland, resulting in expansion of lo-
cal ice caps, lake ice cover and even parts of the northwest
GrIS (Blake et al., 1992; Lasher et al., 2017; Farnsworth et
al., 2018; Sgndergaard et al., 2019). The Hiawatha Glacier
in north Greenland show a re-advance after ca. 1.9 ka cal BP,
as a possible response to the Neoglacial cooling, which
also seems to have provoked a re-advance of the Petermann
Glacier at ca. 2.8 ka (Reusche et al., 2018). Finally, the ice
in northwest and north Greenland shows a near-synchronous
re-advance towards its LIA extent which coincides with the
LIA cooling within the last millennium (Lasher et al., 2017;
Lecavalier et al., 2017; Axford et al., 2019).

6 Conclusion

In this study we used in situ '°Be and '*C cosmogenic nu-
clide exposure dating and radiocarbon dating of reworked or-
ganic material to constrain the Holocene deglaciation history
of Inglefield Land, north Greenland. Our results revealed a
large scatter in the '"Be ages, with ca. 45 % of the ages pre-
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Figure 9. Ice extent and climate fluctuations for north and north-
west Greenland during the last 15kyr. (a) Mean annual tempera-
ture anomalies, northwest Greenland (Buizert et al., 2018). (b) July
air temperature anomalies at Delta S@, northwest Greenland, us-
ing two different training sets and transfer functions, FOR15 (light
green) and FRAO6 (dark green) (Axford et al., 2019). (¢) Agassiz
s180 temperature reconstruction (Lecavalier et al., 2017). (d) Re-
constructed west Greenland sea surface temperatures from Gibb
et al. (2015) (dark blue) and Ouellet-Bernier et al. (2014) (light
blue). Panel (e) shows the inferred ice extent in north and north-
west Greenland from Melville Bay in the south to Washington Land
in the north (for references, see text). Dark red bars denote known
periods of deglaciation from the outer coast towards the present-
day ice margin and bright red bars denote periods of smaller than
present-day extent. Arrows indicate the lack of an upper or lower
constraint.

dating the LGM and an overall 89 % of the samples being
affected by inheritance, possibly due to low-erosive cold-
based ice. We find that the outer coast in Inglefield Land
began to deglaciate between ca. 8.6 and 8.3 kacal BP in the
southeastern part, whereas the central part was deglaciated
by ca. 7.9 ka. Following initial deglaciation, the ice margin
reached its present-day position at ca. 6.7 ka in central Ingle-
field Land, whereas Humboldt Glacier in the northern part
of the study area already reached its present-day extent by
ca. 8.2 ka. After deglaciation, the ice margin retreated behind
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its present-day extent from ca. 5.8 to 1.9 ka cal BP at the Hi-
awatha Glacier and ca. 3.7 to 0.3 ka cal BP at the Humboldt
Glacier. Thus, the re-advance towards the LIA extent was ini-
tiated between 1.9 and 0.3 ka cal BP.

We furthermore reviewed new data from northwest and
north Greenland to put our results into a broader context
and assessed the findings with local and regional climate
records. We found that the Holocene glacial history varies
significantly between northwest and north Greenland. The
deglaciation from the coast to the present-day ice extent in
northwest Greenland occurred at the onset of the Holocene,
possibly as a response to the relatively early HTM. Deglacia-
tion continued and the ice sheet retreated behind its present-
day extent in northwest Greenland throughout most of the
Middle and Late Holocene, driven by continued high air
temperatures and the arrival of warm waters along the west
Greenland coast. In contrast, the deglaciation of the outer
coast in Nares Strait and north Greenland was delayed by
ca. 2-3 kyr and shows a more restricted period of retreat be-
hind its present-day extent. The observed difference in pat-
terns of deglaciation in the two regions is most likely a conse-
quence of the large marine-based part of the northwest GrIS
being more sensitive to climate changes as opposed to the
largely land-based north GrIS. Further, the late opening of
Nares Strait could have delayed ice retreat in north Green-
land, despite early atmospheric warming. During the LIA
cooling, the GrIS do though show a synchronous response,
with ice advance throughout northwest and north Greenland.
Our findings highlight the complexity of the ice—climate sys-
tem and show clear differences in ice sheet sensitivity be-
tween northwest and north Greenland. As such, this adds new
knowledge and possible constraints on the future state of the
GrIS as a response to present-day global warming.
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