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Abstract

We present new data from the debris-rich basal ice layers of the NEEM ice core (NW Greenland).
Using mineralogical observations, SEM imagery, geochemical data from silicates (meteoric '°Be,
€Nd, #7Sr/%%8r) and organic material (C/N, §'°C), we characterize the source material, succession
of previous glaciations and deglaciations and the paleoecological conditions during ice-free episodes.
Meteoric '’Be data and grain features indicate that the ice sheet interacted with paleosols and eroded
fresh bedrock, leading to mixing in these debris-rich ice layers. Our analysis also identifies four suc-
cessive stages in NW Greenland: (1) initial preglacial conditions, (2) glacial advance 1, (3) glacial
retreat and interglacial conditions and (4) glacial advance 2 (current ice-sheet development). C/N
and 3" °C data suggest that deglacial environments favored the development of tundra and taiga eco-
systems. These two successive glacial fluctuations observed at NEEM are consistent with those iden-
tified from the Camp Century core basal sediments over the last 3 Ma. Further inland, GRIP and
GISP2 summit sites have remained glaciated more continuously than the western margin, with
less intense ice-substratum interactions than those observed at NEEM.

1. Introduction

Climate affects the volume and extent of the Greenland Ice Sheet (GrlIS); yet our knowledge of
climate’s influence on Pleistocene history and environmental conditions prevailing during ice-
sheet build-up remains fragmentary (e.g. Dutton and others, 2015; Westerhold and others,
2020). It is critical to better understand the sensitivity of the GrlIS, and its ecosystems relative
to different climate states as human-induced climate change increases in magnitude and dur-
ation. Our understanding of GrIS past history mostly relies on indirect archives, such as mar-
ine sediments (Larsen and others, 1994; de Vernal and Hillaire-Marcel, 2008; Bierman and
others, 2016; Tripati and Darby, 2018; Christ and others, 2020) or seismic surveys (e.g.
Knutz and others, 2019) that allow insights about GrIS behavior over millions of years
(Tripati and Darby, 2018). Terrestrial archives are rare and discontinuous, including sediment
deposits (e.g. Funder and others, 2001; Bennike and others, 2010; Corbett and others, 2021;
Larsen and others, 2021), ice-core basal ice layer (BIL) debris and bedrock (e.g. Souchez
and others, 1994; Verbeke and others, 2002; Willerslev and others, 2007; Bender and others,
2010; Bierman and others, 2016; Goossens and others, 2016; Schaefer and others, 2016; Yau
and others, 2016a, 2016b; Christ and others, 2021). Evidence of past ecosystems comes
from pollen, spores or fossils found in terrestrial or marine sediments (e.g. de Vernal and
Mudie, 1989; Funder and others, 2001; Bennike and others, 2010) but also from the study
of debris in the ice-core BIL (e.g. Willerslev and others, 2007; Christ and others, 2021).

BIL describes the bottom layer of the ice sequence present at the interface with underlying
till and/or bedrock. These ice layers often bear debris from beneath the ice sheet. Majority of
basal ice is thought to originate from the surface, and had been further diagenetically modified
by processes operating at the bed (Knight, 1997). Some, however, like at the GRIP location,
suggest a pre-ice-sheet origin, from local ice fields or permafrost (Souchez and others, 1994;
Tison and others, 1998). The BIL material constitutes a unique and direct archive of sediments
from Greenland’s interior and represents a promising, yet under-utilized, archive of climate
information. It is a scarce, but limited, continental archive that holds information about
GrIS past behavior (Weis and others, 1997; Bierman and others, 2014; Schaefer and others,
2016), Greenland’s past ecosystems (Willerslev and others, 2007; Christ and others, 2021),
sub-ice-sheet geology (Fountain and others, 1981; Weis and others, 1997) and basal ice
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processes (Tison and others, 1993, 1994, 1998; Souchez and
others, 1994; Souchez and others, 2000; Verbeke and others,
2002; Souchez and others, 2006; de Angelis and others, 2013;
Goossens and others, 2016). The study of its structure and geo-
chemistry is a key to understanding ice-sheet behavior, as well
as subglacial erosion and deposition as it offers a window into
processes occurring at the ice-sheet bed (Knight, 1997).

Here, we examine the archive of BIL material from the NEEM
ice core that was drilled in the north-western Greenland and is
one of few GrIS cores that retrieved rock debris (Fig. 1). The
structure and ice of the NEEM BIL were described and analyzed
by Goossens and others (2016), but the debris was not specifically
studied beyond its grain size distribution. The goal of this study is
to gather as much information as possible from the material con-
tained in the NEEM BIL, allowing us to characterize the potential
sub-ice-sheet geology of the area, to widen the amount of data
available for Greenland BIL material, and allow comparison
with other ice cores. To do so, we present morphologic—micro-
scopic, chemical and isotopic analyses of recovered grains to char-
acterize the nature, origin and transport history of the sediment
encountered in the NEEM basal ice. Along with geochemical ana-
lyses of meteoric '°Be and organic nitrogen and carbon, this data-
set assists with the identification and description of past
ecosystems of the fluctuating glacial-interglacial paleoenviron-
ment of northwestern Greenland. These new data are compared
to those obtained from other Greenland deep ice core records
(Willerslev and others, 2007; Bierman and others, 2014;
Schaefer and others, 2016; Yau and others, 2016b; Christ and
others, 2021).
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2. Background: previous work on Greenland basal ice
debris from ice cores

Debris-rich material in the BILs of Greenland is available in only
few cores (Fig. 1): Camp Century, GISP2, NEEM and, in much
smaller proportion, in GRIP and Dye-3 (Fig. 1; Tison and others,
2019). Only few studies have examined the BIL debris in
Greenland ice cores to understand ice-sheet basal processes and
Greenland subglacial geology.

Regarding subglacial processes, Whalley and Langway (1980)
analyzed quartz grains from the subglacial sediment of the
Camp Century ice core using scanning electron microscopy
(SEM) to characterize grain shape and various microtextures to
assess grain transport. They distinguished two grain categories:
angular grains resulting from glacial grinding and well-rounded
grains produced by aeolian transport, likely prior to ice-sheet
build-up. Petrologic geochemical analyses of several clasts from
the Camp Century subglacial sediment allowed documentation
of the subglacial geology of northwestern Greenland (Fountain
and others, 1981). The nature of the basal ice in the NEEM
core has been well described by Goossens and others (2016),
but information is still lacking about the nature and morpho-
logical characteristics of the debris. Significant spatial variability
of the neodymium (eNd) and strontium (¥sr/®sr) isotopic sig-
natures was documented in Greenland from the analysis of bed-
rocks cropping out at the periphery of Greenland (Collerson
and others, 1989; Weis and others, 1997), but also by analyzing
moraines, cryoconites and dust sources from local Greenland
soils (Nagatsuka and others, 2016; Simonsen and others, 2019).
€Nd and (¥Sr/%Sr) of silt and clay particles from BIL of GISP2
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Figure 1. Overviews of Greenland with location of this study ice core NEEM (red dot) and others Greenlandic ice core referred to in the text (orange dots). Greenland
map on the left (a) is from the Greenland lce Sheet CCl project (composite product of Cryosat-2 elevation measurements and the 5m DEM from the Polar
Geospatial center). Geological map with interpretation of sub-ice bedrock on the right (b) is from Dawes (2009). Note that geological domains shown here are

mainly extrapolated from coastal observations (darker colored areas in b).
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and GRIP (Central Greenland) allowed Weis and others (1997) to
identify the origin of the basal material in these two ice cores
(Fig. 1b): local granitic bedrock for BIL sediments in GISP2,
and subglacial till located above the GISP2 bedrock for BIL sedi-
ments in GRIP. These observations support the idea that lateral
transport of basal sediment may have occurred, by lateral ice
motion. Other eNd and (¥Sr/**Sr) data from the upper
Holocene and Pleistocene ice of Central Greenland suggested
that the dust recorded in the upper ice section is very different
from the local sources and was probably transported from
Asian deserts (Bory and others, 2003a, 2003b). However, the
eNd and (*’Sr/**Sr) isotopic composition of the NEEM basal deb-
ris was still unknown.

Other investigations of ice core basal materials yield informa-
tion about the past behavior and stability of the GrIS. In the
south-central ice core DYE-3 and in GRIP (see Fig. 1 for loca-
tions), using DNA and amino acids of biomolecules from basal
ice, Willerslev and others (2007) reconstructed the past ecosystem
of Greenland. Those locations were probably forested and hosted
insect colonies some time before the Last Interglacial (~130-116
ka). Analyzing cosmogenic atmospherically produced
beryllium-10 (meteoric '°Be), organic carbon and total nitrogen
of sediments from the BIL of GISP2, Bierman and others
(2014) suggested the long-term, multimillion year-long preserva-
tion of paleosols, likely from boreal regions and cryoturbated tun-
dra, at the center of the GIS, suggesting a stability of the ice sheet
and low subglacial erosion rates during most of the Pleistocene.
These authors also proposed that the Greenland Summit (i.e. at
location of GISP2) was continuously covered by ice over the
Quaternary. Based on cosmogenic in situ produced beryllium-10
(1°Be) and aluminium-26 (*®Al) measured in the bedrock beneath
the GISP2 ice core, Schaefer and others (2016) modeled hypothet-
ical GIS fluctuation scenarios since 2.6 Ma and contrarily sug-
gested that the GrIS may have near completely disappeared
several times during the warmest and longest interglacial episodes
of the Pleistocene. More recently, applying multiparametric ana-
lyses (SEM of grain coatings, in situ '°Be and *°Al, luminescence
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dating, geochemical analyses and characterization of fossils plants
and biomarkers) in basal ice sediments from the Camp Century
ice core, Christ and others (2021) postulated at least two GrIS
reductions in the northwestern Greenland over the last ~3 Ma,
including the presence of a tundra ecosystem during an ice-free
episode within the last 1.1 Ma.

3. Materials and methods
3.1. NEEM core and samples description

We studied samples from the BIL of the NEEM ice core (Fig. 1), a
~2544 m-long ice core drilled between 2008 and 2012 in north-
west Greenland (77.45°N, 51.06°W). Despite being folded in its
lower section, the NEEM ice core provides a near-continuous
paleoclimatic archive for at least the past 130 ka, with evidence
of the penultimate Glacial Period (MIS6, Dahl-Jensen and others,
2013). Below 2533.85 m depth, the core includes a 10 m sequence
of debris-rich layers (Goossens and others, 2016). Analysis of the
water-stable isotopes, ice fabrics, total gas content, debris weight
and debris size distribution of BIL from NEEM identified differ-
ent ice types: clear ice with specks, stratified debris-rich layers and
ice containing dispersed debris (Goossens and others, 2016). The
NEEM BIL has been interpreted as an ice-bedrock interface
resulting from the incorporation of bedrock and till materials,
as well as ice transformation processes occurring under a well-
developed ice mass (Dahl-Jensen and others, 2013; Goossens
and others, 2016). The NEEM basal section differs from that at
GRIP, where the BIL is thought to be a pre-existing ice remnant
that was covered by an advance of a growing ice sheet in central
Greenland (Tison and others, 1994, 1998; Weis and others, 1997).

We first updated the initial log of the NEEM basal ice core
(Goossens and others, 2016) by adding new macroscopical obser-
vations of the basal layers (Fig. 2a). We then provide a suite of
new measurements focused on the debris material to decipher
geological sources and better characterize the BIL environment
and associated debris entrainment processes. We analyzed nine
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Figure 2. (a) Symbolic representation of the core stratigraphy. Names of the core bags are indicated on the left of the log. The orange bars represent the location of
the samples used in this study, from top to bottom: 4613, HT948, RD954, RD956, RD14/06, 20 June 1/4, 20 June 2/4, 20 June 3/4, 20 June 4/4; (b) debris content in
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letters in (b). It should be noted that the scale of graph H is different.
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different samples representative of different levels of the basal sec-
tion of the ice core that were isolated after ice cutting, melting and
drying (orange bars in Fig. 2a). These samples cover ~6 m of core,
at depths from 2536.75m (top) to 2543.785m (bottom). The
upper five samples (4613, HT948, RD954, RD956, RD14/06)
were already melted and dried in the study by Goossens and
others (2016), to report the debris weight content. The lower
four samples (20 June 1/4, 2/4, 3/4, 4/4) were newly sampled
for this study.

Below 2538 m depth, the drill head Hans Tausen (HT, 9.8 cm
inner diameter) was changed for a purpose-built rockdrill head of
2.5cm inner diameter. This was necessary to manage cutting
through the increasing debris load but reduced the amount of
available core material between 2537.990 and 2543.785m
(Fig. 2). The 2.5cm diameter basal core limits the amount of
available material, as a result not all the analyses presented in
this study have been performed on all nine samples. The
samples-analysis matrix is detailed in Table 1.

3.2. Additional sedimentological analyses: debris proportion
and granulometry

To build on the initial results of Goossens and others (2016) and
provide a better picture of the debris nature and abundance down
to the bottom of the core (2543.785 m), we estimated the debris
content and granulometry of the new samples. Each frozen sub-
sample was first weighed at —20°C, then thawed and oven-dried
at 50°C. The dried material was then weighed to calculate the
weight percentage of debris in the ice. The sediments were then
sieved using 75, 400 and 2000 pm sieves. Laser granulometry
was performed on the size fraction <2000 pm at Université
Libre de Bruxelles (ULB, Brussels, Belgium) using a Malverner
Mastersizer 3000 laser granulometer.

3.3. Mineralogical analyses

To characterize the sediments in the basal ice of the NEEM core, we
used a multi-proxy analysis of the grains contained in the ice of the
BIL. To investigate the diversity of mineralogy encountered in the
basal sediments, the mineralogy of a few randomly selected grains
(~2mm) from samples RD954 (n=10) and 20 June 3/4
(n=14) was analyzed using a CAMECA SX100 electronic probe
at Georessource Laboratory (Nancy, France). These grains were ran-
domly hand-picked before being embedded into resin and polished.

3.4. Morphological analyses of sediment grains

To understand grain provenance and their transport history, we
performed a morphometry analysis of sample grains (Cailleux

Table 1. Details of the different analyses performed for each sample

Pierre-Henri Blard and others

and Tricart, 1959; Mahaney, 2002; Woronko, 2016). For this, we
first observed the selected samples with the light microscope,
and we later used an SEM/EDS (scanning electron microscope/
energy-dispersive spectrometer) approach to analyze grain
morphology, composition and microtextures. Grain morphology
and surface microfeatures can be interpreted to indicate different
grain transport processes (glacial, fluvial, aeolian) and also reflect
on their past and present environments, such as storage in soils
(paleosols) or in ice, and in the presence of liquid water
(Mahaney, 2002). This approach has been applied in multiple gla-
cial contexts and has proven useful to derive information on grain
history, paleoenvironment and paleoweathering conditions (Tison
and others, 1993; Mahaney, 1995, 2002; Mahaney and others,
2013). A randomly selected and representative amount of grains
(>100-300 pm sand-silt size grains) was observed using a JEOL
JSM-6510 SEM at the Centre de Recherches Pétrographiques et
Géochimiques (CRPG Nancy, France) for samples 4613 (<63,
63-125, >125um), HT948 (<63, 63-125, >125pm), RD954
(<75, 75-250 pm), RD956 (<75, 75-250pum), RD14/06 (<75,
75-250 pm), 20 June 1/4 (bulk), 20 June 2/4 (<75, 75-1000
pm), 20 June 3/4 (<75, 75-400 pm), 20 June 4/4 (<75, 75-400
pm). The chemical composition of selected key grains was deter-
mined with the EDS (energy-dispersive spectrometer) available
on the same SEM instrument.

3.5. Geochemical analyses

3.5.1. eNd and *Sr/*°Sr analyses

To characterize the provenance of the silicate minerals in the
NEEM BIL sediment and compare them with other Greenland
records of aerial dust (Bory and others, 20034, 2003b; Simonsen
and others, 2019), glacial sediments (Nagatsuka and others,
2016) and bedrock (Collerson and others, 1989; Weis and others,
1997), we measured Sr and Nd isotopic ratios, as well as Rb and
Sm, in the finest grain size (<63 or <75 pm, depending on the
sample) of the samples RD954, RD956, RD14/06 and 20 June
1/4 to 20 June 4/4 at Laboratoire G-Time (Brussels, Belgium).
About 100 mg of each sample was first digested using a mixture
of concentrated sub-boiling HF and HNO; in the proportion
1:3. After 48h on hot plate at 120°C, the supernatant was
removed and the solid residue was further digested in a fresh mix-
ture of 1:3 HF:HNOj in Parr high-pressure vessels for 48 h at 150°
C. The dissolved samples were recombined with the supernatant
and evaporated. Concentrated subboiled HCI was added at 120°
C for 48 h. After evaporation, samples were re-dissolved in 2N
HCI and two aliquots of 1% (in weight) each were taken for Sr
isotope measurement and Rb/Sr measurement, and a 5% aliquot
was taken for Sm-Nd spike. The rest was used for Nd isotope
measurements.

Carbon and Meteoric
nitrogen Be
Sample Depth top-bottom (m) Debris content Granulometry Microprobe SEM/EDS CRPG VUB CRPG UVM  Strontium and neodymium
4613 2536.75-2536.95 - - X X X
HT948 2537.72-2537.76 - - X X X X
RD954 2538.145-2538.245 - X X X X X
RD956 2538.74-2538.87 - - X X X X X
RD14/06 2539.33-2539.53 - - X X
20 June 1/4 2543.35-2543.485 X X X X X X X
20 June 2/4 2543.485-2543.61 X X X X X X X X X
20 June 3/4 2543.61-2543.785 X X X X X X X X
20 June 4/4 2543.785-2543.84 X X X X X

‘-’ means that the analysis has been performed in (Goossens and others, 2016).
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The Sr aliquot was purified using Sr.Spec resin by rinsing the
matrix using 2N and 7N HNO; and collecting Sr with 0.05N
HNO;. The Sr cut was measured on the Nu Plasma 2
MC-ICP-MC at Laboratoire G-Time, ULB in dry mode using a
DSN dessolvator in 0.05N HNO,. All values were recorrected to
the accepted value of NBS987=0.710248 (Weis and others,
2006). The USGS BHVO-2 standard yielded an ¥Sr/*Sr of
0.703488 +0.000009 (2 SE) comparable with the accepted value
of 0.703487 £0.000019 (Weis and others, 2006). The Rb/Sr
ratio was directly measured on the ICP-MS Agilent 7700 by pre-
paring both an elemental and a gravimetrically prepared ratio
calibration curves, and using In as internal standard for monitor-
ing possible drift. Each sample was measured three times and the
RSD was better than 1%.

For Nd isotopes, the matrix was first removed by using 2 mL of
cationic resin AG50-X8 200-400 mesh in 1.5N HCI, rare earth ele-
ments (REE) being collected in 6N HCI. Subsequently, Nd was
purified from other REE using HDEHP resin with 0.16N HCI,
Nd being collected with 0.27N HCI. The spiked aliquot followed
the same procedure, except that Sm was collected further on the
HDEHP resin by using 0.75N HCL The Nd cut was measured
on the Nu Plasma 2 MC-ICP-MC at Laboratoire G-Time, ULB
in dry mode using a DSN dessolvator in 0.05N HNO;. All values
were recorrected to the accepted value of the Rennes standard of
43N d/"**Nd = 0.511961 (Chauvel and Blichert-Toft, 2001). USGS
BHVO-2 standard yielded an "**Nd/'**Nd of 0.512986 + 0.000006
(2 SE), to be compared with the accepted value of 0.512984 +
0.000011 (Weis and others, 2006). The spiked Nd and Sm were
measured on the Nu Plasma 2 and the concentration was
obtained by iterative calculation. Total procedural blanks yield
<400 pg for Sr, <70 pg for Nd and <15 pg for Sm.

3.5.2. Organic geochemistry: C, N and ¢

C and N concentrations, as well as the §'C, provide clues about
the origin, the nature and the degree of degradation of the organic
material produced by the ecosystems prevailing during ice-free
intervals (e.g. Bierman and others, 2014 and references therein).
We measured total organic carbon (C), total nitrogen (N) and
8'C on the finest grain size (<63 or <75 um, depending on the
sample) of six samples to understand what surface material,
including vegetation, from ice-free paleoenvironments was incor-
porated into the BIL by ice-substratum interactions. We analyzed
the six samples that had sufficient amounts for these carbon
nitrogen analyses.

One batch of carbon analyses was performed at VUB (Brussels,
Belgium), with samples RD956 and 20 June 2/4. A second batch
of carbon and nitrogen analyses was then performed at CRPG
(Nancy, France), for the samples HT948, RD954, RD956, 20
June 1/4, 20 June 2/4, 20 June 3/4. This approach allows evalu-
ation of the interlaboratory reproducibility.

In both labs, the determination of total carbon and nitrogen
concentration, and the ">C/">C ratio of organic matter (hereafter
referred in delta notation as 8'°C vs V-PDB) were performed
using online combustion coupled to an Elemental Analyzer -
Isotope Ratio Mass Spectrometer (EA-IRMS). At the VUB, the
measurements were performed on a EURO Elemental Analyzer
(Eurovector, Italy) coupled with a Nu Horizon IRMS (Nu instru-
ments, UK), with the temperature of the oven and the chromato-
graphic column at 1030 and 80°C, respectively. At the CRPG, a
Thermo Scientific Elemental Analyzer IsoLink IRMS System
was used, with the temperature of the oven and the chromato-
graphic column at 1020 and 70°C, respectively. At VUB, prior
to analysis, the samples underwent a decarbonization process
(i.e. contact with a 5% HCI solution and oven drying overnight)
to which no response was observed. At CRPG, samples were
not decarbonized based on the observations previously made at
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VUB that lead to the conclusion that no carbonate was present.
In both laboratories, samples were wrapped in tin capsules
(~30mg) before combustion. At VUB, C concentrations were
calibrated using a sucrose internal standard. The international
standard Low Organic Soil Standard OAS (C = 1.61 +0.09%w/w;
N =0.133 +£0.023%w/w; 8'°C=—26.66+0.24%0) was included
in the analysis and measured with a reproducibility of 0.5%o
(C). At CRPG, carbon isotopic composition was determined by
comparison with two internal and two international standards
routinely included during the analysis: (i) BFSd (C =0.53 wt.%;
§'°C=-215%), (i) CRPG_M2 (C=0.408wt%; &°C=
—25.0%o), (iii) NBS22 (8"°C = —30.0%0) and (iv) USGS24 (8°C
= —16.1%o). Values are quoted in the delta notation (8) in %o rela-
tive to V-PDB and the reproducibility was better than 0.2%o. The
thermal conductivity detector signals calibrated with internal
standards were used to calculate carbon and nitrogen concentra-
tions: (i) BFSd (C =0.53 wt.%), (ii) CRPG_M2 (C = 0.408 wt.%),
(iif) Eurovector Synthetic Soil Mix #4 (C=2.417 wt.%; N =480
ppm), (iv) USGS AGV-1 (N =28 ppm) and USGS G-2 (N =34
ppm).

3.5.3. Meteoric *°Be

We measured meteoric '°Be (°Be,,,) adsorbed on the sediment
surface. "°Bey, is a cosmogenic nuclide produced in the atmos-
phere and deposited on the Earth’s surface through precipitation
and dry deposition. It partitions strongly to particle surfaces in
soil and sediment (e.g. Pavich and others, 1984; Jungers and
others, 2009; Graly and others, 2010). The '°Be,, proxy is used
in soil science to provide chronological constraints on soil pro-
cesses, evaluate weathering rates and provide clues on the origin
of sediments (e.g. Jungers and others, 2009; Graly and others,
2010; Willenbring and von Blanckenburg, 2010; Wittmann and
others, 2015). °Be,, measured in materials from sub-ice-sheet
environments records previous exposure of sediments during per-
iods of deglaciation. Analyses of '°Be,,, in GISP2 basal sediments
were interpreted to infer paleosol exposure time (Bierman and
others, 2014), while measurements of '°Be,, in periglacial sedi-
ments provided clues about nature and rate of subglacial processes
(Graly and others, 2018). Here we test this approach on the basal
sediments of the NEEM core, to better constrain the history of
these debris. These data also allow us to discuss potential
exchanges of '“Be,, between the embedded sediments in the
BIL and the overlying clear ice of NEEM, in which '°Be,, was pre-
viously measured by Sturevik-Storm and others (2015).

10B¢  was extracted from the finest grain size (<63 or <75 pm,
depending on the sample) of isolated and dried sediment (see sec-
tion 2.2.1), following two procedures: (1) by KHF, total fusion of
the sediments (4613, HT948, RD954, RD956, 20 June 1/4, 20 June
2/4 and 20 June 3/4) at the University of Vermont (Burlington,
USA) and (2) by leaching of the sediment (4613, HT948,
RD954, 20 June 1/4, 20 June 2/4, 20 June 3/4 and 20 June 4/4)
at CRPG (Nancy, France). The first method (total fusion) extracts
"%Be,, adsorbed on the grain surface as well as the in situ '°Be
(*Be;) component contained within the grains. The second pro-
cedure (leaching) allows the measurement of 08¢ . and °Be
adsorbed on the surface of the grains and the determination of
the 'Be; component after a final dissolution step. However,
both approaches should yield similar results, since the adsorbed
meteoric '°Be,, is several orders of magnitudes greater than the
in situ component (e.g. Christ and others, 2021).

The extraction by KHF, fusion is based on the procedure of
Stone (1998). Sample size ranged between 20 and 500 mg of dry
sediment. We measured the mass of each sample and added
~1.3 g of a 304 ppm °Be carrier solution, equivalent to ~400 ug
of *Be (2.03 x 10"®?Be atoms). °Be,, was extracted after fluxing
of the sample by successive perchlorate and alkaline
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precipitations. Final precipitates were dried using a 65°C hotplate
and burned to turn into oxides before measurement of the
10Be/*Be ratio.

The extraction by leaching followed the chemical procedure
first described by Bourlés and others (1989), updated and detailed
in Simon and others (2016). °Be,,, and °Be were leached from 6
to 100 mg of dry sediment using a 0.04 M hydroxylamine and
25% acetic acid solution at 90 +5°C for 6h. After this step, we
took a small aliquot of 2 mL of the resulting solution to measure
the "Be concentration. About 0.25g of the 2020 +80ppm
in-house °Be carrier solution PHENA (Puchol and others,
2017) was added to the remaining solution prior to the '’Be
extraction. '°Be was finally extracted and purified by successive
separations on anion- and cation-exchange resin columns and
alkaline precipitations of Be(OH),. The final deposits were then
oxidized at 700°C for 1 h.

For both procedures, the final BeO oxides were mixed with Nb
powder and loaded into nickel cathodes for AMS '°Be measure-
ments. All "®Be/°Be ratios were measured at the French national
AMS facility ASTER (Arnold and others, 2010) at CEREGE
(Aix-en-Provence, France). Measured °Be/’Be ratios were cali-
brated against an in-house standard STD-11, assuming a
'“Be/’Be matio equal to 1.191+0.013x10™"" (Braucher and
others, 2015), equivalent to the KNSTDO07 standardization
(Nishiizumi and others, 2007). Analytical uncertainties of AMS
measurements include counting statistics (internal reproducibil-
ity) and external reproducibility (~5%; Arnold and others,
2010) and blank correction. Uncertainties from chemical blanks
were calculated for each batch (total fusion and leaching) based
on the mean of two individual blanks. Blanks have ratios of
6.67+0.40 x 10" (total fusion) and 1.14 +0.30 x 10~ (leach-
ing) (Table 2).

4, Results
4.1. Debris weight content and granulometry

Debris weight content for the four deepest samples (20 June 1/4, 20
June 2/4, 20 June 3/4, 20 June 4/4) varies between 4% (20 June 1/4)
and 59% (20 June 4/4), with values around 25% for the two middle
ones. 20 June 4/4 contains a pebble (~2 x 1 x 1.5 cm) that accounts
for most of its total volume. When considered with the samples
from the BIL previously studied by Goossens and others (2016),
the compiled observations display a first-order increase of the debris
weight content with increasing depth (Fig. 2b). However, the pres-
ence of a few layers at >10% debris weight content (higher up in the
sequence) sandwiched within the clear ice suggests shearing/folding
processes of bottom material (Goossens and others, 2016).

Laser granulometry curves demonstrate a sharp increase of the
coarser fraction at the boundary between the samples 20 June 1/4
(Fig. 2e-E) and 20 June 2/4 (Fig. 2e-F), reinforced by the presence
of a pebble in sample 20 June 4/4. When compared to the curves
of the samples from the BIL previously studied by Goossens and
others (2016), the three deepest samples appear to be coarser than
in the upper part of the core. The granulometry of sample 20 June
1/4 (Fig. 2e-E) is globally in agreement with the granulometry
observed in the ice layer displaying the first dispersed debris at
the top of the sequence (Fig. 2e-A). This observation also sup-
ports shearing/folding processes mixing horizons of different ori-
gins (Goossens and others, 2016).

4.2, Mineralogic characterization of the sediments

Mineralogical analysis of RD954 and 20 June 3/4 by electronic
probe showed the presence of quartz, plagioclase and K-feldspar
(Fig. 3). A rough counting based on binocular observations
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indicates that these three mineral species represent a large major-
ity of the grains (80-90%). The analysis also reveals the presence
of muscovite, carbonate, clay, amphibole and garnet, in lesser pro-
portions (10-20%) (Fig. 3).

4.3. SEM imagery: characterization of the main features at the
grain surfaces

The SEM imagery of grain microtextures and EDS chemical ana-
lysis of nine different core sample groups are the basis of our
detailed interpretations. Figures 4 and 5 present a selection of
SEM photos showing the diversity of grain morphology and the
main microfeatures encountered in the different samples.
Figure 4 displays upper samples of the core section: groups
4613, HT948, RD954, RD956 and RDI14/06, while Figure 5
shows the lower samples: groups 20 June 1/4, 20 June 2/4, 20
June 3/4 and 20 June 4/4. A larger collection of other pictures
is available in Supplementary material.

Our SEM observations of the grain textures show that, in all
these samples, there is a mix of weathered (dissolution-affected
and coated, Figs 4a, d, f, 5f) grains and other physically abraded
grains (by ice-rock or grain to grain contact, Figs 5b, c, f), with an
increase in the proportion of fresh grains toward the bottom of
the core (Figs 4, 5). Indeed, microtextures indicating glacial trans-
port and glacial crushing (triangular-shaped grains, with subpar-
allel and conchoidal fractures, uplifted plates, grooves (Figs 4b—f,
5b, ¢, f) and weathering features (dissolution microfeatures, coat-
ing; Figs 4b, d, e)) were found at all depths in the BIL, with a less
intense weathering toward the bottom of the core (Fig. 5e).

No round grains were observed and nearly all grains have
angular to subangular shapes, the latter being dominant among
the analyzed grains. Numerous triangle-shaped grains were
imaged (Fig. 5f), a form that possibly is a product of variable pres-
sure release or shearing, from stick-—slip pressure dynamics
(Mahaney, 1995). In all samples, weathered grains have numerous
microfeatures indicative of physical abrasion, including uplifted
plates (Fig. 4a), strong-to-light dissolution microfeatures of vary-
ing size (Figs 4f, 5d) thin-to-thick coatings (Figs 4b, d, e), subpar-
allel fractures (Figs 4d, 5d) and grooves (Fig. 5a). Very angular
grains with fresh fractures and evidence of physical abrasion
were also observed, with greater abundance at the bottom of the
core (Figs 4a, 5a—c, f). Mineralized wood/pith fragments were
also present at the bottom of the core (Fig. 5a).

A grain of unknown composition (probably feldspar), shown
in Figure 4c, displays important minor uplifted plates, with mul-
tiple dissolution features and adhering particles, along with thick
coating (Smalley, 1966). Such features indicate a progression from
a pre-weathered environment (favoring dissolution and grain
coatings) to active glaciation yielding the adhering particles,
from glacial grinding. Figures 4a—d, f, 5b and d display a variety
of angular to very angular quartz grains in different mechan-
ical/weathering states presenting multiple microfeatures such as
uplifted plates, dissolution microfeatures, subparallel fractures,
grooves (striae) and v-shaped percussion cracks. While scarce,
the v-shaped percussion cracks suggest water action, possibly
from moulin or basal meltwater transport (Mahaney, 2002). In
particular, the grain in Figure 4b is covered by a thick coating
(~2 pm deduced from the SEM instrument operating at 20 keV)
of secondary minerals, containing mainly Fe, with Na, Mg, Al,
K and Ca. This coating, shown in brown in Figure 4b, locally cov-
ers adhering particles (arrow A) and is intercepted by fresh frac-
tures within the grain (arrow B), which undoubtedly occurred
after the weathering event. A similar observation is made on the
grain shown in Figure 4e. Thus, we have identified grains carrying
mechanical/weathering/scars indicative of successive stages of
weathering, glacial crushing and transport.
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Figure 3. Backscatter electron (BSE) images of grains from RD954 and 20 June 3/4 analyzed by electronic probe with determined mineralogy.
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une 3/4
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Figure 4. SEM imagery from key grains in NEEM upper samples (4613; HT948; RD954, RD956 and RD14/06): (a) Coarse silt size quartz with numerous uplifted plates
(arrows A) and weathered particles pack (arrow B) in upper lower left large groove. (b) Quartz in the medium sand fraction with a thick (~2 pm) coating masking a
grid of protruding adhering particles (arrows A), which may represent a long weathering period. The mineral coating is intercepted by fresh fractures within the
grain (arrow B). (c) Coarse silt of unknown composition with large-scale groves, and dissolution microfeatures carrying thick coatings on grain surface and adhering
particles. Weathered staircase fractures (arrows) may represent ‘chattermarks’ (Folk, 1975). (d) Coarse silt with secondary mineral coatings (arrow A), rounded
edges and different angularities (arrows B). Posterior sub-parallel to conchoidal fractures varying in weathered state, with adhering particles (arrows C). (e)
Mechanically altered feldspathic grain with thick and partial coating in places. Abraded striations center-left could relate to reworking, one glaciation to another.
(f) Quartz grain with numerous subparallel weathered linear/conchoidal subparallel fractures (arrow A}, partially covered by secondary mineral coating (arrow B). A
latter fresh fracture crosscut the coating (arrow C).
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Figure 5. SEM imagery from key grains in NEEM lower samples (20 June 1/4; 20 June 2/4; 20 June 3/4 and 20 June 4/4): (a) Angular quartz with adhering silt
particles, minimal coating and a deep, wide groove in center. (b) Angular quartz of coarse silt-fine sand transition size with weathered uplifted plates (arrows),
minor dissolution microfeatures, Fe rims on uplifted mineral skin (suggests glacial release followed by weathering), angular fragments of fine silt size, with stria-
tions fragmented with light tones suggesting Fe coatings. Some cavities may be weathered v-shaped percussion fractures indicative of water movement. (c)
Well-tumbled quartz grain with very sharp edges paired with abraded rounded forms, very little weathering and many adhering particles. (d) Angular quartz
with large-scale multiple skin fractures inset with subparallel fractures, grooves/striations (upper-younger/center-lower older), and adhering particles, surrounded
by angular silt particles, and reasonably fresh fracture face (top) suggesting bedrock release. (e) Wood/pith fragments (center right and lower right) with encrusta-
tions consisting of mineral fragments with coatings of Fe oxides and possible clay minerals of unknown composition. Nodal complexes may contain fossil microbial
communities. Angular grains (center right and upper left) are striated with large grooves. Surrounding mix of grains are all angular. (f) Triangle-shaped quartz
coated with adhering particles nested with finer grains of unknown composition showing variable charging and heavy coatings. Fracture face (center) reflects bed-

rock release.

The grain in Figure 4d is quartz with secondary mineral coat-
ings (arrow A), rounded edges and different angularities (arrow
B). The exposed internal part of the grain displays subparallel
to conchoidal fractures in variable weathered states, with adhering
particles (arrow C). Weathered subparallel fractures (arrow A) are
also visible on the surface of the grain in Figure 4f, partially cov-
ered by a secondary mineral coating (arrow B) and adhering par-
ticles. For almost all grains, fresh-appearing adhering particles are
present on the surface of specimens thought to be the result of
multiple glaciations.

In contrast, some grains, notably those from the lower-most
part of the core, show very few signs of weathering, but have vari-
ous fractures, grooves and microfeatures due to glacial transport
(Figs 5a, c, f). The signs of weathering on the grain in Figure 5f
(center left) suggest a sojourn in ice free of weathering events
since bedrock release. Figure 5d displays a grain with fresh frac-
ture, subparallel fractures and striations (see arrow), all compris-
ing damage that are characteristic of bedrock release followed by
grain-to-grain contact during glacial crushing processes. Also,
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Figures 5c¢ and f present very angular quartz grains with sharp
edges and few adhering particles, with fresh surfaces that display
no sign of weathering. Finally, we also observed few mineralized
wood fragments with visible nodal complexes (Fig. 5e) that are
coated with Fe oxides. The fact these fragments are mineralized
is deduced from the observation that this material sinks in water.
Such plant debris was only found in the sample 20 June 2/4.

4.4, Strontium and neodymium isotopic composition

Strontium and neodymium were measured in seven samples:
RD954, RD956, RD14/06, 20 June 1/4, 20 June 2/4, 20 June
3/4 and 20 June 4/4. Results are presented in Table 3 and
Figure 6. Measured ®’Sr/*Sr ratios are tightly clustered and
range between 0.750745 (20 June 4/4) and 0.761530 (20 June
3/4) (Table 3 and Fig. 6). £'**Nd range from —32.54 (RD956)
to —29.42 (20 June 3/4). The two lower-most samples have
the highest £'*>Nd values, while the others are statistically
undistinguishable.
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Table 3. Detailed ***Nd and *7Sr/®sr results

875r B

(2.3 Ga)

87gr/%6gr

(Present)

5TRb/*8sr
(Present)

1434 / 144p 4
(236Ga)’

El43Nd
(Present)®

143Nd,|f1MNd

2o 2o 2o 20 20

(Present) 20

2o

4TS m/*Nd (Present)

Sample

0.00029
0.00051
0.00056
0.00068
0.00031
0.00039
0.00012

0.71195
0.70938
0.71247
0.71126

0.000013

0.760193
0.757679
0.756553
0.760387
0.755237
0.761530
0.750745

0.5%

0.009
0.015

1.459
1.461
1.333
1.486
1.227
1.482

1.167

0.000006
0.000006
0.000006
0.000007
0.000010
0.000006
0.000006

0.5092923
0.5092955
0.5093375
0.5092756

0.11
0.11
0.13
0.12
0.13
0.11

-32.43
0.12

0.000006
0.000006
0.000006
0.000006
0.000007
0.000005
0.000006

0.510976
0.510970
0.510981
0.510977
0.510985
0.511130
0.511074
0.012%

0.000009
0.000017
0.000042
0.000202
0.000454
0.000084

0.000041

0.110594
0.109995
0.107991
0.111795
0.115258
0.118778
0.117205

Relative standard deviations

RD 954
RD 956
14 June

0.000013

-32.54

0.000031

0.017

-32.32

0.000013

0.021

-32.40

June 20 1/4
June 20 2/4
June 20 3/4
June 20 4/4

0.71468
0.71253
0.71217

0.2%

0.000012

0.009
0.012

0.5092312

-32.24

0.000011

0.5093220
0.5092901
0.007%

-29.42

0.000012

0.004

-30.51

5r/*sr values are corrected for Rb decay assuming a crystallization age of 2.3 Ga.

*Calculated assuming a present-day “Nd/***Nd ratio of 0.512638 for the CHUR bulk Earth (Wasserburg and others, 1981).

Y1sotopic ratio at 2.3 Ga after correcting for the decay of the **'Sm measured in each sample.
“Isotopic ratio at 2.3 Ga after correcting for the decay of the *’Rb measured in each sample.

Pierre-Henri Blard and others

4.5. Total organic carbon, nitrogen concentrations and §"*c

Total carbon, total nitrogen and §'°C results from CRPG
(Nancy) and VUB (Brussels) are presented in Table 4. Total
carbon and 8">C of samples RD956 and 20 June 2/4 were mea-
sured twice, both at VUB and CRPG, to evaluate the methods
and the interlaboratory reproducibility (Figs 7a, b). Total
organic carbon concentrations measured in these two samples
are ~10-20% higher at CRPG compared to VUB (Fig. 7a).
The '°C data measured at CRPG are also slightly less negative
than those measured at VUB, yielding a mismatch beyond 2o
analytical uncertainty for one sample (Fig. 7b). Yet, these differ-
ences remain smaller than the variability between the six sam-
ples measured at CRPG (Fig. 8). They could be the result of
spatial heterogeneities of the samples or discrepancies in labora-
tories” calibration. Without further evidence of any analytical
bias, we consider all data from both laboratories (Fig. 8 and
Table 4).

The carbon concentration measured in sample 20 June 1/4
(CRPG) (not shown in Fig. 8) is extremely high (~7%) and its
C/N ratio (~350) has no equivalent, in natural systems (e.g.
Meyers, 1994). Moreover, the §'*C of this sample (—30.6%b) is sig-
nificantly lighter than those of the other samples (—22 to —27%;
Table 4). Such peculiar composition leads us to postulate that
sample 20 June 1/4 might have been contaminated ]:_DLY the drilling
fluid used at NEEM (ESTISOL™ 240 and COASOL™, a mixture
of carbon-rich and nitrogen-free biodiesels). This C-rich fluid
could have biased upward the C/N ratios. Since other samples dis-
play C/N ratios that are compatible with the range reported in ter-
restrial environments, we consider that 20 June 1/4 is the unique
sample affected by this contamination. We thus discarded the
anomalously high value of sample 20 June 1/4 from further dis-
cussion. Gas chromatography could help in future studies to
detect such a contamination.

Total carbon concentrations ([C]) range between 0.17 +0.02
(20 June 2/4 - VUB) and 0.87 +0.04 wt% (RD956 - CRPQG).
The highest C concentrations are observed in the upper samples
(HT948, RD954, RD956), and display a first-order top-down
decrease in Figure 7. Nitrogen concentrations ([N]) range between
67+14 (20 June 2/4 — CRPG) and 341+10ppm (HT948 -
CRPG). In line with the spatial trend observed for [C], [N] is
also characterized by a decrease toward the base of the ice core
(Fig. 7). C/N ratios range between 23.8+1.2 (HT948 - CRPG)
and 69.8 +3.5 (RD956 — CRPG), without any clear relationship
with depth (Fig. 7). 5'2C varies between —22.4 + 0.3%o (20 June
3/4 - CRPG) and —28.4+ 0.2%0 (RD956 — VUB) and does not
display any clear trend with depth (Fig. 7).

4.6. Meteoric 1°Be concentrations

The '°Be,, concentrations obtained with the two different meth-
ods (total fusion and leaching) are presented in Table 2, Figures
7 and 8. Among the six samples extracted in replicate (using
both methods), °Be,,, concentrations measured in four samples
are similar within 1o analytical uncertainties (Table 2 and
Fig. 7c). Two samples (HT948 and RD954) display statistically
different values but remain within the same magnitude. '°Be,,
concentrations obtained with the leaching method (CRPG) tend
to be higher compared to those from the total fusion method
(UVM, Fig. 7c). This counterintuitive observation could suggest
analytical discrepancy; however, given the small number of ana-
lyses, this slight difference could also reflect samples heterogene-
ities. Because the two datasets are within the same order of
magnitude, we will discuss both of them further.

The lower-most sample from the core (20 June 4/4 - leaching
only) has the highest concentration, (1.34 +0.21) x 107 at.g™". All
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Figure 6. 5'Sr/*Sr and eNd isotopic signatures of Greenland rocks, tills, dust sources and dust recovered from drilled ice. NEEM basal tills (red polygons; this study)
are compared to signatures of particles from the basal ice of GISP2 and GRIP and subglacial till material from GISP2 (dark orange; Weis and others, 1997). All these
basal tills belong to the Precambrian rock domain defined by the data of Collerson and others (1989), as well as moraines and cryoconites from the western
Greenland (Qaanaaq, Thule and Kangerlussuag; light green squares; Nagatsuka and others, 2016). Dust sources from the eastern Greenland (Nunatakgletscher,
pink square; scores by Sund, blue square; Simonsen and others, 2019) belong to another domain, as well as the dust recovered in the Renland (light blue circle)
and Hans Tausen (dark green circle) Holocene ice (Bory and others, 2003a, 2003b). Finally, the dust recovered from the Pleistocene and Holocene ice of the Central
Greenland ice cores, namely NorthGRIP, GRIP, Site A, DYE 3 (orange circles) are distinct from these Greenland rock sources and are more probably from Asian
sources (data from Biscaye and others, 1997; Svensson and others, 2000; Bory and others, 2002, 2003a, 2003b; Simonsen and others, 2019). All these isotopic ratios
are reported as measured and were not corrected for the radioactive decay of **"Sm and ®'Rb.

the other samples, regardless of the methods, have '°Be,,, concen-
trations an order of magnitude lower and range between (1.00 +
0.40) x 10° (RD954) and (5.50 +1.65) x 10° at/g (4613). Apart
from the fact that the highest concentration is observed in the
lower-most sample of the core, there is no noticeable trend in
'%Be,, concentration with depth.

5. Discussion

The new data reported here add to previous knowledge of
Greenland, its bedrock and interactions of the surface and solid
Earth with the ice sheet. The data allow us to improve our under-
standing on three important topics: first, we constrain the debris
nature and province to establish whether basal material was

derived from local rock; second, SEM imagery of grain textures
and meteoric '°Be provide clues about ice dynamics and erosional
processes at the base of the GrlS, and occurrence of past ice-free
conditions; finally, the geochemical analysis of the organic matter
(N and C) provides clues about the nature of ecosystems during
these ice-free conditions, and also about preservation of organic
material in these BILs.

5.1 Rock source of the NEEM basal ice layers and implications
for the whole of Greenland

Geochemical and mineralogical observations on the NEEM basal
debris provide important clues about the provenance of debris in
the BIL. These data show a strong similarity with the rocks

Table 4. Carbon and nitrogen concentrations, values of C/N ratio and §'*C from analysis at CRPG (A) and VUB (B)

A - CRPG

Sample Number of replicates Grain size (um) [N] (ppm) 20 [C] (wt%) 20 C/N 20 8¢ 20
HT948 1 <63 341 10 081 0.04 238 14 —-26.13 0.18
RDS54 1 <63 191 30 0.84 0.04 441 T4 -2741 0.19
RD956 3 <75 125 20 0.87 0.04 69.8 119 —-27.06 0.21
June 20 1/4 4 <63 190 31 6.61 0.39 3476 60.8 -30.62 023
June 20 2/4 T <75 67 14 021 0.02 316 71 —-2532 0.27
June 20 3/4 4 <75 136 T 060 0.03 439 3.2 —2243 0.33
B - VUB

Sample Number of replicates Grain size (um) [C] (wt%) 20 s8¢ 20

RD956 3 <75 0.76 0.02 —28.39 0.23

June 20 2/4 9 <75 017 0.02 —26.94 1.83

The number of replicates for each sample is indicated in bracket after the sample name. Uncertainties of the C and N concentrations correspond to the internal and external uncertainties.
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Figure 7. Interlaboratory comparison of [C], 55C and meteoric °Be measured in NEEM basal ice sediments: CRPG and VUB for [C] (green diamonds) and s8¢
(green squares) (samples RD956 and 20 June 2/4) and CRPG and UVM for meteoric Be (red circles) (samples 4613, HT948, RD954, 20 June 1, 20 June 2 and
20 June 3). 20 uncertainties are represented for [C] and 3C, 1o uncertainties for meteoric °Be. When not visible, uncertainties are less than the symbol size.

outcropping in northwestern Greenland, but also with local dust
sources of the east coast. Although the NEEM core did not
retrieve local bedrock, the principle of parsimony implies that
this observation favors a rather local origin for the NEEM basal
material.

First, it is important to discuss the potential transport distance of
the basal ice material considering the present characteristics of the
GIS dynamics. Given the NEEM core is located on an ice divide
of the GIS today (Fig. 1), the basal debris found at NEEM probably
underwent less lateral transport than other locations affected by
much faster ice motions (e.g. https://eo4society.esa.int/2021/07/01/
a-breakthrough-in-the-quality-of-sentinel- 1-ice-velocity-products/).
However, given that the NEEM ice surface is at a lower altitude
compared to the Greenland summit (where the GRIP and GISP2
cores are located), the ice motion along this divide is not null,
and there is still a potential for BIL (and debris) transport from
regions located between the summit and NEEM (Dahl-Jensen and
others, 2013). Modeling of ice particle trajectories showed that the
Eemian ice originated from a few hundred kilometers upstream of

NEEM (Fig. 1a in Dahl-Jensen and others, 2013). In the NEEM
core, the Eemian ice stands ~100 m above the debris-rich BIL; con-
sidering the horizontal ice velocity decrease with depth and the ice
particle trajectories modeled by Dahl-Jensen and others (2013), the
total displacement of the NEEM sediment from its source area is
probably <200 km. This number should be considered with caution
since ice dynamics may have changed during the Pleistocene.
Second, the mineral assemblages found in NEEM are typical of
the Precambrian geological formations that crop out on the
northwest Greenland coast. According to the geological map
interpolated from coastal outcrops, the NEEM site probably
belongs to the Committee-Melville Archean belt observed on
the NW coast that is largely dominated by mixed-gneiss com-
plexes (Fig. 1b; Dawes, 2009). Isotopic Sr and Nd data provide
complementary observations that support this conclusion. The
measurement of the father isotopes '*’Sm and *’Rb in these sam-
ples permit to tentatively derive Sm-Nd and Rb-Sr isochrones: the
seven samples yield overdispersed isochrones (errorchrons), with
mean standard weighted deviation significantly larger than 1
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Figure 8. Geochemical data obtained on the NEEM basal sediments with regard to the log of the core: C/N ratio, 35C and meteoric *°Be. When not visible, uncer-

tainties are less than the symbol size.
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(close to 100), indicating that this tills material probably result
from the mixing of minerals having heterogeneous ages. Despite
the existence of these heterogeneities, we can however report
the apparent ages of these two errorchrons: our dataset yields
ages of 2.3+0.6 and 2.3+1.1 Ga for the Rb-Sr and Sm-Nd sys-
tems, respectively. Such values are compatible, within uncertain-
ties, to the Archean and Early Proterozoic eons and the ages
obtained from the same isotopic systems in western and central
Greenland (Collerson and others, 1989; Weis and others, 1997).

Although heterogeneities in Sm and Rb may modify the initial
£'*Nd and ¥Sr/*Sr of the rock sources, several studies that docu-
mented the Sr and Nd isotopic signatures of Greenland rock did not
necessarily apply this radioactive decay correction. Hence, for com-
parison with other Sr and Nd dataset measured in rocks, till and
dust from other Greenland areas, we plotted our eNd and
%7Sr/%Sr NEEM data along with the other records, without per-
forming any correction for the radioactive decay of '*’Sm and
$’Rb (Fig. 6). In this diagram, *’Sr/**Sr and £'*Nd isotopic signa-
tures of the six NEEM basal sediments globally agree with the broad
range signatures of the Precambrian gneiss and granite from terrains
cropping out in northwest Greenland and Labrador (Collerson and
others, 1989; Weis and others, 1997). The Sr and Nd isotopic com-
positions of the NEEM debris also overlap with those of moraines
and ayoconite dusts measured in the nearby western edge of the
GrlIS, in Thule and Qaanag (Nagatsuka and others, 2016), as well
with the dust sources from the Skreantdal area, located in the
Eastern Coast (Simonsen and others, 2019) (Fig. 6). The 87r/%r
and £'**Nd signatures of these NEEM tills are however clearly dis-
tinct from several dust sources from the East Greenland coast
(Fig. 6), and also from subglacial material retrieved in the GISP2
and GRIP ice cores (Central Greenland — Figs 1, 6). These distinct
Sr and Nd isotopic signature indicates that the basal debris of
NEEM and Central Greenland are derived from different rock
types. This observation is consistent with the subglacial geological
limits inferred from the interpolation of terrains outcropping on
the island’s margins (Figs 1, 6): GISP2 and GRIP are expected to
be located on Paleoproterozoic terrains that outcrop along 50% of
the Central Western Coast, while the NEEM site is presumed to
belong to the extrapolated position of the Committee-Melville
Archean belt that outcrops along the NW coast (Fig. 1; Kirkland
and others, 2009).

Finally, it is worth noting that this new Nd and Sr isotopic
dataset reported for the NEEM basal debris is clearly different
from those of dust embedded in younger Pleistocene and
Holocene ice of Central (NorthGRIP, GRIP, Site A) and
Southern Greenland (DYIE-3) (Fig. 6; data from Biscaye and
others, 1997; Svensson and others, 2000; Bory and others, 2002,
20034, 2003b). This observation strengthens the previously estab-
lished conclusion that rules out a local Greenland origin for the
dust embedded in the Pleistocene and Holocene ice of the GrlIS:
dust that has ‘rained’ above the GrIS during the Pleistocene origi-
nates from Asian deserts (e.g. Biscaye and others, 1997; Simonsen
and others, 2019).

5.2. Grains imagery: SEM/EDS textural constraints on the GriS
dynamic

Our SEM analyses of grain textures (Figs 4, 5) provide informa-
tion that permit constraining multi-scale processes, and notably
the chronology of past waning and waxing of the GrIS. The pres-
ence of high-relief features such as grooves, numerous uplifted
plates and subparallel to conchoidal fractures indicates that grains
were affected by stick-slip pressures possibly up to ~200 bars
(Barcilon and Macayeal, 1993; Mahaney, 2002) and transported
by ice that was probably >1000 m thick (Mahaney, 1995). In the
NEEM BIL sediment, we did not find any rounded grains or
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signs of abrasion fatigue indicative of previous aeolian or fluvial
transport and abrasion (Mahaney, 2002), in contrast to the obser-
vations previously made at Camp Century core (Whalley and
Langway, 1980). This suggests that these features have never
been developed or have been erased by subsequent glacial erosion.
Goossens and others (2016) discarded an aeolian origin of the
sediment based on debris size distributions through the basal
core, but this does not preclude aeolian delivery to surfaces under-
going weathering prior to glaciation. The lack of abrasion features
and any aeolian-induced shock melting from grain-to-grain colli-
sions in SEM observations reinforces this conclusion. Even if
uplifted plates and arcuate cracks may sometimes be observed
in loess, the majority of the observed features and microtextures
of the NEEM grains are not compatible with aeolian transport.
Moreover, the coarse grain sizes of sediments at the bottom of
the ice core (Fig. 2) are not likely to have been transported by
air. Although it is possible that grains were transported via fluvial
or subglacial meltwater prior to their incorporation into the ice,
the majority of grain surface features observed by SEM indicate
that these grains were extracted from bedrock, transported and
reshaped by glacial erosion and abrasion (Figs 4, 5).

Despite this significant glacial imprint, not all grains have the
same appearance and, hence, they do not share the same history.
The heavy weathered coatings, intersected by more recent abraded
faces on some grains, hold a weathering history prior to the final
ice abrasion (Figs 4b, d—f). The thickness and aspect of these
alteration coatings suggest formation in a preexisting soil (paleo-
sol) environment that developed prior to sediment incorporation
into the ice, where grains were later mechanically abraded and
crushed. Furthermore, the presence of fossil wood in one of the
bottom samples (Fig. 5e) indicates that the previous vegetation
in these soils were mixed with glacial sediment that contained
poorly weathered grains. This observation suggests that the BIL
layer has probably incorporated some of a weathered paleosol
and mixed it with less weathered sediments that were initially
located deeper in the paleo-regolith in the vicinity of bedrock.
Plant material, diatoms, fungi, microbes and insect fossils are pre-
sent in the basal sediment of the Camp Century Greenland core
(Harwood, 1986; Christ and others, 2021) and even in Antarctic
paleosols (Mahaney and others, 2001; Lewis and others, 2008;
Hart and others, 2011; Mahaney, 2015; Mahaney and Schwartz,
2021). These are clues indicative of warmer climatic conditions
conducive to weathering and soil morphogenesis.

Our observations showed that some features cross-cut or were
superimposed on other preexisting features of these grains (e.g.
Figs 4b, d, f). Hence, some grains can be considered as mineral-
ogical ‘palimpsests’ recording successive geomorphological and
glacial histories. In these grains, the weathered aspect and the
chemical coating deposited over glacial features indicates that
chemical weathering occurred after an initial glacial crushing
step. Glacial crushing post-dates all these previous features in sev-
eral grains (Figs 4b, e, f). Such relationships are key because they
permit us to reconstruct the succession of events and propose a
broad scale history of the GrIS fluctuations: (i) initial weathering
of grains in ice-free conditions, (ii) glacial abrasion, crushing and
transport due to an earlier GrIS advance, (iii) weathering with the
presence of liquid water, probably during ice-free conditions
resulting from a significant retreat of the GrlS, (iv) glacial abra-
sion and transport that occurred during glacial readvance leading
to the modern configuration of the GrIS (Figs 4b, d, f).

Although all grains did not record all of these three events, the
majority of the observed features are compatible with a scenario
involving two glacial events separated by a period of ice-free con-
ditions. The numerous adhering particles observed on almost all
grains (Figs 4, 5) were probably produced and deposited during
the second, more recent glacial episode, while the majority of
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the weathering features had been acquired by water circulation
and grain dissolution/precipitation in a deglaciated soil ( paleosol)
environment. However, secondary low-intensity weathering
might also have occurred after the incorporation of grains into
the ice with ongoing melting/refreezing processes (Goossens
and others, 2016). Such chemical weathering may happen under
an active ice sheet when grains were in contact with meltwater
and thus dominated by the incongruent dissolution of silicate
(Urra and others, 2019). However, such subglacial weathering
was probably not intense enough to produce weathering features
and the thickest coating (up to 10 um) observed on some grains
(Fig. 4) (Mahaney, 2002). Hence, even if subglacial weathering
may have occurred, a deglaciation phase that led to prolonged sub-
aerial conditions can be considered as the most probable scenario.

Some grains show less evidence of weathering but have numer-
ous glacial transport microfeatures, notably in the bottom section
of the core (Figs 5a, ¢, d). Fresh fractures indicating grain-to-grain
contact (Fig. 5d) suggest recent incorporation into the ice from
bedrock and a transportation time shorter than the weathered
grains previously described in the upper sections. This type of
debris is only observed in the samples at the bottom of the ice
core (20 June 1/4 to 20 June 4/4) while the weathered-coated
grains are found in all samples.

Together, these observations suggest two origins of debris
found in the BIL. Some debris originated from a weathered sub-
strate (probably the preglacial-paleosol) that was transported in
the ice, where grains were modeled by abrasion/fracturing, fol-
lowed again by weathering (most probably during a deglacial epi-
sode), and later incorporated into the ice. Other debris are
sourced from the local substrate directly underneath the ice
with little transport and shorter residence time, yielding to
sharp edges and limited weathering. This second type of less-
weathered debris is more abundant in the deepest section of the
core, which suggests that the mixing and transportation is less
efficient in the vicinity of the ice/substratum interface. Also, the
sediment at the top of the BIL (above 20 June 1/4) has a much
finer granulometry compared to the material found at the very
bottom (under 20 June 2/4), suggesting a potential size sorting
effect during the shearing process of grain entrapment and trans-
port within the ice (Tison and others, 1993).

5.3. Significance of sediment-hosted meteoric *°Be in the NEEM
silty ice

Measured '“Be,, concentrations in NEEM sediments (between ~1
and ~10x10° at/g™') are one to more than two orders of
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magnitude less than those measured in the basal sediments of
GISP2 (107 to 10° atg™', Bierman and others, 2014) (Fig. 9).
Measured '°Be,, concentrations at NEEM are of the same order
of magnitude as those measured in Greenland glaciofluvial sedi-
ments (Nelson and others, 2014) and in glacial marine diamict off-
shore of northwestern Greenland that was derived from erosion of
the island (Christ and others, 2020) (Fig. 9). This similarity suggests
that '°Be,,, concentrations under much of the ice sheet are relatively
low and that concentrations as high as those measured at GISP2 and
in a small number of more marginal silty ice samples (Graly and
others, 2018) are unusual. Such high concentrations of 0Be,,
could represent samples derived from pre-glacial landscapes that
remain preserved below the ice sheet or from areas exposed during
interglacial periods when ice was absent for long periods of time.

We suspect that the low concentrations of '°Be,, at NEEM
reflect effective erosion and/or short periods of interglacial expos-
ure. Short periods of exposure limit the input of '°Be,, from the
atmosphere whereas erosion removes the uppermost parts of the
soil and regolith profiles that often contain the highest concentra-
tions of ""Be,, (Graly and others, 2010). In permafrost, most
"%Be,, is contained in the shallow active layer which is typically
no more than 1-2 m deep, and sometimes much less (see profiles
in Bierman and others, 2014 and Diaz and others, 2021). Thus,
glacial erosion of surface materials can remove large portions of
the '%Be,, inventory from the landscape. Considering the mixed
grain populations observed using SEM analysis, it is probable
that the sediment samples from which we extracted '°Be,, are a
mixture of two endmembers: some were freshly mined from bed-
rock by glacial abrasion and plucking while others were reworked
from interglacial or pre-glacial paleosols. Fresh grains from
unweathered substratum carry very low concentrations of '*Be,
(<10* at.g™") whereas the grains sourced from upper soil layers
are likely to carry much greater concentrations of '°Bey, in their
grain coatings (>10° atg™") (Fig. 9).

There are uncertainties inherent to extracting '°Be,, from silty
ice, but we do not believe these explain the low concentrations of
1()Br;':m measured in NEEM samples. 1()Br;':m concentrations mea-
sured in the NEEM clear ice is ~10* at.gﬁel (Sturevik-Storm and
others, 2015), two orders of magnitude below the concentrations
reported here in the NEEM basal sediments. Although '’Be,
exchange between ice and debris still need to be better understood
(e.g. Baumgartner and others, 1997; Willerslev and others, 2007),
'%Be,, may be leached in acid liquid water conditions encountered
in some soils (with pH <4). The pH of refrozen basal water from
the nearby NorthGRIP core is between 5.0 and 5.3 (Christner and
others, 2012), a priori too high for mobilization of '°Be,y,.

NEEM GISP2 Modern terrestrial sediment 3445 Diamict
10° (this study) (Bierman et al., 2014) (Graly et al., 2018) (Christ et al., 2020)
3 < .
] . marine core
108 om0 * . sediment
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Figure 9. Comparison between meteoric °Be measured in NEEM basal sediment (this study) and other Greenland archives: GISP2 basal ice sediments (Bierman
and others, 2014), modern terrestrial sediments (Graly and others, 2018) and marine core diamict (Christ and others, 2020). The latter are decay corrected for 1.9
Ma. Data from this study are presented from top to bottom, any order was not kept for the other studies. When not visible, uncertainties are less than the symbol

size. Red boxes underline the range of the data from this study.
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Additionally, the GISP2 subglacial material Bierman and others
(2014) and ice-bound sediment samples of Graly and others
(2018) were analyzed following a similar extraction procedure of
removing silt from ice by melting. The GISP2 samples were
more than 99% ice as were many of the Graly and others
(2018) samples. The extraction of 10Be,, from GISP2 silty ice
(Bierman and others, 2014) and subglacial ice-bound silt and
sand material (Graly and others, 2018) did not lead to a reduction
of the °Be,, concentration to the level observed at NEEM. This
reasoning leads us to believe that the NEEM '°Be,,, data we report
here are robust and indicative of active erosion of the bed below
and near NEEM over at least two glacial cycles. This inference
is consistent with other data we present in this paper as well as
the observation that basal temperature at NEEM is —2.4°C
(Goossens and others, 2016) not far below the melting point of
the local bed (—1.3°C; MacGregor and others, 2015). It is reason-
able to conclude that ice at NEEM was warm-based and erosive at
some point in the past.

5.4. Paleoenvironment during previous deglaciation periods

C/N ratios of the sediments of the NEEM BIL range between 20
and 70. Some of these values are significantly higher than the
average values of the organic material found in developed soils
(10-30; Xu and others, 2013), and in Holocene-age tundra soils
of northern Siberia (10-40; Ernakovich and others, 2015). In tem-
perate regions, C/N ratios are known to reflect the degree of deg-
radation of the organic matter and to decrease with depth (e.g.
Callesen and others, 2007; Hugelius and others, 2010). In this
framework, the C/N ratios measured in the NEEM sediments sug-
gest that they originate from the upper layer (0-50 cm) of an
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immature soil. The reason for soil to be poorly developed could
be a short lifetime or a cold environment that would have pre-
vented the organic matter from being degraded, and so that the
C/N ratio has remained high (Oelbermann and Voroney, 2007;
Ernakovich and others, 2015).

The NEEM C/N ratios agree quite well with the ratios of raw
and non-degraded elements of continental higher plants, such
as leaf and wood (Fig. 10), suggesting that this organic material
is pristine and not degraded. These C/N ratios are also consistent
with remains of boreal forest and tundra (Fig. 10), and in particu-
lar those of the boreal forest floor that can be as high (up to 40) as
those measured in half of the NEEM basal sediments (Callesen
and others, 2007; Marty and others, 2017). A boreal forest or tun-
dra environment is moreover consistent with the §'>C NEEM data
(that range between —22 and —27%o) and is compatible with C3
land plants (Fig. 10; Meyers, 1994). Finally, paleosol conditions
have also been evidenced by the coatings on debris surfaces and
wood fossils found among the debris of the BIL (Fig. 5e). It is
probable that these grain microfeatures formed synchronously
with the development of vegetation during preglacial time or in
an interglacial warm period.

The upper C/N value measured in the NEEM basal debris
(~70) is compatible with one sample of woody tissue (60-80)
recovered in the Camp Century subglacial sediment (Christ and
others, 2021), and both are significantly higher than the C/N
ratios (~10) measured in silty ice from GISP2 (Fig. 10; Bierman
and others, 2016). Moreover, our data cover a large range (20-
70) compared to the C/N ratios from the BIL of the GISP2 ice
core that are more tightly clustered around 10 (Bierman and
others, 2014). This discrepancy could be due to a difference in
the maturity of the organic material and the paleosols from
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which it is derived both. Indeed, the hypothesis of Bierman and
others (2014) is that the GISP2 basal material corresponds to a
well-developed soil, much more mature than the one observed
at NEEM or, to a lesser degree, at Camp Century. This interpret-
ation is also in agreement with the highest '°Be,,, concentrations
measured at GISP2 that are interpreted as indicative of a well-

preserved non-eroded paleosol (section 5.3).

If a mature soil did exist at NEEM, it seems to have been
eroded and removed by early glacial advances, prior to the current
ice-sheet expansion, in agreement with the succession of events
determined from our grain morphology analysis. Given the loca-
tion of GISP2 near the ice-sheet summit, where ice flow is almost
null, the basal ice at GISP2 has likely been more stable than the ice
at the NEEM location. Only a few tens of kilometers away from
GISP2, BIL from the GRIP core contains elevated concentrations
of biogenic gases (CO, and CH,) and organic acids sourced from
a local periglacial environment that developed prior to the full ice-
sheet build-up (Tison and others, 1998; Souchez and others,
2006). Our SEM analysis of grain features at NEEM indicates
the occurrence of (at least) two ice-free episodes and two glacial
advances at NEEM that agrees with the two ice-free episodes
recorded in the Camp Century subglacial sediment (Christ and
others, 2021). The near-null ice velocity at GISP2 might have pre-
served the mature soil/paleosol developed before the last glaci-
ation build-up (Bierman and others, 2014) that probably
occurred 1 Ma ago (Yau and others, 2016a). In agreement with
this scenario, gas composition trends in the southern distal core
of Dye-3 indicate significant ice motion at this southern distal
location (Fig. 1; Verbeke and others, 2002), while the record is
much more stable at the GRIP location, at the GrIS summit

(Souchez and others, 1995).

Finally, the C and N data in the NEEM material are consistent
with a tundra or taiga paleo-ecosystem, an observation that is
consistent with similar analyses of ice core basal materials in
Camp Century (Christ and others, 2021), with ancient DNA
from Dye-3 silty ice (Willerslev and others, 2007), and with fossils
preserved in preglacial sediments (e.g. Funder and others, 1985,
2001; Drucker and others, 2010). The fossil wood fragments
found here (Fig. 5e) also bear similarity to fossils found in the

basal section of Camp Century (Christ and others, 2021).

6. Conclusions: past fluctuations of the GriS at NEEM

Based on this multi-proxy analysis of the NEEM basal ice debris,
we propose a history of the BIL debris with four successive stages:
(1) initial preglacial conditions of uncertain duration for weather-
ing/soil/paleosol genesis, (2) glacial advance 1, (3) glacial retreat
and interglacial conditions with onset of weathering and (4) gla-

cial advance 2 (current ice-sheet development).

According to Goossens and others (2016), the discrete debris
layers visible higher up in the NEEM sequence result from
shearing-in/folding of material from a layer of frozen sediments
situated on top of bedrock. Our new data allow us to go further
in the interpretation of the ice-sheet dynamics at the NEEM loca-
tion (see schematic process timeline in Fig. 11). SEM-identified
microfeatures are the primary data on which we base this inter-
pretation. Indeed, the relationship between weathering (coatings)
and glacial abrasion on grains suggests at least four successive
stages of ice-sheet comings and goings. This interpretation is sup-

ported by C and N concentrations, §"°C and '°Be,, data:

(1) Initial stage: preglacial conditions. The presence of weathered
grains in the BIL is consistent with the presence of a soil/
paleosol layer developed on the local substrate. Although
there is no control of the age of organic material found in
the NEEM BIL, wood fossils, C/N ratios and §'°C data are
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consistent with tundra and/or boreal forest vegetation cover-
ing the landscape at that time (Fig. 11a).

(2) Glacial advance 1. This first glacial advance not only eroded
the weathered soil surface, but also mixed pre-glacial material
with more deeply carved and exhumed fresh bedrock (yellow
dots in Fig. 11b). This material had then probably been fractured
and abraded by glacial plucking, and by transportation with
grain-to-grain collisions in flowing ice (Fig. 11b). This scenario
of deep (>1 m) regolith exhumation is also attested by the low
19Be . concentrations (~10° atoms/g) measured in the NEEM
BIL debris (Fig. 9). We suspect mixing diluted near-surface sedi-
ment containing higher '°Be,, from weathered grains.

(3) Glacial retreat and interglacial conditions. Ice retreat led to the
deposition of debris contained into the BIL as till (Fig. 11c).
The most compelling evidence for this ice-free episode is
SEM/EDS observations that show thick secondary mineral
coatings formed at the surface of some previously crushed
grains, which we interpret as subaerial weathering conditions
(Fig. 11). Moreover, a soil probably developed on top of this
till, with tundra and/or boreal forest vegetation growth
according to the C/N and §"°C data.

(4) Glacial advance 2 (current ice-sheet development). The devel-
opment of the current ice sheet remobilized and incorporated
previously weathered debris into the current BIL sequence
(brown dots in Fig. 11d) and previously deposited till (yellow
dots in Fig. 11d). This stage is supported by SEM analysis,
showing the presence of freshly abraded grains, with fractures
intersecting more weathered and coated grain surfaces (Figs 4,
11). The till and paleosol sources were once again mixed with
fresh and less weathered bedrock materials, that have lower
'“Be,, concentration (orange dots in Fig. 11d), as supported
by the '°Be,, vs depth profile (Fig. 8, with the exception of
the outlier bottom sample 20 June 4/4). It is worth noting
that this mixing was apparently more efficient in the top sec-
tion of the NEEM BIL, than at the very bottom, where
crushed grains from fresh bedrock are dominant.

78r/**sr and €'**Nd analyses of NEEM basal debris show that
this material is very different from dust sources recorded in the
Holocene and Early Pleistocene ice (e.g. Bory and others,
20034, 2003b). The specific signature of the NEEM basal debris
(Fig. 6) strongly suggests that this material is derived from a rather
local bedrock source that probably experienced <200 km lateral
transportation (Dahl-Jensen and others, 2013). The source of
NEEM rock debris is probably the Committee-Melville Archean
belt, which crops out on the northwest coast of Greenland (Figs
1, 6). These geochemical data also provide new insights about
bedrock heterogeneities of the Greenland island, and may be use-
ful for studies tracking sediment provenances in marine records
(e.g. White and others, 2016; Knutz and others, 2019; Christ
and others, 2020).

Evidence of alternation between deglacial conditions and sub-
sequent glacial advances at NEEM is compatible with observa-
tions derived from the analysis of sub-ice sediment recovered
closer to the northwestern GrIS margin, and at Camp Century,
that evidenced two ice-free episodes since 3 Ma, the latest occur-
ring within the last million year (Christ and others, 2021). These
observations obtained from the NEEM core are in line with the
hypothesis that the northwest margin of the GrIS was probably
subject to more waning and waxing events than the central
zone of Greenland during the Pleistocene, where 1 Ma old basal
ice is preserved at GRIP (Willerslev and others, 2007; Yau and
others, 2016a). However, future studies now need to constrain
the absolute chronology of these oscillations evidenced in the
NEEM basal ice record.
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Figure 11. Diagrams illustrating the most probable scenarios of successive advances and retreats of the Greenland Ice Sheet at NEEM, mainly based on SEM
imagery of the grains, meteoric Be data and C/N, 3"°C measured in the basal debris. Upper cartoons are not to scale.
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be found at 10.24396/ORDAR-103.
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