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Abstract. Impurities in polar ice play a critical role in ice flow, deformation, and the integrity of the ice core record. Espe-
cially cloudy bands, visible layers with high impurity concentrations are prominent features in ice from the-last-glaeial-glacial
periods. Their physical and chemical properties are poorly understood, highlighting the need to analyse them in more detail.
We bridge the gap between decimetre and micrometre scales by combining the visual stratigraphy line scanner, fabric analyser,
microstructure mapping, Raman spectroscopy, and laser ablation inductively coupled plasma mass spectrometry 2D impurity
imaging. We classified almest-approximately 1300 cloudy bands from glacial ice from the East Greenland Ice-core Project
(EGRIP) ice core into seven different types. We determine the localisation and mineralogy of more than 1000 micro-inclusions
at 13 depths. The majority of the found-minerals-minerals found are related to terrestrial dust, such as quartz, feldspar, mica,
and hematite. We further found carbonaceous particles, dolomite, and gypsum in high abundance. Rare-minerals-are-e-g5ru-
tile, anatase, epidote, titanite, and grossular are infrequently observed. 2D impurity imaging with-at 20 m resolution revealed

that cloudy bands are clearly distinguishable in the chemical data. Na, Mg and Sr are mainly present at grain boundaries.
Dust-related-Whereas, dust-related analytes, such as Al, Fe, and Ti, are alse-located in the grain interior forming clusters of in-

soluble impurities. Cloudy-bands-are-thus-elearly-distinguishable-inthe-chemieal-data—We present novel vast micron-resolution

insights into cloudy bands and describe the differences within and outside these bands. Combining the visual and chemical
data results in new insights into the formation of different cloudy band types and could be the starting point for future in-depth

studies on impurity signal integrity and internal deformation in deep polar ice cores.

1 Introduction

Deep ice cores from the polar regions revealed vast amounts of information regarding the climate of the past and processes

taking place inside the ice. Pioneering deep ice cores were drilled almost 70 years ago at Camp Century, Greenland or
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at Byrd Station, Antarctica. Over the last decades, a variety of locations in Greenland (e-g—Greenland-lee-SheetProjeet
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perations —Depending-on-the-drilling location-and-the

ak:—(for an overview
see Jouzel, 2013; Brook and Buizert, 2018). Considering different polar ice cores, most of the physical and chemical properties
of ice and its impurities vary, depending on several parameters that are different at each drilling site. Concurrently some features
seem recurrent, such as the presence of the so-called “eloudy-bands*"cloudy bands™ in glacial ice.

Cloudy bands are eharacterised-by-small-iee-erystals-with-horizontal, grayish-white stratigraphic layers with thicknesses

between 1 mm and several centimetres (Fig. A1) (Gow and Williamson, 1976; Faria et al., 2010). They are characterised by a

much finer ice grain size (~1 mm) (in this stud

rain size refers to the ice crystal) than the surrounding ice and contain a very
high concentration of micro-inclusions and other impurities {e-g

1997; Barnes et al.,

.g. Ram and Koeni 2002; Svensson et al.,

eye, and were classified as volcanic ash bands. Cloudy bands, however, were not composed of visible debris but of a greyish-

—and-theirThe preferred crystal orientation within

these bands is clustered about the vertical indicating strong horizontal shearing. Cloudy bands were thus associated with dust

and deformation and provisionally interpreted as shear bands (Gow and Williamson, 1971, 1976).
There-is-no-typieal-eloudy-band-Cloudy bands vary in thickness, brightness, and shape and are thus hard to constrain

(Winstrup et al., 2012), but they have-been—were discussed for a variety of reasons, ranging from climatic to deforma-

tion aspects

.g. Svensson et al., 2005; Andersen et al., 2006; Faria et al.,

(2005) show that, in most cases, the brightness variations of visual stratigraphy and cloudy bands match the seasonal cycles

of other-tracersby-comparing-the-brightness-intensity-values-derived-from-the-visua attgraphy-with-ditferent recordsfrom

tracers, especially of dust, derived by continuous flow analysis (CFA) —(Fig. 5 in Svensson et al., 2005). Regularly appear-
ing cloudy bands from visual stratigraphy were further used for-dating-of-to_date the last glacial (Andersen et al., 2006).

Cloudy bands showing visible evidence of stratigraphic disturbances and even folding were declared as-the most significant
optical stratigraphy feature helping to examine the integrity of deep ice cores, thus impacting scales larger than their size
(Faria et al., 2010). The fine grains within cloudy bands could enable a more efficient diffusion due to the higher availabil-
ity of impurity diffusion paths, such as veins along triple junctions and planes and interfaces along grain boundaries (Faria
et al., 2010). Faria et al. (2010) concluded that cloudy bands are important for the disturbance of stratigraphic records on the

micro-scale, indicating anomalies in the ice rheology. Impurity-enhanced ice flow in cloudy bands could impact ice core dat-

2005; Faria et al., 2010; Eichler et al., 2017). Gow and Williamson

(1971, 1976) were among the first to describe cloudy bands in the Byrd ice core—Fhey-observed-two-distinet-bands:—, where
they observed dirt bands and the much more abundant cloudy bands. Dirt bands contained large particles, detectable by the
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ing by enabling heterogeneous layer thinn{eggPaterson, 1991 Fariaetal2q8q). Paterson, 1991; Faria et al., 2006).

Compression tests indicated that cloudy bands increase the ow enhancement factor in the ow law description by increasing
the ratio of the observed strain rate to the strain rate produced on isotropic ice under the same stresses, and thus affect th

enhancement of dislocation creep by an accommodating mechanism involving grain boundary sliding (Kuiper et al., 2020)
and microshear boundary formation (Bons and Jessell, 1999; Faria et al., 2006), could be a relevant microstrain mechanism
Developing a better understanding of the interplay between impurities and the microstructure in cloudy bands is thus necessary
for a holistic understanding of deformation in polar ice (Stoll et al., 2021b).

Studies suggesting particulate matter as the main reason for the visibility of cloudy bands (Svensson et al., 2005; Faria
et al., 2010) opposed speculations about their appearance due to micro-bubbles forming around impurities (Dahl-Jensen et al.
1997; Shimohara et al., 2003). Visual stratigraphy, dust, and Ca-concentration correlate well in the NGRIP ice core (Svensson
et al., 2005), similar to results of 90° laser-light scattering and dust concentration in the GISP2 ice core (Ram and Koenig,
1997). Svensson et al. (2005) explain cloudy bands by the increased transport of mainly insoluble dust to the ice sheets. Eact
cloudy band thus represents a deposition event, i.e. precipitation or wind-driven sastrugi formation. Thin and bright bands
could originate from low precipitation-dry deposition events or strong and early scavenging during snowfalls (Svensson et al.,
2005).

High-resolution microstructural data are needed to truly investigate the @nigine, chemistry and localisation of impuri-

ties in cloudy bandella-Lunga-et-ak-{(201-7D

coupled plasma mass spectrometry (LA-ICP-MS), but the implementable resolution limited microstructural insights. Recent

Lunga et al. (2014) analysed a cloudy band with laser ablation inductively

methodological progress now enables state-of-the-art LA-ICP-MS 2D chemical imaging of the total impurity content at the
scale of a fewtertensof microns (Bohleber et al., 2020, 2021), in particular when focusing also on dust-related elemental

. Inthemineratogyandiocatisationof micro-inetusionsn-theupper 1340 nof thecore, i.e. the Holocene, Younger Dryas, and

the Bglling—Allergdg
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plore different cloudy band types and discuss possible origins. To increase our understanding of impurity-related processes in
ice, we locate and identify the mineralogy of more than 1000 micro-inclugtemesighoutEGRIPglaciakee-using Raman

we conduct LA-ICP-MS 2D chemical imaging on a subset of these previously analysed samples to obtain spatial information
on the major, soluble and insoluble, elements, such as Na, Mg, Sr, Al, Ti and Fe. Together, this results in a detailed study of

the chemical and visual properties of EGRIP glacial ice with an emphasis on cloudy bands.
2 Methods

2.1 The East Greenland Ice Core Project

EGRIP is a deep ice core drilling project located on the Northeast Greenland Ice Stream (NEGIS), the largest ice stream in
Greenland (Fahnestock et al., 1993; Vallelonga et al., 2014). The drill site is located at 75°37.820 N and 35°59.556 W, 2704 m
a.s.l, 440 km to the South-East of the NEEM site. The ice ow velocity at the drill site is ~55 m/yr (Hvidberg et al., 2020). To
date, 2418 m of ice has been drilled and partly processed, with ~250 m remaining to bedrock.

2.2 Grain size measurements

Grairrlce grain size was measured at EGRIP on discrete samples every 5-15 m of depth. 55 cm samples were cut into six
samples (parallel to thexiseftheeerecoreaxis) with dimensions of ~90 x 70 x 0.3 mm. Samples were polished and measured
with an automated G58utematicfabric analyser (Russell-Head type (Wilson et al., 2003)). Details about the procedure and
data processing are found in Stoll et al. (2021a).

2.3 Visual stratigraphy

Visual stratigraphy measurements, i.e. line scans, were conducted in the EGRIP-t&melssen-etal{(2005howedthe

measured a year after retrieval to lower the risk of ice breaking during processing.
Processed line scan data are available from 13.75 m to 2120 m of depth (Weikusat et al., 2020). The instrument used was
a Schafter+Kirchhoff GmbH Line Scanner, developed in cooperation with the Alfred Wegener Institute Helmholtz Centre for



Table 1. Different cloudy band types in EGRIP last glacial ice. Image width is 7 cm.

Category Visual example Description Amount (%)

Single thin cloudy band (single) Single thin cloudy band with dark 29.4
layers above and below

Bright layer at top (up) Bright layer, followed by interme- 14.7
diate gray layer(s)

Brighter layer in the centre (centre) Bright layer with gray layers 7.8

Brighter layer at the bottom (bottom) Intermediate grey layers followed 16.9
by bright layer, then dark layer

Brighter layer at top and bottom (con- Central part of cloudy band is 8.9
ned) darker than the con ning upper and
lower boundary

Homogeneous (homogeneous) Homogeneous gray colour with lit- 3.0
tle variation

Heterogeneous (heterogeneous) Combinations not tting any cate- 9.7
gory

Unknown - Not distinguishable 9.6

120 Polar and Marine Research (AWI) and the University of Copenhagen (detailg-iSvensson et al. (2005); Faria et al. (2018);

Westhoff et al. (2022)). Slabs of ice were polished from both sides and illuminated from below (“dark eld” imaging). The

125

2.3.1 Cloudy band types

To compare cloudy bands throughout the ice core, a consistent camera setting is of uttermost importance. Below a depth of
1375 m (bag 2500, 14.6 ka b2k (Gerber et al., 2021)) constant settings were used. We do not investigate cloudy bands from the
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Andersen et al. (2006) and Winstrup et al. (2012) showed that cloudy bands appear in an annual cyclicity and that a single
cloudy band, i.e. a stack of bright layers, is situated between two dark layers. We thus de ne a cloudy band by an upper and
lower dark layer boundary, i.e. all bright layers between two dark layers are de ned as one cloudy band. We identi ed seven
different types of cloudy bands, designed to be speci c identi ers, i.e. mutually exclusive classes, depending on where the
brightest layer of one cloudy band is situated (Table 1). We nd thin single bright lagarglé, bright layers with an even
brighter layer at the topuf), in the middle ¢entrg, or in the bottom ljotton). We identify two bright layers con ning a less
bright layer at the top and bottoragn ned), a thick bright layer with very little brightness variation®Mmogeneoysor a mix
of the above, mostly with thin alternating layetge{erogeneogs Some layers cannot be clearly groupedknown, either

because the images are too dark, the layers too thin, or features are folded. Our cloudy band types are also visible in the NEEN

2.3.2 Grayscale

The grayscale analysis investigates brightness variations caused by the scattering of light by features in the ice core. Variations

between 0 and 255 providing 256 possibilities. One centimetre in length is equivalent to 186 pixels in the image les generating

a high-resolution depth series of brightness variations.
2.4 Raman spectroscopy

The remaining pieces of the fabric analyser samples were cut into cubes of ca. 2 x 2 cm (Table 2) and polished from two sides
with a microtome to enable successful microstructure mapping (Stoll et al., 2021a) and Raman spectroscopy analyses (Stol
etal., 2022).

Raman spectroscopy measurements were conducted in a cold lab (-17°C) at AWI in Bremerhaven, Germany. The spectrom-
eter, excitation laser, and control unit are located at room temperature close to the cold lab, which contains the microscope
unit. A 100 m bre was used for good signal intensity and confocality. We used a WITec alpha300 M+ combined with
a Nd:YAG laser (lambda=532 nm) and a UHTS 300 spectrometer with a 600 grooves grating. The pixel resolution
is <3 cm ! and the spectral range is >3700 ch A Hg/Ar spectral calibration lamp was used to calibrate the system.
Spectra were background corrected and identi ed using the RRUFF database (Lafuente et al., 2015) and reference spectr:

{e-g-Eichleretal; 2019 Stollet-al2092). Eichler et al., 2019; Stoll et al., 2022).
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2.5 Laser ablation inductively coupled plasma mass spectrometry 2D impurity imaging

Following Raman spectroscopy analysis at AWI the samples were transported via a commercial freezer transport to Ca'Foscari
University of Venice. Micron-resolution LA-ICP-MS 2D imaging was performed with a set-up comprised of an Analyte Excite
ArF excimer 193 nm laser (Teledyne CETAC Photon Machines) with a HelEx Il two-volume ablation chamber. The ablated
material is transported to an iCAP-RQ quadrupole ICP-MS (Thermo Scienti ¢) via a rapid aerosol transfer line. Samples
surfaces are cleaned and polished with ceradmi@ , blades (American Cutting Edge, USAaxﬂd%hesampleisJeheHHaeed

3 Results

3.1 Grain size




Figure 1. Grayscale with depth smoothed with a 5 m running mean. Horizontal light blue lines insiigafge5 cmlongice cores analysed

fabricanalyserThe violet line is a locally weighted regression with a smoothing parameter of 0.3. Age from Gerber et al. (2021).

3.2.1 Fypesofeloudybands

190 We classi ed 1267 cloudy bands into 7 types (Fig. 2). The tgpgleis the most abundant one making up 29% of all cases
(Table 1). The typesp andbottom i.e. a bright layer at the top or bottom of a homogeneous layer, add up to 15% and 17%,
respectively. The typeson ned (9%), heterogeneougl0%), andcentre(8%) make up another third of all cloudy band types.
Rarest is the thickomogeneou%) type. Almost 10% could not be distinguished cleadgknown.
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Throughout the analysed depth, the relative distribution of cloudy bands varies per 55 cm section, especialgiefor
above 50% of identi ed types per 55 cmice core. The typgsentre andbottomare fairly constant. The typeknowroccurs
more frequently in deeper ice (Fig. 2a) as layers thin and categorisation becomes more dif cult. Furthermore, the darkness of
the image plays a role. For consistency, throughout the glacial, the brightness is kept constant for all images, thus making our

Figure 2. Different cloudy band types in EGRIP glacial ice. a) Cloudy band types per 55 cm ice cores (depths are shown in Fig. 1) containing
identi able cloudy bands between 15.02 and 48.51 ka before 2000 CE (Gerber et al., 2021). The different types seen in the visual stratigraphy
data are described in Table 1. b) Relative amounts of all classi ed cloudy band types in our samples found in either Greerdtrials



205

210

Table 2. Samples analysed with Raman spectroscopy and LA-ICP-MS (x). The depth refers to the middle of the area analysed with Raman
spectroscopy.

Sample Depth(m) Ageb2k(ka) Size(mmxmm) Number of identi ed spectra LA-ICP-MS

S1 1360.82 14.4 17.13x17.10 117

S2 1367.05 145 16.00x 17.28 130 X
S3 1448.78 17.4 14.36 x 15.30 86

S4 1597.89 23.3 13.92 x 14.64 105 X
S5 1713.84 28.9 15.73x 19.67 113

S6 1768.34 32.0 20.82 x 25.44 69

S7 1823.48 34.7 13.97 x 20.02 45 X
S8 1883.06 37.3 15.94x17.91 36 X
S9 1917.07 38.5 - 52

S10 1949.98 39.9 18.15x15.11 112 X
S11 2015.98 44.0 18.88x 19.71 84 X
S12 2065.20 46.6 15.24 x 20.92 50 X
S13 2115.07 49.8 20.3x27.14 52

b2k: before 2000 CE (Gerber et al., 2021). In S9, a speci ¢ cloudy band was analysed, but the sample was not cut into speci ¢ dimensions.

3.3 Raman spectroscopy
3.3.1 lIdenti ed minerals

In our 13 samples, we measured 1089 spectra and identi ed 1051 of them (Fig. 3) resulting in 23 different Raman spectra. 188
micro-inclusions showed luminescence. The chemical formulas of all found minerals are displayed in Table Al.

hexahydrite (n=7), Na and/or Mg-sulfate (n=4), bloedite (n=1), and unde ned sulfates (n=15). Further minerals are feldspar
(n=119), mica (n=92), hematite (n=86), calcite (n=62), K-nitrates (n=30), dolomite (n=25), magnetite (h=11), and rutile (n=10).
We also identi ed air (n=5), titanite (n=3), anatase (n=2), and epidote (n=2). Minerals, which have not been identi ed before
in ice cores, are whitlockite (n=2), grossular (n=1), datolite (n=1), and pumpellyite (n=1); reference and observed spectra are
displayed in Fig. A3.

10



Figure 3. Identi ed Raman spectra of micro-inclusions in EGRIP glacial ice; n is the total number of identi ed spectra per sample. Age
shown in white in ka before 2000 CE (Gerber et al., 2021). For better visibility, some Raman spectra are condensed into groups. Iron oxides
are hematite and magnetite, carbonates are dolomite and calcite, and sulfates include gypsum, bloedite, hexahydrite, Na and/or Mg- anc

unde ned sulfates. Other includes rutile, titanite, anatase, epidote, whitlockite, grossular, datolite, and pumpellyite.

215 3.3.2 Mineralogy throughout the last glacial

We found quartz, carbonaceous particles, feldspar, gypsum, and mica at every depth (Fig. 3). Calcite and the chemically-relatec
mineral dolomite occur in S3, S5, S6, S9, S10, S11, and S13. Only dolomite or calcite was found in S4 and S7, respectively.
In S6, we identi ed a total of 27 non-gypsum sulfate minerals, often located in clusters or lined up, in addition to 7 gypsum

inclusions. Carbonaceous particles are the dominant species in S7, S10, and S13. Hematite was found in 11 of 13 samples

220 K-nitrates in 8 samples, and rutile in 6 samples. The remaining minerals occur at a few speci ¢ depths.

11
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In general, there is a decrease in the number of different minerals with depth. Shallow samples (S1-S6) exfiseisitly

of 9 to 14differentminerals while deeper samples (S7-S13) consigt dif/ersity of 6 to 10¢ifferentminerals per sample
(Fig. A6).
In the shallower region of the core, we identi ed the rarest minerals (n=<3), such as grossular (S1), anatase (S1, S4), epidote

samples throughout the glacial (S4, S9, and S13).
3.3.3 Localisation of micro-inclusions

Visual inspection shows that most micro-inclusions are in the grain interior. Gypsum, and other sulfate minerals in S6, are often
located in dense clusters or lined up behind each other. Interestingly, micro-inclusions showing more than one Raman spectre
were most often associated with carbonaceous particles indicating a tight clustering or merging of carbonaceous particles with
other minerals. Cloudy bands display a much higher concentration of visible micro-inclusions, while the surrounding darker

areas contain comparably few micro-inclusions.
3.3.4 Mineralogy in cloudy bands

The mineralogy in and surrounding the pronounced cloudy bands in samples S6-S11 (Fig. 4, 5, 6, and Al) displays some
distinct features. Some minerals, such as hematite and carbonaceous particles, show a distinct localisation inside cloudy band:
S10 is a prime example of this, characterised by a cloudy band in the upper part mainly containing hematite, and a thicker
cloudy band mainly containing carbonaceous particles in the bottom part of the sample (Fig. 5). The various cloudy bands in
S11 (Fig. 6) make it dif cult to clearly distinguish between them, but a weak mineral localisation also occurs in this sample.
In contrast, the thick cloudy band in S9 consists of different minerals without preferred locations.

Even in samples with faint cloudy bands (e;&3 and S13), minerals tend to be localised in speci ¢ regions. Carbonates
and nitrates are also strongly localised in some samples (S3, S4, S5) but less pronounced thamatge. Common dust
minerals, such as quartz, mica, and feldspar, are found throughout the samples, but occur more regularly inside cloudy bands

Gypsum is also common throughout entire samples and tends to cluster but shows no distinct relation to cloudy bands.
3.4 2D impurity imaging using LA-ICP-MS

tr-generakthereare\We observedstrong differences in the microstructural localisation of the analysed elements (Fig. 5, 6).

Soluble Na is usually located at grain boundaries. Howeasgeeialhyin-thein samples containing strong cloudy bands, Na

can also be located in the grain interior on some occasions. Mg is predominantly located in the grain boundaries but also

commonly in the grain interior where it often accumulates in particle clusters, i.e. containing several pixels, with additional

presence of Ti and Fe. The latter two also show a comparatively weaker presence at grain boundaries, potentially indicating a

12



Figure 4. Visual stratigraphy (left) and impurity maps from Raman spectroscopy (right), red rectangles are the area of Raman analysis.
Locations of identi ed micro-inclusions are indicated by lled circles. Red rectangles in S4 and S7 indicate areas of LA-ICP-MS 2D imaging

displayed in Fig. A4.

soluble component. It is important to note that mass*48i) can also contain a small contribution of Ca, which would also

have a substantial soluble component.
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