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Impurities in polar ice cores have been studied so far mainly for the purpose of

reconstructions of past atmospheric aerosol concentrations. However, impurities also

critically influence physical properties of the ice matrix itself. To improve the data basis

regarding the in-situ form of incorporation and spatial distribution of impurities in ice we

used micro-cryo-Raman spectroscopy to identify the location, phase and composition

of micrometer-sized inclusions in natural ice samples around the transition from marine

isotope stage (MIS) 6 into 5e in the EDML ice core. The combination of Raman results

with ice-microsctructure measurements and complementary impurity data provided by

the standard analytical methods (IC, CFA, and DEP) allows for a more interdisciplinary

approach interconnecting ice core chemistry and ice core physics. While the interglacial

samples were dominated by sulfate salts—mainly gypsum, sodium sulfate (possibly

thenardite) and iron–potassium sulfate (likely jarosite)—the glacial ice contained high

numbers of mineral dust particles— in particular quartz, mica, feldspar, anatase, hematite

and carbonaceous particles (black carbon). We cannot confirm cumulation of impurities

in the grain boundary network as reported by other studies, neither micro-particles being

dragged by migrating grain boundaries nor in form of liquid veins in triple junctions. We

argue that mixing of impurities onmillimeter scale and chemical reactions are facilitated by

the deforming ice matrix. We review possible effects of impurities on physical properties

of ice, however the ultimate identification of the deformation agent and the mechanism

behind remains challenging.

Keywords: EDML ice core, location of impurities, Raman spectra, strain localization, mixing and reactions

1. INTRODUCTION

Polar ice sheets represent the most direct archives of the past atmosphere. The ice as well as
its gas and impurity content originates from snow which once precipitated at the surface, was
compacted due to accumulation of new layers, transformed into ice, and further traveled through
the ice column. Ice sheets are subject to continuous deformation and flow, which - in case of
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equilibrium - balances themass accumulation on the surface with
mass loss on the borders. They represent highly dynamic systems
which react sensitively to changes in boundary conditions, e.g.,
temperature, accumulation rate etc. Thus, understanding ice
sheet dynamics is of high interest to predict the future ice sheet
response in times of changing climate, and is also crucial for
correct interpretation of climate signals of the past.

Dissolved and particulate impurities in the ice play
an important role for two reasons. On one hand, their
concentrations measured in ice cores provide the main basis for
reconstructions of the atmospheric aerosol composition in the
past but may suffer from redistribution and chemical alteration
in the ice. On the other hand, impurities seem to actively affect
mechanical properties of ice and cause localized enhanced
deformation (Dahl-Jensen, pers. comm.; Paterson, 1991; Jansen
et al., 2017). From the very top surface, along the densification
process in the firn column down to the deep ice, the interaction
of impurities with the physical properties of the snow, firn
(Freitag et al., 2013; Fujita et al., 2014) and ice (Paterson, 1991)
has been observed, indicating (a) post-depositional changes of
the original record, which hampers interpretation with respect
to climate reconstruction and (b) changes in deformation rate
and the need for a dedicated flow law (Greve, 1997; Placidi et al.,
2010). Nevertheless, up to now, neither are the relevant processes
understood nor the acting species identified.

The content of impurities in polar meteoric ice is relatively
small compared to other polycrystalline materials appearing in
nature. Impurities trapped in ice originate from atmospheric
aerosols which are a mix of different species with a variety
of sources and transport history (Legrand and Mayewski,
1997). The major components are sea salt aerosols from the
interaction between the atmosphere, ocean and sea-ice, aeolian
dust particles from continental sources, acidic components—
mainly sulfate and nitrate, ammonium and other aerosols
related to specific events, e.g., carbonaceous aerosols from
biomass combustion (often referred to as black carbon) or
tephra and volcanic sulfate from volcanic activity. Relative
and absolute concentrations in this mixture underlie strong
temporal and spatial variations and their analysis can provide
information about past climate conditions, circulation patterns
and source distributions. Continuous Flow Analysis (CFA) and
Ion Chromatography (IC) deliver high-resolution concentration
profiles for many impurity components based on meltwater
samples. These methods became essential analytical tools in ice
core science (Röthlisberger et al., 2000a; Kaufmann et al., 2008).

Impurities present in the polar ice have been long discussed
with respect to their impact on the physical properties of the
ice. Deformation experiments on doped monocrystalline ice,
laboratory-made polycrystals as well as natural samples from ice
cores revealed that various species had an enhancing effect on
ice creep. However, the impurity concentrations, stresses and
time scales in these experiments in general differ significantly
from conditions present in nature, as these can hardly be
achieved in a laboratory. Paterson (1991) compiled an overview
of borehole deformation data and mechanical tests on ice cores
and summarized that glacial ice in simple shear deforms on
average 2.5 times faster than Holocene ice under the same

stress and temperature conditions. He concluded that the higher
deformation rates result from the development of strong crystal
preferred orientation (CPO) and small grain sizes in glacial
ice, which however were produced by high concentrations of
impurities—possibly chloride and sulfate ions. The link between
impurity content and ice microstructure as main driver for
differences in deformation rate was proposed already in earlier
studies. This was inspired by the frequently observed finer grain
sizes in impurity-rich layers (e.g., Fisher and Koerner, 1986).
Alley et al. (1986a,b) derived a theoretical basis of normal
grain growth in ice and the effect of extrinsic substances on
it. According to their analysis, concentrations of second phase
inclusions (i.e., solid particles, micro-droplets etc.) in natural ice
are too low to have a significant effect on grain growth via Zener
pinning (Smith, 1948). However, Durand et al. (2006) argued that
Zener pinning of micro-inclusions was strong enough, if particles
would accumulate at grain boundaries due to ongoing migration
recrystallization. Nevertheless, such a preferential distribution
of micro-inclusions could not be verified as a general case so
far (Faria et al., 2010; Eichler et al., 2017). Alley et al. (1986b)
concluded that impurities dissolved in grain boundaries would
significantly reduce grain boundary mobility (migration rate)
even at very low concentrations and thus could have a decisive
effect on the grain size. Segregation and solution of ions in
grain boundaries was promoted by Wolff and Paren (1984)
who suggested that electrical conductivity in ice was due to
electrolytic conduction through grain boundaries. High impurity
concentrations in grain boundaries and triple junctions would
decrease the pressure melting point and lead to melting in veins
and thin films along grain boundaries. Rempel et al. (2001)
argued for the presence of liquid water in grain boundaries,
suggesting that climate signals in ice cores may suffer from
gravitational displacement due to anomalous diffusion through
the vein network.While this may apply to temperate glaciers with
temperatures close to the melting point, the relevance of such
anomalous diffusion for ice sheets has not been ascertained for
polar ice cores and deserves further investigation.

The above considerations motivate fundamental questions:
Which species are abundant in which state (condensed second
phase or solution) and what is their location with respect
to the lattice and grain boundary network. Do some species
(which?) segregate at grain boundaries?Which impurities control
deformation rate of ice and in which way? To what extent are
impurities in turn affected by the deforming ice? In order to
approach these questions analytical techniques dedicated to solid
materials became important. Remarkable steps in this direction
are the applications of Raman spectroscopy, Energy-dispersive
X-ray spectroscopy (EDX) and laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) to glacier ice. Each
of these methods brings its own specifications and limitations
regarding sample preparation, spatial resolution and output
data. Thus, the results and interpretations regarding the above
questions vary significantly. Several studies reported the presence
of dissolved impurities in grain boundaries and triple junctions.
Mulvaney et al. (1988) found X-ray spectra of sulfur in triple
junctions using EDX. This was supported by Fukazawa et al.
(1998), who reported Raman spectra of nitrate and sulfate in
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triple junctions in ice samples with high acid concentrations.
Raman analyses carried out by Ohno et al. (2005, 2006) and
Sakurai et al. (2011) on the Dome Fuji ice core revealed that most
of the sulfate formedmicrometer-sized salt particles, in particular
sodium, magnesium and calcium sulfate. However, most of the
micro-inclusions were located in the grain interiors. Several EDX
studies (Cullen and Baker, 2001; Barnes et al., 2002; Baker,
2003; Barnes, 2003; Iliescu and Baker, 2008) reported traces of
sodium, chlorine and sulfur forming filaments at the sublimed
ice surface. Some of the filaments grew at sites where grain
boundaries and triple junctions intersected the surface. Della
Lunga et al. (2014) investigated the location of impurities using
LA-ICP-MS. While in impurity-rich layers (cloudy bands) there
was no preferential impurity distributions with respect to the
grain boundary network, in samples with lower impurity content,
some evidence was found for higher impurity concentrations
in the neighborhood of grain boundaries. However, LA-ICP-MS
does not allow to distinguish between dissolved impurities and
second phase inclusions.

Raman spectroscopy, being an optical technique, can acquire
Raman spectra from the inner part of the ice sample, typically
up to 1 mm below the specimen surface. Thus, surface
contamination, sublimation and redistribution of impurities on
the surface are irrelevant as long as the quality of the surface
allows appropriate focusing of the excitation laser into the
sample. The spatial resolution of a Raman microscope is on
the order of µm which makes it suitable for measuring micro-
inclusions, i.e., second phase inclusions typically of the size of
a few µm. In this study we used the cryo-Raman system at the
AlfredWegener Institute Helmholtz Centre for Polar andMarine
Research (AWI) to measure statistically relevant numbers of
micro-inclusions in three sections from the EDML ice core along
the transition from Marine Isotope Stage (MIS) 6 (penultimate
glacial) intoMIS 5e (last interglacial). The Raman analysis reveals
chemical and mineralogical composition of micro-inclusion in
a non-destructive way and without a need for melting the
ice samples. The combination with microstructure mapping
(Kipfstuhl et al., 2006) and impurity mapping (Eichler et al.,
2017) increased the efficiency of the Raman measurements and,
more importantly, allowed us to study spatial distributions of
micro-inclusions at larger scales and in the microstructural
context. Qualitative comparison of the Raman results with the
IC, CFA and DEPmeasurements allows us to approach questions
regarding the way of incorporation of different impurity species
in natural polycrystalline ice. We discuss possible interaction
scenarios between impurities and the deforming matrix.

2. MATERIALS AND METHODS

2.1. Sample Material
We analyzed three 10 cm long ice sections from the EDML ice
core (79◦00′ S, 0◦04′ E, elevation 2892m.a.s.l., Oerter et al., 2009;
Wilhelms et al., 2014) around the transition from the penultimate
glacial (MIS 6) into the last interglacial (MIS 5e). Sections 2371-4
and 2371-9 originate from bag 2371 (2370.4 and 2370.9 m below
surface) with approximate age of the ice of 129.8 ka (Veres et al.,
2013) which corresponds to early MIS 5e. Spatial distributions

of visible micro-inclusions in sections 2371-4 and 2371-9 were
presented and discussed in Eichler et al. (2017). Section 2392-2
(2391.2 m) is dated to 135.5 ka and thus originates from the end
ofMIS 6. The in-situ borehole temperature at this depth is around
−13 ◦C (Wilhelms et al., 2007) and this lower part of the ice sheet
is subject to significant horizontal shear stress (Weikusat et al.,
2017). In addition, several jumps in measured characteristics of
the ice (grain size, CPO, grain aspect ratio, bore hole geometry)
indicate profoundly different rheological behavior of the material
in this depth regime. Figure 1 shows grain structures of the three
analyzed samples measured on thin sections using an automatic
fabric analyzer and digital image processing (Eichler, 2013). The
two interglacial samples reveal large grains (mean grain area of
34.3mm2 and 38.7mm2 respectively, with largest grains reaching
several cm2) and c-axes distributed in a girdle. In contrast,
only 20 meters deeper the MIS 6 sample is characterized by fine
grains (mean grain area of 1.6mm2) and a highly developed
vertical single maximum in the c-axes distribution. The selected
region is thus of key importance to understand the deformation
mechanisms and their possible relation to impurities.

2.2. Sample Preparation
We used a standard procedure for preparation of thick sections
(typical thickness of 5–10 mm) as described by Kipfstuhl et al.
(2006). Both, the upper and the lower side of the section are
polished in a first step using a microtome. The lower side is
frozen to a glass plate using a thin water film. In order to obtain
maximal surface quality, the sample sublimates for several hours
under controlled temperature and humidity conditions. This
way microtome scratches and other disturbances erase from the
surface while grain-boundary grooves become more distinctive
and easier to detect. The very clear surface obtained by this
sublimation polishing is inevitable as it enables us to (1) locate the
micro-inclusions inside the sample volume in order to produce
impuritymaps for Ramanmeasurements and (2) as a prerequisite
to obtain high-quality Raman signals.

2.3. Micro-Inclusions
Micro-inclusions are micrometer-sized dust particles, salts and
droplets trapped in the ice matrix. They seem to be the most
common form of impurity incorporation in cold ice, since
ice, other than liquid water, is a bad solvent and rejects
most substances from its lattice. The condensed phase and
size of micro-inclusions are favorable for the application of
light microscopy and Raman spectroscopy to localize them and
to record their characteristic Raman spectra. We use a light
microscope with an automatic x-y-stage (Kipfstuhl et al., 2006)
to generate large area maps of micro-inclusions. The impurity
maps of sections 2371-4 and 2371-9 were previously presented
and discussed in Eichler et al. (2017). In this study we used these
maps to locate the previously found micro-inclusions with the
confocal Raman microscope and acquire their Raman spectra.
This approach is particularly efficient in samples with relatively
low impurity concentrations (2371-4 and 2371-9). Here the
search for micro-inclusions using the Raman system alone would
be very tedious. The combination of these two methods also
enables us to put the recorded Raman spectra in a larger spatial
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context, i.e., to study the distribution of different spectra along
the distance of several millimeters to centimeters.

2.4. Cryo-Raman
The Raman effect refers to inelastic scattering of light due to
excitation of vibrational modes of molecules or crystals. This
leads to a loss of the scattered light energy—the Raman shift—
which is specific for each vibrational mode. Raman spectroscopy
offers a unique analytical tool to analyze chemical impurities
in a non-destructive way. Being an optical technique it is best
suited to be applied to light-transparent materials—such as ice.
In combination with confocal optics the excitation laser can be
focused into a specimen’s volume segment as small as a few
µm3, typically up to 1 mm below the sample surface. This is
a clear advantage over surface-analytical methods, since many
disturbing factors can be neglected, such as surface pollution and
possible reactions and rearrangements of trace elements due to
processes at the surface or during melting or sublimation. The
backscattered light is collected with the same confocal optics
and conducted into the spectrometer in order to resolve its
spectral distribution. The probability for a photon to be Raman-
scattered is very low compared to elastic scattering (about 10−7).
Thus, high incident light intensities, long integration times and
sufficient concentrations of the analyzedmatter are needed. Since
the laser power is limited in order to avoid melting, precise
focusing and high quality of the prepared sample surface are the
determining factors to obtain a discernible spectrum.

The sizes of micro-inclusions in ice are typically close to
the optical resolution limit and they appear as single dots
with different shading on the image background. This makes
estimations of their shapes and volumes on the basis of themicro-
photographs hardly possible. Thus, the Raman spectra deliver
a rather qualitative information about the impurity content
without any access to their absolute concentrations. Ice itself is
also Raman-active so that ice spectrum is always superimposed
on the actual impurity spectra (Figure S1). In general, the
characteristic impurity peaks are well distinguishable from the ice
signal, however spectral regions with very strong ice-vibrational
bands are somewhat “hidden.” This applies especially for the O–
H vibrations of the ice molecules which can cover the O–H signal
of various hydrates. Luckily, the O–H vibrations in minerals are
often very strong and shifted to higher frequencies (e.g., gypsum),
so that they can be distinguished from the ice signal. In addition,
not all molecules exhibit Raman-active vibrational modes at all.
The most relevant case here is NaCl being the main part of
sea salt and thus present in relatively high concentrations in
polar ice. Due to the selection rules all the vibrational transitions
are forbidden and thus photons scatter only elastically. NaCl is
therefore Raman-inactive and cannot be identified using Raman
spectroscopy.

The Raman system used in this study is a WITec alpha 300
M+ combined with a NdYAG laser (λ = 532 nm) and a UHTS
300 spectrometer with a 600 grooves mm−1 grating. A more
detailed description of the system can be found in Weikusat
et al. (2015). The excitation laser, spectrometer and control unit
are at room temperature, while the microscope unit is placed
in the cold laboratory at −15 ◦C and connected through fiber

optics. The laboratory temperature is close to the in-situ borehole
temperature so that phase transitions due to different eutectic
temperatures are avoided. Furthermore, this setup enables to
perform sample preparation in the same cold room where
the microscope is placed. This is a clear advantage over the
use of a cryo-cell since exposure of samples to temperature
gradients and moisture can be completely avoided. Only in this
way the carefully prepared sample surface can be preserved
during mounting on the microscope stage and protected from
moisture deposition.

2.5. DEP, CFA, and IC
For the comparison with the Raman results, we here present
impurity concentration, conductivity and particle concentration
measurements from the EDML deep ice core from 2370 to 2394
m depth. Dielectric profiling (DEP) conductivity was measured
continuously along whole core sections (data published here for
the first time). Electrolytic conductivity, Ca2+ concentration and
number of particles were measured continuously in millimeter
resolution during the EPICA Dronning Maud Land (EDML)
campaign using continuous flow analysis (CFA). Parts of the
particle-concentration dataset have been published in Wegner
et al. (2015), the conductivity and Ca2+ profiles are presented
here for the first time. Due to dispersion in the CFA system
the nominal resolution of the data is about 1 cm. Using sample
fractions from the CFA, the ion concentrations of Na+, Cl−,
Mg2+, Ca2+, SO2−

4 and NO−

3 were measured discretely with ion
chromatography (IC) at AWI Bremerhaven (data presented here
for the first time).

DEP measures the electrical conductivity on ice cores
continuously and non-destructively. The instrument consists of
two aluminum shells as capacitors, acting as electrodes. An
electric field is generated across the ice core diameter from which
the real and imaginary part of the relative permittivity is obtained
and the latter converted into conductivity (Wilhelms et al., 1998).
The genesis of the DEP signal has been discussed previously (e.g.,
Moore et al., 1992).

CFA is a contamination-free, high resolution method to gain
information about impurity concentrations in ice cores. A cross
section of the ice core is melted on a heated metal block
where only the inner part of the ice is analyzed in sensors
downstream of the melt flow. The CFA system used in this study
was developed at the University of Bern and is described in
detail elsewhere (Röthlisberger et al., 2000a; Kaufmann et al.,
2008). Precision of the CFA measurements is typically better
than 10% for the entire studied concentration range, due to
the completely contamination-free sampling of the CFA analysis.
Here we present the continuous high-resolution data of dissolved
Ca2+, electrical conductivity and the amount of undissolved
particles (Wegner et al., 2015). Sample fractions were collected
in 5 cm resolution for further discrete analysis with IC.

Ion chromatography is commercially available and well
established for the measurement of ions in ice cores (Wolff
et al., 2006; Fischer et al., 2007; Ruth et al., 2008). For this
study a Dionex IC2100 system was used. Anion measurements
were conducted with a potassium hydroxide (KOH) eluent
using a Dionex AS 18 (2mm) separation column. A methane
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FIGURE 1 | Different grain sizes and c-axis orientations in the three sections selected for Raman analysis. (A) section 2371-4. (B) section 2371-9. (C) section 2392-2.

The pole figures represent stereographic projections of the average c-axis orientations (one point per grain) onto the horizontal plane. (D) legend indicating the

orientation of the main ice core axis, scale bar and color code for the orientation of c-axes projected onto the horizontal plane. White color indicates c-axis aligned

along the ice-core axis (vertical direction).

sulfonate (MSA−) eluent was used to conduct the cation
measurements using a Dionex CS12a (2mm) separation
column. The uncertainty of the IC analysis is estimated
to be better then 5%, the reproducibility was estimated
to be better than 10% for glacial concentrations, however,
can deteriorate at low concentrations, e.g., interglacial
Ca2+ (Fischer et al., 2007; Ruth et al., 2008).

3. RESULTS

3.1. IC, CFA, and DEP
Figure 2 compares various impurity signals within a 24 m long
profile (2370–2394 m) along the transition between MIS 5a and
MIS 6, which includes bags 2371 and 2392. The first panel
compares electrical conductivities measured by DEP (blue)
and CFA (black). Both signals represent a total contribution
of all impurities, however each of them is formed due to
different physical processes. While electrolytic conductivity in
the meltwater (CFA) is a function of the amount of dissolved
ions, the electric charge transfer in ice (DEP) is governed by
protonic defects and their mobility through the crystal (Jaccard
theory). This must be taken into account in order to explain the
different behavior along the transition. While CFA conductivity
shows an increase of a factor 2-3 in the MIS 6 part in line
with the higher ion concentrations, the DEP conductivity keeps
average values similar to MIS 5e. Both electrical conductivities
correlate relatively well on the centimeter scale. However the
CFA signal shows strong peaks on the millimeter to centimeter
scale which are not reflected in the DEP signal. In some cases the
DEP conductivity even shows an anti-correlating behavior. These
narrow peaks, which only occur in the electrolytic conductivity,
are clearly an effect of impurities dissolved in the meltwater
(possibly Ca2+), which however in the frozen state do not
contribute to the dielectric properties.

The climatic transition is characterized by a gradual change in
the concentration of virtually all relevant impurity components.
Insoluble dust (CFA, number of particles per ml of meltwater)
is the most prominent example showing the highest contrast
between the glacial and interglacial part. While in the upper
part (MIS 5e) the number of particles oscillates roughly around
1.5 · 103ml−1 with highest peaks reaching 1.5 · 104ml−1, average
concentrations of 1.3 · 105ml−1 and peaks with 2.5 · 105ml−1

are reached below the transition. This represents an increase of
two orders of magnitude and is consistent with previous reports
(Wegner et al., 2015). The CFA Ca2+ shows a similar signal
as the CFA dust with well correlated peaks. This suggests that
major parts of calcium are of non-sea salt origin (nssCa) as
discussed further below, and shares similar sources and transport
paths with aeolian dust. The CFA and IC results are in a good
agreement and the difference in Ca2+ concentration above and
below the transition is approximately one order of magnitude.

The six main ions measured by IC are Cl−, Na+, Mg2+,
Ca2+, SO2−

4 and NO−

3 (lower three panels of Figure 2). All IC
signals show a concentration increase toward MIS 6, however
with varying slopes. The major sea salt components Cl−, Na+

and Mg2+ correlate with each other and the contrast between
MIS 5e and MIS 6 concentration is around a factor of 20 (see
Table 2). The SO2−

4 shows a variable signal. The most prominent
peaks correlate with peaks in the DEP conductivity, as expected
from earlier studies (Moore et al., 1991). The concentration
of SO2−

4 rises by a factor 4 across the climatic transition. In
contrast the NO−

3 concentration reveals a relatively stable signal
(around 40 ppbw in MIS 5e) without any significant peaks and a
concentration increase by only a factor 2 across the transition.

3.2. Raman Results
We analyzed in total 290 micro-inclusions within the three
measured samples. The Raman spectra of 183 (63%) micro-
inclusions could be identified using reference spectra. 12
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FIGURE 2 | DEP, CFA, and IC data along the transition between MIS 5a and MIS 6 (2370–2394 m). The positions of bags 2371 and 2392 are marked. The

concentrations of solid particles have been previously presented by Wegner et al. (2015), all other datasets are presented here for the first time.

(4%) micro-inclusions showed Raman spectra which could
not be identified. In 19 (7%) cases the signal was disturbed
by strong luminescence and 76 (26%) micro-inclusions
showed no signal at all. In order to maximize the signal-to-
noise ratio we varied the integration time typically between
2.5 and 5 seconds per accumulation and the number
of accumulations between 10× and 20×. However, the
total acquisition time per micro-inclusion was limited by
the cumulative heating of the particles, which would in
extreme cases cause local melting or even destruction of
the particles.

Table 1 presents the identified impurity species and their
absolute numbers in the three analyzed sections. We can
differentiate between a group of numerous sulfates vs. other
minerals often called mineral dust. Most spectra in this group are
the three silicates: quartz, mica and feldspar. We also identified
a few iron oxides and titanium oxides (hematite, anatase), which
also contribute to this group. Carbonaceous particles have been
found in form of pure graphite as well as carbon-sulfate mix.

Sulfate particles are relatively easy to detect due to the intense
ν1 vibrational mode of the SO4 molecule. However, further
determination of exact specie depends on the quality of the
spectra. Thus, a significant number of sulfate inclusions could
not be further specified and are referred to as unspecified
sulfates. Within the fully identified sulfate spectra, sodium sulfate
(possibly thenardite, Na2SO4) and gypsum (CaSO4 · 2H2O)
represent the most abundant species. Another frequently
observed spectrum showed a very good match with the reference
spectra of jarosite ((Fe, K) SO4).

Figure 3 shows the relative occurrence of the identified species
within all three samples. There is a clear difference between ice
from the warm period (2371-4 and 2371-9) and the glacial ice
(2392-2). First, impurity concentrations from the cold period
are much higher than in warm-period ice. In the case of dust
concentration this implies to a factor 100 more particles in glacial
ice. Second, two thirds of micro-inclusions in the glacial sample
are insoluble dust particles and one third are sulfates - mainly
gypsum particles. In contrast, the warm period ice contains
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TABLE 1 | Raman spectra of micro-inclusions detected in the analyzed ice sections.

Mineral Formula Characteristic wavenumbers (cm−1) 2371-4 2371-9 2392-2

No spectra – 23 44 9

Spectra not identified – 4 2 6

Luminescence – 3 0 16

Sulfates:

Unspecified sulfate salt XSO4 26 43 0

Bloedite Na2Mg
(

SO4
)

2 · 4H2O 991 0 0 1

iron–potassium sulfate (Fe, K)SO4 439, 1010, 1110 10 3 0

sodium sulfate Na2SO4 990 37 3 1

Gypsum CaSO4 · 2H2O 1012, OH: 3410, 3498 0 13 12

Mineral dust:

Anatase TiO2 142, 394, 514, 638 0 1 0

Hematite Fe2O3 230, 297, 1325 1 1 0

Carbonaceous particles C 1360, 1605 0 0 5

Feldspar (group)
(

Ba,Ca,Na, K,NH4
) (

Al, Si
)

4 O8 477, 506 0 0 8

Mica (group)
(

K,Na,Ca, NH4, ...
)

Al2
(

Si3Al
)

O10
(

OH
)

2 406, 700, OH: 3625 0 0 6

Quartz SiO2 464 2 0 9

Total number per section 106 110 74

Characteristic peak wavenumbers are listed in column 3. Columns 4, 5, and 6 show absolute numbers of the different micro-inclusions measured in sections 2371-4, 2371-9, and

2392-2 respectively.

FIGURE 3 | Relative concentrations of identified species in percent within each sample. Different color families are used to distinguish between sulfate inclusions and

mineral dust— cold colors for insoluble dust and rather warm colors for sulfates. While in the interglacial samples sulfate salts form 96% of the micro-inclusions, in the

glacial ice mineral dust is most prevalent.

around 96% sulfate inclusions and only a minimal fraction,
around 4%, of insoluble dust. The most frequent species in
2371-4 is Na2SO4 followed by the group of unspecified sulfates.
In 2371-9, unspecified sulfates are most prevalent, followed by
gypsum particles (CaSO4 · 2H2O). Representative examples of
the different Raman spectra are shown in Figure S2.

3.3. Impurity Distribution
Micro-inclusions are distributed rather heterogeneously through
the polycrystal. This is evident from their positions in the
impurity maps (Figures 4–6) as already stated in Eichler
et al. (2017). Micro-inclusions form areas of higher and lower
concentrations and tend to align in horizontal bands which
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extend over grain boundaries. The double horizon in section
2371-9 (Figure 5B) is a clear example of such layering. At
the sub-millimeter scale, small groups and chains of micro-
inclusions are frequently observed. The Raman spectra reveal no
separation patterns or preferred grouping of individual chemical
compounds. The different species seem to be well mixed within
the analyzed areas.

We found no significant relationship between the positions
of micro-inclusions and the grain boundary network neither
in the glacial nor interglacial samples. The implications for
the interaction between grain boundaries and micro-inclusions
(Zener pinning and drag) have been discussed in Eichler et al.
(2017). The Raman analysis shows that also compositions of the
particles are independent of the distance from grain boundaries.
When acquiring Raman signal directly from grain boundaries
and triple junctions, only the ice signal could be detected,
without any spectra indicating dissolved impurities. However,
such attempts were limited only to measurements on the
sample surface, since grain boundaries are invisible in the bulk
by default.

4. DISCUSSION

4.1. Raman Analysis
We identified the composition of 63% of the measured micro-
inclusions. The remaining 37% measurements showed either no
signal at all, were disturbed by luminescence, or exhibited an
unidentified Raman spectrum. A reliable phase identification is
dependent on the quality of the acquired spectra. For instance
in the case of sulfates, many phases exhibit a very intense main
band (ν1 mode of the SO4 molecule) around the same Raman
shift and can only be identified, if the minor lattice vibrations are
also resolved. The quality of the Raman signal strongly depends
on the size of each individual micro-inclusion, on the quality of
the sample surface, particle–surface distance and other factors.
Micro-inclusions without any signal can be attributed either
to Raman-inactive species such as NaCl or to cases where the
excitation laser focus missed the target. In both cases only ice
spectrum could be recorded.

Among the 183 identified micro-inclusions sulfates dominate
the statistics. In the MIS 5e samples (2371-4 and 2371-9) they
represent 96% of micro-inclusions. This is in agreement with
previous studies by Ohno et al. (2005, 2006) who found sulfate
salts being the major micro-inclusions in Dome Fuji. Sodium
sulfate was previously reported by Ohno et al. (2006) in form
of mirabilite. The peak positions in our spectra as well as the
absence of the O–H peak indicate rather the anhydrous phase
thenardite in our samples. However, the O–H vibration may be
hidden by the ice O–H bands so that this argument is not very
strong. In contrast, the O–H band of gypsum (CaSO4 · 2H2O) is
visible in a number of its spectra so that the phase identification
is certain. We identified for the first time iron–potassium sulfate
((Fe, K) SO4) in ice using Raman spectroscopy. The spectra
showed a very good match with the reference spectra of jarosite.
Jarosite was curiously identified by Baccolo et al. (2018) within
dust particles in deep ice from Talos Dome. The formation of
jarosite in icy environments on Mars was discussed by Michalski

and Niles (2011). We also detected a few particles with relatively
good match to the spectra of bloedite (Na2Mg (SO4)2 · 4H2O).
The unspecified sulfate particles are attributed to at least two
different Raman spectra (see Figures S2K,L), both with the SO4

symmetric stretching mode ν1 at 989 cm−1. Possible candidates
are sodium-aluminum sulfate

(

Na, Al
)

SO4, magnesium sulfate
MgSO4, ammonium sulfate (NH4)2 SO4 and similar, or mixtures
of these.

The number of dust particles detected in the interglacial
samples are relatively low–2 quartz particles, 2 hematite and
1 anatase. This is in accordance with the low concentrations
of dust in the CFA profile. In contrast, the MIS 6 sample
(2392-2) contains almost two orders of magnitude higher
concentrations of mineral dust (105 particles per ml, CFA). This
reflects conditions characteristic for glacial periods, namely low
accumulation rates in combination with high atmospheric dust
content. This is also reflected in the spectra statistics, which
is dominated by crust-forming silicates – quartz, mica and
feldspar. Interestingly, Ca-containing crustal minerals, such as
Ca-plagioclase and Ca-carbonates are completely missing. This
could result from the insufficient number of measured spectra in
the “dusty” MIS 6 sample. However, another explanation could
be that postdepositional changes in the composition of mineral
dust occurred as suggested by Baccolo et al. (2018), e.g., due
to exposure to strong acids like H2SO4. The abundant gypsum
particles could be a byproduct of such changes. The discussion
below reveals some indications for similar changes affecting also
the sea-salt aerosols.

4.2. Ion Balance
The ionic composition of the water-soluble impurities can
be assessed using ion chromatography (IC). Table 2 presents
concentrations measured by IC in bags 2371 and 2392 (column
2 and 3). Values are averaged along one meter. Molar masses
(column 4) are used to calculate molar concentrations for each
ion (column 5 and 6). Taking sodium as sea-salt reference
and using standard sea-salt ionic ratios (column 7) we can
estimate the expected sea-salt (SS) and non-sea-salt (NSS)
contribution for each ion (column 8 and 9). All ions reveal
an increase of concentration from bag 2371 (MIS 5e) to bag
2392 (MIS 6). Furthermore, the concentration ratios between
individual compounds differ significantly between the glacial
and interglacial ice.

In bag 2371 nitrate and sulfate are the major ions with 7.01 ·
10−7mol kg−1 and 6.22 · 10−7mol kg−1 respectively, followed
by chloride (3.63 · 10−7mol kg−1). The cations Na+, Ca2+ and
Mg2+ are present in significantly lower concentrations resulting
in an overall acidity of the ice. On the contrary, Cl− and Na+

dominate the ion budget in bag 2392 with molar concentrations
of 6.13 · 10−6mol kg−1 and 5.27 · 10−6mol kg−1 respectively.

In both segments, Cl−, Na+ and Mg2+ match very well the
sea-salt ion balance and can be considered to originate almost
entirely from sea-salt, being transported to the Antarctic plateau
in form of NaCl, MgCl2 and their mixtures. This is also reflected
in the correlated signals of these three components in Figure 2.
On the contrary, the concentrations of SO2−

4 and Ca2+ exceed the
seawater balance about an order of magnitude. This is consistent
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FIGURE 4 | Detail of section 2371-4 (2370.408–2370.455 m): (A) high resolution CFA profile showing Ca2+ concentration and number of insoluble particles.

(B) Impurity map with three rectangular areas of interest. White circles represent positions of individual micro-inclusions presented in Eichler et al. (2017). Colored

circles indicate micro-inclusions analyzed with the Raman system. Blue bands indicate positions of grain boundaries at the focus depth of the micro-inclusions. Black

objects in the image are effects of ice relaxation: small elliptical micro-bubbles which tend to form close to grain boundaries and larger hexagonal planar lattice defects

often called the plate-like inclusions. (C) detail of area 3 with a chain of micro-inclusions. A plate-like inclusion (black, upper left corner) can serve as a marker of the

crystallographic lattice orientation. (D) detail of two micro-inclusions from area 3. The sodium sulfate particle (left) exhibits an exceptionally large size. Its elongation

direction seems to coincide with the basal plane of the ice crystal.

with their non-sea-salt origin at the EDML site. The main SO2−
4

sources are marine biogenic sulfur (Kaufmann et al., 2010) and
stratospheric sulfate deposits, whereas most Ca2+ is transported
together with continental dust and is often used as a dust proxy
(Ruth et al., 2008).

The imbalance between major anions and cations can be
expressed in the concentration of excess protons H+ following

Eq. 1. The concentrations of other ions such as NH+

4 and MSA−

in our samples are very low so that their contributions to the
overall acidity can be neglected.

[

H+
]

=

[

NO−

3

]

+2
[

SO2−
4

]

+
[

Cl−
]

−
[

Na+
]

−2
[

Ca2+
]

−2
[

Mg2+
]

(1)

Despite the different ionic concentrations and ratios between
bag 2371 and 2392, the H+ concentrations reveal very similar
values in both bags (Table 2, last row). Thus, the ice acidity
is nearly constant across the transition between MIS 5e and
MIS 6 and is indeed consistent with the DEP conductivity signal
(Figure 2).

4.3. Sulfate
The Raman analysis revealed that sulfate particles form a
dominant part of micro-inclusions in our samples. In the
interglacial samples they represent 96% of all identified spectra.
This result is consistent with similar observations by Ohno
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FIGURE 5 | Detail of section 2371-9 (2370.915–2371.0 m): (A) high resolution CFA profile showing Ca2+ concentration and number of insoluble particles. (B)

impurity map, white circles represent positions of individual micro-inclusions presented in Eichler et al. (2017). Colored circles indicate micro-inclusions analyzed with

the Raman system. Blue bands indicate positions of grain boundaries at the focus depth of the micro-inclusions. A horizontal double layer of micro-inclusions at

2370.95 m correlates with a strong peak in the CFA profiles. (C) detail of the double layer with area of interest selected for the Raman measurements in the upper

horizon. (D) zoom into the upper horizon. (E) raman spectra of three selected micro-inclusions in the upper horizon.

et al. (2005, 2006) in the Dome Fuji ice core. We cannot
confirm observations by Fukazawa et al. (1998) who suggested
presence of sulfuric acid in aqueous solution along grain
boundaries and triple junctions leading to a network of liquid-
filled veins (Rempel et al., 2001). Ionic concentrations in our

samples (Table 2) reveal a sufficient amount of cations as
reaction partners to form sulfate salts. Accordingly, most SO2−

4
precipitates in form of micro-inclusions rather than liquid
H2SO4 solution. This, however, can be different in ice with
extremely high sulfate concentrations.
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FIGURE 6 | Impurity map in section 2392-2 (2392.26 m). The impurity

analysis of the MIS 6 sample was restricted to an area of approximately

8× 8 mm2. White circles represent positions of individual micro-inclusions.

Colored circles indicate micro-inclusions analyzed with the Raman system.

Gray circles represent micro-inclusions with strong luminescence. Blue bands

indicate positions of grain boundaries at the upper surface, approximately 300

microns above the focus depth of the micro-inclusions.

4.4. Nitrate
The main sources of NO−

3 remain uncertain, however it is a
major impurity component in Antarctic ice (Röthlisberger et al.,
2000b). As shown in Table 2, it represents the most abundant ion
in terms of molar concentration in the two interglacial samples
(bag 2371) and similar concentrations are found also in the
glacial part (bag 2392). This is apparently in contradiction to the
Raman analysis. In fact, not even one micro-inclusion showed a
spectrum that could be clearly attributed to a nitrate salt. This
discrepancy may be explained by the relatively high excess of
trace anions. In an acidic environment the three main acids—
HNO3, H2SO4 andHCl—compete to react with the relatively low
amount of cations. Sulfuric acid is the most reactive one being
able to replace the other acids in their salts (Iizuka et al., 2008).
Thus, the final product are various sulfate salts forming micro-
particles as shown in the Raman data. However, this does not
explain what happens with the nitrate which remains present
in the ice, as obvious from the IC measurements. If micro-
droplets of concentrated HNO3 would form, they should be
easily detectable with the Raman-microscope. It seems to be
conclusive that nitrate ions are present rather in a dissolved form

than a condensed phase. This is in agreement with experimental
results by Thibert and Dominé (1998) who suggested HNO3

(with relatively high diffusion coefficient: D = 2 · 10−11 cm2 s−1

at −32 ◦C) forming solid solution in ice. The mean migration
distance of NO−

3 after 129 ka would be around 9 cm which would
fade away any seasonality in the nitrate signal in our samples.
Indeed, the IC profile (Figure 2) shows a very stable NO−

3 signal
without any distinctive peaks or other kind of variability.

4.5. Chloride
The case of HCl may be similar to HNO3, albeit complicated
by the fact that hydrochloric acid and its most prominent salt—
NaCl—do not possess a Raman-active mode. Thus, the Raman
data do not provide any direct information about the form or
location of chloride in ice. The IC data in Table 2 indicate that
the Cl− concentration in our samples resembles the sea-salt
Cl−/Na+ ratio, meaning that no significant loss of Cl− occurred
since deposition. However, the high amount of Na2SO4 spectra
indicates that a considerable part of Cl− was replaced from the
sea-salt by sulfate. This could occur in a direct reaction with
sulfuric acid (2) or over several steps, e.g., via (3) and (4).

2NaCl+H2SO4 → Na2SO4 + 2HCl (2)

NaCl+HNO3 → NaNO3 +HCl (3)

2NaNO3 +H2SO4 → Na2SO4 + 2HNO3 (4)

The final product of these reactions is the formation of Na2SO4

and release of HCl. According to the phase diagram by Thibert
and Dominé (1997) the amount of chloride present in our
samples could easily form solid solution even if all the NaCl
was converted into Na2SO4. The diffusion coefficient of HCl
in ice estimated by Thibert and Dominé (1997) is of the
order of 10−12 cm2 s−1. This would lead to an average distance
of 2 cm after 129 ka. Taking ice thinning into account the
Cl− signal should be well preserved even at 2400 m depth.
This is in agreement with the IC profile which shows a good
correlation between the Cl− and Na+ signals. Our Raman results
in combination with the ion balance from IC are overall in a
good agreement with chemical compositions of salt inclusions
predicted by Iizuka et al. (2008).

4.6. Solid Solution
The presence of excess anions in the studied samples raises
questions on their incorporation and distribution in the ice. This
will mainly depend on the amount of energy needed for their
incorporation. It has been postulated that ions with rather small
ionic radii such as F− and Cl− should be able to substitute
water molecules in the ice lattice. The incorporation of one HCl
molecule for instance would introduce a Bjerrum L defect and
an H3O

+ ionic defect into the lattice (Petrenko and Whitworth,
1999), both being electric charge carriers. If a significant amount
of HCl were available—e.g., due to reaction (2)—the electrical
properties would change radically. Thus, the DEP conductivity
in Figure 2may not be directly linked to the SO2−

4 concentration
as apparent from its curve shape, but rather to the amount
of dissociated Cl− which, however, depends on SO2−

4 via (2),
(3) and (4).
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TABLE 2 | Mean IC concentrations within two one-meter-long ice core segments (bags) which envelope the studied samples.

Mass fraction (ppbw) Molar mass (gmol−1) Molar concentration (mol kg−1) X/Na sea-salt SS fraction

Bag 2371 2392 2371 2392 2371 2392

NO−

3 43.47 75.65 62.005 7.01 · 10−7 1.22 · 10−6

SO2−
4 59.78 212.30 96.061 6.22 · 10−7 2.21 · 10−6 0.252 4514% 695%

Cl− 12.88 217.44 35.453 3.63 · 10−7 6.13 · 10−6 1.8 136% 100%

Na+ 5.25 121.14 22.989 2.29 · 10−7 5.27 · 10−6 1 100% 100%

Ca2+ 4.21 57.57 40.078 1.05 · 10−7 1.44 · 10−6 0.038 2111% 1251%

Mg2+ 0.90 25.36 24.305 3.72 · 10−8 1.04 · 10−6 0.12 143% 174%

H+ 1.80 · 10−6 1.54 · 10−6

Bag 2371 (2370–2371 m) originates from MIS5e, Bag 2392 (2391–2392 m) from MIS6. Sodium concentrations are used as reference for the calculation of sea-salt fraction for each ion.

Larger molecules are not compatible with the dimensions of
the ice lattice and thus cannot substitute water molecules at
the lattice sites. They represent high-energy lattice defects and
therefore are likely to accumulate at regions of high energy, such
as grain boundaries, subgrain boundaries, triple junctions and
other impurities. Thibert and Dominé (1997, 1998) suggested
that diffusion through low angle grain boundaries was important
for both—Cl− and NO−

3 . Dissolved ions in grain boundaries and
triple junctions are likely to affect several of their characteristics,
in particular the mobility (Alley et al., 1986b) and molecular
structure via enhanced premelting (Rempel et al., 2001). The
absence of Raman signal in grain boundaries and triple junctions
suggests that concentrations of Raman-active molecules in the
grain boundary network are significantly lower than reported by
e.g., Fukazawa et al. (1998). This does not apply to mono-atomic
ions and Raman-inactive molecules, which could still reside in
the grain boundaries. However, liquid water phase caused by
enhanced premelting should be well distinguishable from the ice
Raman spectra, which was not the case.

4.7. Transport, Mixing, and Reactions
The comparison of Raman results with concentrations of major
ions (IC) indicates that mixing and chemical reactions occurred
since deposition of the different impurities. It is difficult to
guess when or in which depth these processes occur. It is
likely that many chemical processes take place already in the
aerosol phase, during precipitation or shortly after it, during
snow metamorphism. Porous snow with its large surface area,
temperature gradient and light penetrating the upper layers
offers a highly reaction-friendly environment for many species
(Dominé and Shepson, 2002; Bartels-Rausch et al., 2014).
Postdepositional losses of MSA−, NO−

3 and Cl− have been
investigated by Weller et al. (2004) at the EDML site. In contrast
to sites with low accumulation rate there was no significant Cl−

loss with depth in the EDML snow. The Cl/Na ratio persisted
close to the sea-salt value. The authors suggested that the main
part of Cl− was located inside the ice crystals in form of NaCl
isolated from the other reacting agents. This again would suggest
that reactions with other acids (see section 4.5) would occur later
on, possibly when the pores have already been closed off and the
ice was formed.

Below the firn–ice transition impurities are trapped at
their locations and the transport and reaction dynamics is
reduced significantly. In a completely static matrix the transport
of impurities is controlled exclusively by diffusion due to
thermic fluctuations. However, as ice deforms it provides more
opportunities for mixing and reactions between impurities. Two
important flow-related processes are: (1) Accumulation and
drag of dissolved impurities by migrating grain boundaries
(GB) due to dynamic recrystallization and grain growth. The
longer the distance covered by the GB migration, the more
dissolved ions can accumulate in it, react with each other and,
eventually, precipitate in form of newly formed salt particles.
Such micro-particles would be left behind because of their low
mobility. (2) Strain in a deforming ice polycrystal distributes
highly heterogeneously (Jansen et al., 2016; Llorens et al.,
2016; Steinbach et al., 2016) forming localized bands of high
strain and strain rate. Under simple shear conditions these
shear bands align at low angles to the horizontal shear plane
(Llorens et al., 2016), which typically also corresponds to the
orientation of the isochrones. Impurities located in such shear
bands are exposed to higher mechanical mixing rates, however
without a necessarily disturbing effect on their chronology.
Both mechanisms could be relevant for mixing of dissolved
impurities and the formation of new micro-inclusions with
increasing depth as suggested by Faria et al. (2010). This could
also partly explain their characteristic spatial distributions on the
micro-scale, i.e., the frequently observed chains and groups of
micro-inclusions (e.g., Figure 4B).

4.8. Deformation of Ice
As shown in previous studies (Fisher and Koerner, 1986; Dahl-
Jensen and Gundestrup, 1987; Paterson, 1991; Cuffey et al.,
2000), impurity-loaded ice in simple shear deforms in general
more readily than clean ice. Ambiguous results have however
been observed possibly due to oversimplified assumptions on
large-scale deformation geometry (plain strain vs. shear) and
the interaction with anisotropic ice (Paterson, 1983). It is thus
worthwhile discussing the actual processes under the likely
deformation kinematics. The samples discussed here originate
from depths 2370 m and 2392 m, i.e., deep enough in the lowest
third of the ice sheet where simple shear due to interaction
with bedrock is already expected to dominate the deformation
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(Dansgaard-Johnsen model). Numerical ice sheet modeling of
the EDML site predicts the onset of simple shear below 1700
m and further increase of horizontal shear around 2400 m
(Weikusat et al., 2017). The MIS 6–5e transition is characterized
by the highest spatial gradient of impurity concentration along
the entire ice core. Thus, we can expect a different rheology
for the two neighboring parts—the interglacial, clean ice being
the “harder” and the glacial, impurity-loaded ice the “softer”
layer for shearing. Recent measurements of the EDML borehole
deformation, which will be published elsewhere, indeed suggest
such a behavior (Jansen et al., 2017).

Investigations of the effect of impurities on the deformation
rate of ice often differentiate between dissolved impurities (ions)
vs. second phase inclusions (micro-inclusions) (Alley et al.,
1986a,b; Alley and Woods, 1996; Gow et al., 1997; Cuffey et al.,
2000; Durand et al., 2006). Furthermore, it is distinguished
between a direct effect on the single ice-crystal plasticity
(Jones, 1967; Glen, 1968; Jones and Glen, 1969; Petrenko and
Whitworth, 1999) vs. the interaction between impurities and
grain boundaries (Alley et al., 1986a; Humphreys and Hatherly,
2004; Durand et al., 2006; Eichler et al., 2017). The latter has
been suggested as responsible for the frequently observed high
impurity content correlating with small grains sizes (Fisher and
Koerner, 1986; Paterson, 1991). Impurities either in particulate
or dissolved form would slow down grain boundary migration
and grain growth. According to Paterson (1991), fine-grained ice
in simple shear tend to develop strong CPO faster than coarse-
grained ice. Other authors (e.g., Cuffey et al., 2000; Goldsby and
Kohlstedt, 2001) propose other grain-size sensitive deformation
mechanisms acting on the micro-scale.

Based on the results presented above following conclusions
can be drawn: The amount of dissolved impurities is rather
small, since most cations and anions react together forming
salt inclusions. Nitrate represents an exception, as demonstrated
through its absence in the Raman records and thus is likely
to enter in solid solution. However, the concentrations in
MIS 5e and MIS 6 are very similar, so that NO−

3 is rather
unlikely to be responsible for such dramatic differences in
microstructure (Figure 1) and rheology. Solid solution of
chloride, which introduces protonic defects into the ice lattice
and thus increases mobility of dislocations (Petrenko and
Whitworth, 1999), depends on the concentration of other
major acids to replace Cl− in the sea salt. As shown in
Table 2, the acidities in both parts of the ice core are very
similar, so that the role of dissolved Cl− may be rather minor
as well. However, the concentration of NaCl itself increases
by a factor 20 from MIS 5e to MIS 6. Thus, depending on
its phase and spatial distribution, which are inaccessible to
the Raman analysis, NaCl could have a significant effect
on ice physical properties. Micro-inclusions, which represent
the most common form of impurities in ice, are another
major candidate responsible for the different properties of
glacial and interglacial ice. The number of insoluble particles
per volume unit increases by two orders of magnitude
along the climatic transition (Figure 2). However, the actual
mechanism must be further investigated, since contradictory
assumptions and observations are associated with our current

understanding of Zener pinning as the controlling mechanism
(Alley et al., 1986a; Durand et al., 2006; Eichler et al., 2017).

5. SUMMARY

In this study a combination of micro-cryo-Raman spectroscopy
and CFA, IC and DEP data was presented in order to investigate
the way in which chemical impurities integrate and distribute
in solid ice. This is another step toward a more holistic view
on ice cores, building a bridge between ice core chemistry and
physical properties of ice. Formore quantitative comparisons and
in order to improve the statistical significance, a higher number
of micro-inclusions covering larger areas should be investigated
in future studies. This is technically possible, however requires
further improvements of the focusing routine in order to reduce
the time between individual measurements.

The three studied EDML samples originate from the depth
range between 2370 m and 2400 m around the transition
from the penultimate glacial period MIS 6 to the early MIS 5e
and are characterized by immense differences in impurity
concentrations and compositions as well as crystal sizes and
orientations. While the glacial impurity concentrations are up
to several orders of magnitude higher than the interglacial ones
(e.g., dust), the average crystal area decreases by a factor 20.
The MIS 6 micro-inclusions are dominated by mineral dust
particles. On the contrary, 96% of the MIS 5e inclusions were
sulfate particles, mainly gypsum, sodium sulfate, iron–potassium
sulfate (likely jarosite) and other unspecified sulfates. We report
for the first time Raman spectra of mica, graphite, anatase,
hematite, possibly jarosite and bloedite in an ice core. The spatial
distributions of micro-inclusions are highly heterogeneous,
forming horizontal layers on the millimeter-scale and small
groups or chains of micro-inclusions on the micrometer-scale.
No preferential distribution of micro-inclusions with respect
to the grain boundary network could be determined, neither
in the interglacial nor in the glacial samples. Furthermore, no
Raman signal was detected, which would indicate the presence
of dissolved impurities in grain boundaries or triple junctions.
This puts the relevance of liquid-filled or acid-filled veins into
question, at least for concentrations and temperatures present
in our samples. Nevertheless, small amount of ions, e.g., as
referred by Alley et al. (1986a), could still segregate to grain
boundaries without being detected by the Raman microscope.
Also, NaCl—the main part of sea salt—has to be excluded
from our considerations, since it is inaccessible for Raman
spectroscopy, no matter in which phase.

The combination of Raman analysis of micro-inclusions with
the concentrations of major ions from IC demonstrates that the
way impurities incorporate into ice varies not only from species
to species, but rather depends on the overall ion budget, as
already suggested by Iizuka et al. (2008). This is evident from
the case of missing nitrate salts in the Raman spectra, which
we interpret as a result of reactions with stronger acids—mainly
H2SO4—leading to the solution of NO−

3 in ice. The presence of
Na2SO4 suggests that also a part of Cl− was expelled from the
sea-salt and possibly dissolved in the matrix, while the Na+/Cl−
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sea salt ratio stayed preserved. Similarly, the solid mineral-dust
aerosols seem to be affected by the acids, as suggested by the
absence of Ca-carbonate and Ca-plagioclase and the abundance
of gypsum instead. We conclude that some of these reactions
may take place after the deposition of the original aerosols.
The deforming ice matrix offers a number of mechanisms
which facilitate mixing and reactions between impurities on the
micrometer to millimeter scale, without necessarily disturbing
their chronology. Thus, our understanding of polar ice as a
frozen archive should be reconsidered. Whether a particular
impurity signal will be preserved at a certain depth depends on
the reactions it was involved in, their products and the mobilities
(or diffusion rates) of these products.

The link between impurities and enhanced deformation of
ice remains ambiguous, as well as the identification of the
responsible impurity species. Our results suggest that the two
major actors are likely to be micro-inclusions and sodium sulfate,
which is however invisible to the Raman spectroscopy. The
effect of dissolved ions might be rather minor, as most of them
react and precipitate in form of salt inclusions. The excess
ion concentrations are similar in both parts of the ice core.
Micro-inclusions represent the most common form of impurities
and experience the highest concentration gradient along the
climatic transition. However, the identification of the responsible
mechanism remains pending. In particular, future investigation
still need to resolve, whether characteristic microstructures such
as small grains and strong CPOs are the main drivers for
enhanced deformation, or its consequence.
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