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urity distribution in glacier ice
cores with LA-ICP-MS

Pascal Bohleber, *a Marco Roman, a Martin Šala b and Carlo Barbante ac

Impurity records in polar ice cores have provided invaluable insights into atmospheric aerosol

concentrations of the past environment. The investigation of the oldest, deepest and highly thinned ice

core layers is one of the most pressing tasks in today's state-of-the-art ice core research. This calls for

impurity analysis at high spatial resolution, which has to take into account post-depositional processes

through the interaction of impurities with the ice matrix. To this end, the technique of laser ablation

inductively-coupled plasma mass spectrometry (LA-ICP-MS) has shown great potential, which still

remains to be fully exploited, however. Here we demonstrate how the application of LA-ICP-MS for

imaging the impurity distribution in ice cores can be refined and strongly improved. A novel cryogenic

two-volume ablation chamber is paired with a rapid aerosol transfer system in order to achieve fast

washout times (34 ms). In so doing, we are able to analyze ice cores for the first time using next

generation LA-ICP-MS imaging techniques. The improved LA-ICP-MS method for ice cores offers not

only high scan speeds for single line profiles (around 1 mm s�1) but can also map the localization of

impurities at high spatial resolution (35 mm), at high speed and without imaging artifacts. This promises

not only new insights into the impurity distribution in glacier ice but also lays the ground for an improved

understanding of the LA-ICP-MS signal obtained from ice cores. As a result, LA-ICP-MS can deliver an

important contribution for retrieving future paleo-environmental records from highly thinned ice layers.
Introduction

Covering time-scales from decades to hundreds of millennia,
ice cores represent one of the cornerstones in today's state-of-
the-art paleoclimate research. The investigation of the oldest,
deepest and highly thinned ice core layers requires new high-
resolution techniques for their analysis. This is particularly
the case regarding a 1.5 million year-old record soon to be
recovered from Antarctica, with an expected sub-mm nominal
annual layer thickness1 exceeding the resolution capabilities of
standard methods. Originally pioneered for ice analysis almost
two decades ago,2 laser ablation inductively-coupled plasma
mass spectrometry (LA-ICP-MS) has recently re-emerged for
high-resolution trace element characterization of ice cores.3–5

Fundamental to establish the interpretation of the novel LA-
ICP-MS signals was the comparison with standard techniques
based on meltwater analysis, such as the continuous ow
analysis (CFA).6,7 By this means, the consistency between the
low frequency variability seen in LA-ICP-MS signals and the full
resolution meltwater analysis was demonstrated,8,9 which was
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extended also to the detection of annual layers by means of LA-
ICP-MS.10 As a next step, achieving a full understanding of LA-
ICP-MS signals, including the high-frequency components,
calls for a dedicated assessment of their relation to ice crystal
features. As a polycrystal, glacier ice generally consists of a large
number of individual crystals (grains), as well as associated
microscopic features such as grain boundaries and triple
junctions (i.e. the intersection of grain boundaries).11 At
a spatial resolution of more than 100 mm, it has already been
suggested that the LA-ICP-MS signals are inuenced by the
presence of such ice crystal features.4,9,12,13 In turn, this implies
that LA-ICP-MS can provide a tool for investigating the locali-
zation of impurities in the ice matrix, thereby supplementing
established methods such as energy-dispersive X-ray spectros-
copy,14,15 X-ray spectroscopy coupled with scanning electron
microscopy16 and cryo-raman microscopy.17,18 Understanding
impurity localization is not only signicant regarding post-
depositional alteration of ice core paleoclimate records19 but
also for the deformational20 and dielectric properties21 of glacier
ice. Recent advances in the laser ablation community have
made LA-ICP-MS into a particularly powerful technique for fast
imaging of comparatively large areas (cm � cm). Crucial steps
in this direction were the use of ablation cells dedicated to fast
washout22 as well as optimized lasing and ICP-MS settings in
order to avoid imaging artifacts.23 Here we report on our
approach to combine these state-of-the-art imaging techniques
This journal is © The Royal Society of Chemistry 2020
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for the rst time with a novel LA-ICP-MS setup dedicated to ice
core analysis. We aim to improve LA-ICP-MS for high-speed,
high-resolution impurity imaging on ice cores. Notably this
does not require a matrix-matched calibration, a complex task
for glacier ice.9 Through revealing the imprint of ice crystal
features, our overarching goal is to achieve an improved
understanding of the LA-ICP-MS impurity signals in ice cores.
Ultimately, the LA-ICP-MS imaging technique may provide
a rened tool to investigate the localization of impurities in ice
at unprecedented spatial detail.
Experimental
Instrumental setup

The LA-ICP-MS setup employed comprises a Thermo iCAP-RQ
quadrupole ICP-MS and a Teledyne CETAC Photon Machines
Analyte Excite ArF* excimer laser. The laser ablation system
contains a HelEx II 2-volume ablation cell on a high-precision
xy-stage. Helium was used as a carrier gas for aerosol trans-
port from the sample surface to the ICP-MS, with ow rates for
cell and inner cup tuned to maximize transport efficiency. As an
important modication with respect to previous LA-ICP-MS
studies performed on ice, the Aerosol Rapid Introduction
System (ARIS) was integrated. The ARIS is an add-on for Tele-
dyne CETAC Technologies laser ablation systems, capable of
further enhancing the aerosol washout to the millisecond
range.24 Before entering the plasma, the aerosol is additionally
mixed with Ar as a make-up gas in the ARIS mixing bulb. The
ICP-MS is equipped with quartz injector and torch, Ni cones and
high sensitivity insert. The signal acquisition was performed in
standard mode. Instrumental parameters were optimized for
best sensitivity in the whole mass range, and minimum oxides
(<0.5% as 232Th16O/232Th) for NIST 612 glass ablated with u-
ence 6 J cm�2, spot size 85 mm (circular), repetition rate 10 Hz
and scan speed 5 mm s�1. The ICP-MS operating parameters
adopted for ice analysis are reported in Table 1.

Regarding ice sample preparation and surface decontami-
nation established procedures4,9 were followed. A band saw was
used in a cold-room (�20 �C) to cut ice samples to a strip
geometry (8 � 2 cm). Thickness was then reduced to 1.5 cm
using a custom-built PTFE vice for ice scraping as well as
manual scraping, both utilizing a ceramic ZrO2 blade (American
Cutting Edge, USA). This included a fresh scraping for surface
decontamination before placing the sample into the cryogenic
sample holder and subsequent insertion into the HelEx II cell.
The custom-designed cryogenic sample holder uses the circu-
lation of a glycol–water mixture cooled to � 30 �C in a Julabo
Table 1 General settings and operating parameters of the LA-ICP-MS s

ICP-MS

Instrument Thermo iCAP-RQ
RF power 1550 W
Cooling gas ow 14 L min�1

Auxiliary gas ow 0.8 L min�1

Ar makeup gas ow 0.8 L min�1

This journal is © The Royal Society of Chemistry 2020
F34 chiller (Julabo GmbH, Germany). The Helium used as
carrier gas in the ablation cell is also pre-cooled through the
same chiller. Aluminium sample trays can be exchanged for
holding strips of ice, articial ice standards and certied
reference materials (CRMs) (Fig. 1). In order to avoid distur-
bance to the actual samples a thermocouple element was frozen
into an additional articial ice sample. The artical ice surface
temperature was monitored to remain at � (18 � 2) �C. This is
within the range of typical in situ temperatures of ice in the
deeper parts of the polar ice sheets.25
Optimization for impurity imaging of ice cores

Ablation of the NIST glasses served to set up the optimal
washout prole. To estimate washout performance, a total of 55
individual spots (35 � 35 mm squares) were ablated along the
NIST 612 standard, monitoring 238U at 1 ms dwell time. The
average width of the peaks results in 27 and 34 ms washout
time, evaluated using the 0.1 and 0.01 full width maximum
criterion, respectively. The LA-ICP-MS parameters were adjusted
following a recently established modelling approach to deter-
mine optimized data acquisition settings for avoiding imaging
artifacts.26 The target total acquisition time (AT) for the ICP-MS
mass analysis was dened to match the estimated washout. The
repetition rate of the laser fLA and the dosage where chosen to
fulll the criterion AT� fLA ¼ ℤþ (ℤþ being a positive integer).
In case of sequential scanning mass spectrometers such as
quadrupoles, this adjustment between the laser and ICP-MS
sampling frequency is crucial to avoid imaging artifacts
related to aliasing effects.27 Accordingly, it was chosen to select
AT � fLA ¼ 10. Table 2 summarizes the improved settings for
data acquisition. Four elements were selected that (i) have
signicance as an ice core paleoclimate proxy but are not
affected by known analytical challenges and (ii) showed
a resolvable signal/background ratio. Specic isotopes were
selected to avoid any spectral interferences and maximize
sensitivity, and dwell times to be inversely proportional to the
expected average signal intensity from the ice (in the present
case specically for Antarctic ice core samples). With respect to
(ii), we found that 23Na, 25Mg and 88Sr generally showed high
signal/noise ratios and thus were measured in all acquisitions.
Additional isotopes, 55Mn, 59Co or 65Cu, with a comparatively
lower signal/noise ratio were also selected. Notably, a special
reason for including Na concerns its known probability to be
located at grain boundaries.16 In the present framework, this
affinity makes Na a particularly interesting element to investi-
gate the imprint of ice crystal features on the LA-ICP-MS signal.
ystem

Laser

Instrument Teledyne analyte excite
Laser type ArF excimer 193 nm
He gas ow cell 0.25 L min�1

He gas ow cup 0.25 L min�1

Transfer line ARIS

J. Anal. At. Spectrom., 2020, 35, 2204–2212 | 2205
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Fig. 1 Illustration of the instrumental setup (left column) and washout performance (right column). The LA-ICP-MS setup for ice core analysis at
Ca'Foscari University of Venice especially includes: (a) the ARIS (white arrows), (b) a custom-designed cryogenic sample holder. Aluminium
sample trays could be exchanged for holding strips of ice artificial ice samples and NIST glass CRMs. Transport efficiency performances cor-
responding to a washout time of around 34ms are illustrated in (c) showing the typical ICP-MS signal of 238U for repeated single spot ablations of
NIST 612, leading to the average peak shape in (d).

Table 2 Optimized LA-ICP-MS acquisition parameters for ice impurity
imaging

ICP-MS Laser

Analytes Dwell
times [ms]

Fluence 3.5 J cm�2

23Na 4 Spot size 35 mm square
25Mg 4.6 Washout time 34 ms
88Sr 10 Ablation mode Fixed dosage
55Mn, 59Co or 65Cu 10 Dosage 10
Acquisition time 34 Repetition rate 294 Hz
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Elemental maps are acquired as a pattern of lines, with
dosage 10 (i.e. 10 overlaps of shots in scan direction). Perpen-
dicular to the scan directions, individual lines do not overlap. A
full pre-ablation run was conducted using identical laser
settings but a larger spot size of 150 mm square as well as
bidirectional scanning. The preablation runs consumed about
10% of the time needed for the actual measurement. Data
elaboration comprised synchronization of the ICP-MS and laser
log data, background removal and image construction. These
2206 | J. Anal. At. Spectrom., 2020, 35, 2204–2212
steps were performed using the soware HDIP (Teledyne
Photon Machines, Bozeman, MT, USA).

The ice sample analyzed for developing the proposed
imaging method was obtained from the Talos Dome ice core,
drilled in East Antarctica.28 The sample is from bag 375-B1 and
has an approximate age of 5000 years. For this section of the
Talos Dome ice core, a typical size of an ice crystal is around 1–2
mm.29
Results and discussion
Improved impurity imaging on ice cores with LA-ICP-MS

In previous LA-ICP-MS ice core applications, the 193 nm wave-
length of the excimer laser has been demonstrated to produce
controlled ablation of glacier ice at uences around 3.5 J cm�2,
with visibly smooth and well-dened craters around 100 mm
deep.3 A direct comparison in ablation performance between
previous3 and the present setup is not straightforward, however,
due to differences in the laser systems, for instance concerning
the laser pulse width. Most setups for ice core analysis used
ablation cells with around 1 s or higher washout time,4,8,9 which
is principally determined by the extraction of aerosol from the
This journal is © The Royal Society of Chemistry 2020
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ablation cell and subsequent dispersion in the transfer line. For
washout times in the range of seconds, single laser pulses
cannot be resolved, except for pulse rates of a few Hz. Mostly
used were repetition rates in the range 10–20 Hz, which produce
a continuous LA-ICP-MS signal for line scanning with such
washout times. In the present work the previous applications
were followed regarding choice of laser and uence, but taking
a different approach by achieving a faster washout time. This
choice was motivated by recent developments in LA-ICP-MS
providing renements in instrumentation, optimization of
measurement and post-acquisition procedures, and in partic-
ular low-dispersion ablation cells with optimized ow
dynamics. With washout times in thems range, the recording of
baseline-separated single pulses at high repetition rates became
the new basis of 2D LA-ICP-MS imaging, generating maps with
higher spatial resolution, higher sensitivity, quicker analysis,
and lower noise.22,30,31 Fast washout cells have been shown to
remedy image distortion, also in continuous scanning
mode,32,33 which can manifest through “halo effects” and
“smearing”, as well as instrument (Flicker and Poisson) noise
that adds up with other artifacts to worsen image quality.

Fig. 2 illustrates the benet of transferring this optimized
imaging techniques to the analysis of ice cores by comparing
two images recorded with and without the improved settings
(Table 2). The “original” parameters included a “slow” wash out
of 0.5 s, corresponding to the performance of the standard
transfer line, as well as a 150 mm square, 100 Hz repetition rate
and 200 mm s�1 scan speed. Fig. 2 also includes mosaics ob-
tained from stacked snapshots of the laser camera, thus
showing features visible on the ice surface such as air bubbles
Fig. 2 Illustration of imaging quality for 23Na produced with (column (
different ice core sections. For comparison, the lower row shows mos
bubbles (dark circles) and grain boundaries (dark lines).

This journal is © The Royal Society of Chemistry 2020
(dark circles) and grain boundaries (dark lines). While some
common features can be discerned between the original LA-ICP-
MS image and themosaic, the most evident feature is clearly the
amount of “smearing” along the scan direction from le to
right. The improved settings result in a LA-ICP-MS image that is
completely free of the “smearing” and shows clear similarity in
its features with the ice surface features captured by the mosaic
image.

Since being inevitably linked to analysing the surface of
a sample, LA-ICP-MS is sensitive to contamination and surface
effects. Regarding surface contamination, the present work
followed previous developments, which have addressed this
challenge via rigorous surface decontamination.4,5 The poten-
tial for artifact generation in sample surface preparation has
been observed in scanning electron microscopy.14 In particular
at grain boundaries, sublimation may increase the concentra-
tion of already present impurities.34 Sublimation has also been
observed to increase concentrations of some impurities at triple
junctions.16 Although in the present approach sample prepa-
ration did not include a dedicated sublimation period, subli-
mation was also expected to occur within the He atmosphere in
the ablation chamber. Based on visual inspection of the ice
surface as seen in the laser camera, grain boundaries become
more clearly visible within the rst few minutes inside the
ablation cell, but no distinct changes of the grain boundaries
were seen over longer time periods (i.e. hours). As an example,
the two mosaics in Fig. 2 (lower le) and Fig. 3 were recorded
within about 5 hours. Fig. 3 also allows a preliminary inspection
for triple junctions coinciding with bright spots in the LA-ICP-
a)) and without our improved settings (see text, column (b)), for two
aics obtained from images of the laser camera. Clearly visible are air

J. Anal. At. Spectrom., 2020, 35, 2204–2212 | 2207
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Fig. 3 Full image of 23Na intensities over 7 � 31.5 mm in a sample of the Talos Dome ice core, Antarctica (middle row). For comparison, the top
row shows themosaic of image of the laser camera, its position being indicated by the gray square in the full image. Note air bubbles (dark circles)
and grain boundaries (dark lines). The main core axis runs from left to right (towards top of the core). Also shown are two partial images of the
same sample, obtained from separate experiments and sample preparation (bottom). Red squares denote the position of the partial images
within the full image. Note the reproducible main features among the images clearly showing a localization of Na at grain boundaries.
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MS image, but no such evidence of increased impurity levels at
triple junctions was found.

Considering that contamination and changes in surface
properties would arguably lead to decreased image reproduc-
ibility, three consecutive images of the same ice sample were
obtained. First two partial images were acquired, then aer
surface decontamination and pre-ablation a new image of
a large area comprising the two partial images was obtained.
Exemplarily shown in Fig. 3 for 23Na, a very high degree of
reproducibility, and in particular all main characteristics of the
previous images could be reliably reproduced. We can thus
conclude that the surface properties do not change signicantly
over the characteristic time period for producing larger images.

Worth noting in this context, the scan speed employed in the
present work (around 1030 mm s�1) is roughly 20 times higher
with respect to previous LA-ICP-MS studies on ice cores.9 The
high speed translates into the ability to obtain images over large
areas within a feasible amount of time. For a 35 mm beam size,
the recording of a 7 � 10.5 mm image requires 200 horizontal
lines, corresponding to 1.8 million individual laser shots red.
With unidirectional measurements the recording takes around
2.5 hours, although imaging time can be reduced further by
scanning in bidirectional mode (in the present case typically by
about 30%). Being able to cover areas of square cm in
a comparatively short amount of time already illustrates the key
strength of LA-ICP-MS imaging of ice, but also in a broader
context of chemical imaging of environmental samples.35

Considering further the state-of-the-art in LA-ICP-MS anal-
ysis for ice cores, recent progress has been made to tackle
achieving a robust matrix-matched calibration using articial
ice standards for quantitative analysis.9 While this is generally
an important addition to the technique, imaging the localiza-
tion of impurities does not require a fully quantitative method.
2208 | J. Anal. At. Spectrom., 2020, 35, 2204–2212
Instead, in this case achieving the highest possible spatial
resolution while avoiding the generation of image artifacts is
key. We have thus focused our attention on advancing this
aspect of the technique. Previous attempts at co-evaluating the
LA-ICP-MS signals in relation to the ice crystal structure have
avoided imaging artifacts by using static laser drilling and
subsequent spatial interpolation. However, the use of laser
spots greater than 200 mm imposed limits to investigate ice
surface features in the micron-range and smaller. Nonetheless,
the coarse resolution ndings suggested that generally high
concentration areas are found in the proximity of grain
boundaries and triple junction, mostly for Na andMg.4,9 Here, it
was possible to increase the spatial resolution by about one
order of magnitude for ice core analysis: with no overlap in the
vertical direction (perpendicular to the scan direction from le
to right) the vertical resolution was determined by the laser spot
size, in this case 35 mm. Along the scan direction, with the
optimized combination of washout and acquisition time (34
ms), laser repetition rate (294 Hz) and dosage (10), the resulting
horizontal resolution was nearly identical. Notably, for
comparatively abundant elements such as Na the beam size
could be reduced further in order to increase spatial resolution
while still providing enough sensitivity for Na detection by ICP-
MS. However, this would also increase the number of lines and
thus the total measurement time, which calls for making
a trade-off between resolution and measurement time. In this
respect we found that the instrumental settings used are
generally adequate for mapping the impurity distribution in ice
at sufficient spatial detail and moderate time consumption.
Implications for future LA-ICP-MS analysis in ice cores

For the example of Na, Fig. 3 demonstrates how the LA-ICP-MS
imaging technique allows to study the localization of impurities
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Illustration of differences in impurity localization for 23Na, 25Mg, 59Co and 88Sr. The image corresponds to the partial image shown in the
lower right of Fig. 3, covering 7 � 10.5 cm. Note that Na is localized at grain boundaries to a comparatively higher degree than Mg and Sr, which
also show high intensities at grain interiors.
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in the ice matrix, and their distribution over comparatively large
areas. Fig. 4 provides a closer view at similarities and differ-
ences in the localization of four impurities. Owed to the high
resolution and the absence of image artifacts in this method,
the correlation between high Na intensity and locations of grain
boundaries is now unequivocal for the rst time. This is
consistent with the already known trend of Na to localize at
grain boundaries.16 Notably, it has been found that the corre-
lation with grain boundaries also holds generally for the
intensities of the other impurities, although for Mg and Sr high
intensities were also observed within individual grains.
Regarding Na and Mg, our ndings corroborate previous indi-
cations from coarser resolution LA-ICP-MS imaging (although
based on glacial period ice from Greenland).4,9 In a preliminary
interpretation we can conclude that, at least in this section of
the sample, Na, Co and to a lesser degree Mg an Sr showed
localization at grain boundaries, which may depend on their
individual mobilities in the ice matrix and warrants further
investigation.

Of special interest are the consequences of the impurity
localization with respect to the interpretation of individual LA-
ICP-MS proles, i.e. single lines measured along the main core
axis, which have been used so far to obtain a high-resolution time
series of paleoclimate signals.36 From images obtained in the
present study it was found that if a trace element is localized
around grain boundaries, the grain boundary network strongly
affects at least the high-frequency variability of the LA-ICP-MS
signal. For better illustration, Fig. 5 shows a comparison of an
individual line prole taken (arbitrarily) at the center of the full
Na image of Fig. 3. Individual peaks occurring when the laser
beam intersects a grain boundary are the basis of the agreement
found between the LA-ICP-MS images and the ice surface features
in the camera mosaics. This becomes evident from the peaks in
the line prole corresponding to the intersections of the prole
with grain boundaries (blue line in Fig. 5). In order to mimic the
This journal is © The Royal Society of Chemistry 2020
signal obtained from a coarser, approximately 200 mm resolution,
line prole, six adjacent lines were stacked (red box in the full
image) and subsequently smoothed with a Gaussian lter (200
mm kernel). The resulting prole (red line) still shows some,
much less apparent, imprint of the grain boundaries. Taking the
full vertical average of the image (stacking all 200 lines, gray box
in full image) erases the association of intensity peaks with grain
boundaries. Smoothing at a corresponding 7 mm resolution
resembles only the overall intensity gradient of the image. At this
scale, the comparison with meltwater analyses had previously
demonstrated the agreement with low-frequency signal compo-
nents in LA-ICP-MS data.8,9 Accordingly it becomes evident that
the imaging performed in the present work revealed the under-
lying origin of the LA-ICP-MS signals in proles of coarser reso-
lution. At least at the spatial resolution afforded in the present
study, the spatial signicance of a single prole along the main
core axis is questionable.

Regarding its potential to reveal not only LA-ICP-MS signal
formation but also the localization of impurities, the new
imaging approach can be a crucial tool to investigate paleo-
climate signals, and their preservation, in ice cores. Notably, the
analysis over the entire core depth would not be needed. Already
the analysis of exemplary sections with the present method
would constitute an advance to investigate the spatial impurity
distribution, e.g. in various climatic periods and especially in
deep ice core sections. In their deepest and oldest parts, mean
grain sizes in polar ice cores can reach several cm.37 In those
cases, a raster of spots is clearly too time consuming to be
feasible, hence calling for mapping over areas of mm to cm in
size with the present approach. At the same time, LA-ICP-MS
imaging continues to evolve, with even sub-mm imaging now
at reach.38 The potential for further increased repetition rates,39

accompanied by high scan speed and ultra-fast washout could
render the imaging of even larger areas in ice cores feasible in
the future.
J. Anal. At. Spectrom., 2020, 35, 2204–2212 | 2209
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Fig. 5 Illustration of differences in continuous line profiles at different spatial resolution. All line profiles are obtained from sub-sampling the
underlying dataset of the 23Na image (see text). Only in the original profile at 35 mm resolution, individual peaks can be associated clearly with the
intersections of the profile with grain boundaries. Note that the line profiles (middle row) do not show the entire intensity scale for better visibility
of the lower resolution data.
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Conclusions

The new method advances the key strength of LA-ICP-MS as
a technique to study ice impurity localization, namely its high
speed, high spatial resolution and highest image quality. The
rapid aerosol transfer affords high scan speeds in LA-ICP-MS
analysis, which, in case of ice core applications, is higher by
one order of magnitude than before.5,9 The scan speed afforded
by the fast washout technology allows line proles at speeds
comparable to existing melting techniques optimized for
acquisition of transient signals in ice cores. This could be also
benecial for high speed impurity proling by continuous line
measurements along the main ice core axis. However, as shown
in the present work, the higher resolution also raises questions
concerning the spatial representativity of single LA-ICP-MS
proles, hence calling for a dedicated investigation of this
issue. In the context of future applications, next steps concern
the imaging analysis of ice core samples over various depth
ranges and climatic periods, targeting the wider investigation
also of potential additional elements with paleoclimatic
signicance. Of additional interest is to perform an inter-
method comparison of impurity localization on the same ice
samples to obtain additional validation of the new method. If
combined with sophisticated large volume cryo-holders for
meter-long rods of ice,5 the LA-ICP-MS technology may eventu-
ally surpass both in speed and spatial resolution existing
melting techniques optimized for acquisition of transient
signals in ice cores.40 Through advancing our understanding of
the signal constraints arising from the ice microstructure,
2210 | J. Anal. At. Spectrom., 2020, 35, 2204–2212
results of the present work set a cornerstone to tap the full
potential of LA-ICP-MS for investigating past environmental
signals archived in the oldest and highly thinned layers of ice
cores.
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S. Schüpbach, U. Ruth, J. Schmitt and T. F. Stocker, An
improved continuous ow analysis system for high-
resolution eld measurements on ice cores, Environ. Sci.
Technol., 2008, 42, 8044–8050.

8 N. E. Spaulding, S. B. Sneed, M. J. Handley, P. Bohleber,
A. V. Kurbatov, N. J. Pearce, T. Erhardt and P. A. Mayewski,
A New Multielement Method for LA-ICP-MS Data
Acquisition from Glacier Ice Cores, Environ. Sci. Technol.,
2017, 51, 13282–13287.

9 D. Della Lunga, W. Müller, S. O. Rasmussen, A. Svensson and
P. Vallelonga, Calibrated cryo-cell UV-LA-ICPMS elemental
concentrations from the NGRIP ice core reveal abrupt, sub-
annual variability in dust across the GI-21.2 interstadial
period, Cryosphere, 2017, 11, 1297–1309.

10 P. Bohleber, T. Erhardt, N. Spaulding, H. Hoffmann,
H. Fischer and P. Mayewski, Temperature and mineral
dust variability recorded in two low-accumulation Alpine
ice cores over the last millennium, Clim. Past, 2018, 14,
21–37.

11 S. H. Faria, I. Weikusat and N. Azuma, The microstructure of
polar ice. Part II: State of the art, J. Struct. Geol., 2014, 61, 21–
49.
This journal is © The Royal Society of Chemistry 2020
12 T. M. Beers, S. B. Sneed, P. A. Mayewski, A. V. Kurbatov and
M. J. Handley, Triple Junction and Grain Boundary Inuences
on Climate Signals in Polar Ice, arXiv preprint
arXiv:2005.14268, 2020.

13 J. K. Kerch, Crystal-orientation fabric variations on the cm-
scale in cold Alpine ice: Interaction with paleo-climate
proxies under deformation and implications for the
interpretation of seismic velocities, PhD thesis, Heidelberg
University, 2016.

14 P. R. Barnes, E. W. Wolff, D. C. Mallard and H. M. Mader,
SEM studies of the morphology and chemistry of polar ice,
Microsc. Res. Tech., 2003, 62, 62–69.

15 D. Iliescu and I. Baker, Effects of impurities and their
redistribution during recrystallization of ice crystals, J.
Glaciol., 2008, 54, 362–370.

16 P. R. Barnes and E. W. Wolff, Distribution of soluble
impurities in cold glacial ice, J. Glaciol., 2004, 50, 311–324.

17 J. Eichler, C. Weikusat, A. Wegner, B. Twarloh, M. Behrens,
H. Fischer, M. Hörhold, D. Jansen, S. Kipfstuhl, U. Ruth,
et al., Impurity analysis and microstructure along the
climatic transition from MIS 6 into 5e in the EDML ice
core using cryo-Raman microscopy, Front. Earth Sci., 2019,
7, 20.

18 T. Sakurai, H. Ohno, S. Horikawa, Y. Iizuka, T. Uchida,
K. Hirakawa and T. Hondoh, The chemical forms of water-
soluble microparticles preserved in the Antarctic ice sheet
during Termination I, J. Glaciol., 2011, 57, 1027–1032.

19 A. Rempel, E. Waddington, J. Wettlaufer and M. Worster,
Possible displacement of the climate signal in ancient ice
by premelting and anomalous diffusion, Nature, 2001, 411,
568–571.

20 D. Dahl-Jensen, T. Thorsteinsson, R. Alley and H. Shoji, Flow
properties of the ice from the Greenland Ice Core Project ice
core: the reason for folds?, J. Geophys. Res.: Oceans, 1997,
102, 26831–26840.

21 D. E. Stillman, J. A. MacGregor and R. E. Grimm, The role of
acids in electrical conduction through ice, J. Geophys. Res.:
Earth Surf., 2013, 118, 1–16.

22 H. A. Wang, D. Grolimund, C. Giesen, C. N. Borca, J. R. Shaw-
Stewart, B. Bodenmiller and D. Günther, Fast chemical
imaging at high spatial resolution by laser ablation
inductively coupled plasma mass spectrometry, Anal.
Chem., 2013, 85, 10107–10116.
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