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Abstract. Polar ice eores-contain-an-archive-of-contains chemical 1mpur1t1es which can be used as a proxy for the past climate,
using state-of-the-art chemical methods.

s-Despite its capability to access critical physicochemical parameters

of insoluble particles, such as number concentration, the-mass and size distributions-distribution, and elemental compositionef

of eight EGRIP ice core samples, which have-previously-been-were previously characterised with Raman spectroscopy and
%a%er—ablaﬁemlm 1nduct1ve1y coupled plasma mass spectrometry—wa—SHGP—T@FMS—Byﬂfwe%ﬁgamagﬂﬁe}ted

the EGRIP-ice—<eorefrom—. This resulted in three major developments. First, by analysing samples from different climate
periods throughout the last 50 ka-

at-, we extend available ice core SP data to the Younger
Dryas and the Last Glacial, including an overview of fhed&ffemﬂ%p&f&etﬂﬂtee}eﬁteﬂ%s—whiehﬂfeﬂge}y%mexp}efeeklar el
unexplored particulate elements in deep polar ice

me%%mmm@m%w%ﬁg%meﬁmmww
dealing with discrete samples of highly varying particle concentrations, complementing time-intensive continuous analyses.
Third, we suggest the adaptation of an approach for estimating particle sizes based on previously conducted Raman spectroscopy
analyses. This particle size analysis complements established particle sizing and counting techniques by covering the mostly.
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unexplored nanometre range while providing additional chemical information. Overall, we display the advantages of conductin
SP ICP-TOFMS 4 i i i i i inati

particles-and-collect-a-comprehensive-data—set-from-as _the final step in a cascade of complementary techniques on the same
samples. In—view-of-Given the ongoing endeavour to retrieve the-and analyse precious "Oldest Ice", utilising SP ICP-TOFMS
may become a-eritical-toelcritical to access vital information and new depths of insights.

1 Introduction

Chemical impurities in polar ice cores deliver essential information about the climate of the past, dust sources, and atmospheric
transport paths {e-gLegrand-and-Mayewski; 1997)(e.g. Legrand and Mayewski, 1997; Lambert et al., 2008; Ujviri et al., 2022)
. They are further influential components within the ice microstructure impacting, among othersother factors, the deformation of

ice .g. Paterson, 1991; Stoll et al., 2021b). Different techniques are applied-applicable

to measure ice core samples depending on the focus of the investigation. Bulk impurity concentrations are usually measured

with continuous flow analysis (CFA) via melting and measuring the uncontaminated inner parts of an ice sample {e-g-; Réthlisbergeretal;2

e.g. Rothlisberger et al., 2000; Kaufmann et al., 2008). Non- or micro-destructive methods on discrete samples are, for example,
e : somel : : : ok e.g. Fukazawa et al., 1997; Ohno et al., 2005;
i £ asma-mass-(e.g. Barnes et al., 20(

cryo-Raman spectroscopy

, scanning electron microscopy (SEM) {e-g

and laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS), which can meastre-investigate the distribution

of impurities in one or two dimensions {e-g5DPeHatunga-etal; 2017 Bohleberet-al2023)-Coupling-these-methed

methodology-are rapidly-advaneingand-new (e.g. Della Lunga et al., 2017; Bohleber et al., 2023). Recent studies on the East
Greenland Ice-core Project (EGRIP) ice core, coupling different optical and chemical methods, such as confocal cryo-Raman
spectroscopy and LA-ICP-MS 2D Imaging, shone new light on the microstructural localisation of insoluble and soluble
impurities by systematically analysing the same samples (Stoll et al., 2021a, 2022, 2023b; Bohleber et al., 2023). These efforts
lead to progress in the generalisation of localisation trends (Stoll et al., 2023a) and the development of homogenous LA-ICP-MS
ice standards enabling the intensity output to be calibrated to concentrations and thus, a better comparison between future CFA
and LA-ICP-MS measurements (Bohleber et al., 2024). Glaciological instrumentation, methodology, and measurement-based

modelling approaches (e.g. Larkman et al., 2025) rapidly advance

but it still takes years or decades to implement state-of-the-art chemistry techniques into routine settings for ice core research.
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Over the last two decades, the so called “single particle (SP) mode”

of ICP-MS has gained momentum in the fields of elemental mass spectrometry (e.g. Bolea et al., 2021; Laborda et al., 2023)

due to high counting rates and the ability to determine natural abundances of particles in complex environmental matrices. In
this mode, mainly inorganic particles ;ranging-from-with dimensions at the nano- to-mierepartieles;-and lower microscale are

introduced individually into the-a plasma and are atomised and ionised to form secluded clouds of elemental cations. Following
extraction and by using rapid mass analysers and detectors, each ion cloud can be detected with several data points, and spatially

resolved “particle events” are registered at the detector. Here, the frequency and intensity of events can be calibrated into particle

number concentrations and the elemental mass per particle, respectively, if suitable standards are analysed concurrently. H-the

modeHedA particle standard containing a particle with known composition, size and density (or alternatively with a known
number concentration) is analysed to determine the transport efficiency, i.e. the fraction of particles transported into the plasma
following nebulisation. Further, an ionic standard (and a blank for background subtraction) containing the target elements

at a known concentration is analysed to determine elemental responses, and to calibrate raw intensities into masses. The
dissolved forms of an analysed element are derived from the background signal (baseline) due to its homogeneous distribution

in the aerosol droplets.

Over—fh&lra%ye&rs—ﬁm&Tlme of flight (TOF)-based

Unlike-its-scanning-counterparts{(quadrupole)it-provides-a(analysers provide a (quasi-) simultaneous detection mechanisms
mechanism enabling the analysis of virtually all elements and their isotopes of the periodic table contained in single particles.

of partieulates-when-operatedin-SP-modeWhen operated in SP mode, TOF-based analysis is ideal for counting and characterisin

articulates and is applied across medical to materials science (see examples in e.g. Clases and Gonzalez de Vega, 2022b).
Although quadrupole-based methods are generally more sensitive for individual isotopes, SP ICP-TOFMS provides beth-post-

processing options and specific hardware features for 4

successful trace element (Lockwood et al., 2024) and cluster analysis
Lockwood et al., 2025). SP ICP-TOFMS also facilitates non-target particle screening{Genzalez-de-Vega-et-al52023)-and-to

determine-the-, which means that particulate elements can be screened for without a priori knowledge (Gonzalez de Vega et al., 2023

. The analysis of particles in natural systems requires certain assumptions to establish suitable bottom-up models on various
articulate parameters, including size and mass distributions, particle number concentrations, and internal and external mixing
state-of particles(Tharaud-et-al;2022)—states. The internal and external mixing of particles describe the chemical constitution




. Therefore, it is possible to derive the elemental composition of individual particles, which is useful for inferring mineralo

90 and origin analysis.

Besides chemical data, it is also crucial to assess the size of dust particles. For example, accurate particle size data is vital in

modelling global climate change due to the radiative effect of mineral aerosols in the atmosphere and their impact on other

aspects of the climate system, such as biogeochemistry and cloud nucleation (e.g. Tegen and Lacis, 1996; Mahowald et al., 2014; Adebiyi a

2

95 . Especially the sub-micrometre range is of interest, covering aerosols with the longest atmospheric residence times and
transport distances. Furthermore, dust might play a vital role in reconstructing the age of million-year-old ice by comparing the
ice core dust flux with dust proxies from marine sediment cores (Martinez-Garcia et al., 2011; Wolff et al., 2022). However, to
our-knowledge-access (o the nanometre-realm is usually limited with established methods such as Coulter Counter (usually
0.6-10 ym) and laser particle detectors (usually 0.9-15 um) (Vallelonga and Svensson, 2014). Recent progress in the single-particle

100 extinction and scattering (SPES, usually 0.2-2 um) method is promising (Zeppenfeld et al., 2025), but does not cover ultrafine
particles, provides no composition data, and has to be run in tandem with CFA to obtain chemical data. Raman spectroscopy is
usually limited to micrometre-sized inclusions, as they must be optically resolvable with a microscope. LA-ICP-MS is usually
applied with a laser spot size of 10-40 um, even though it can measure with spot sizes of 1 pm, but remains a niche setting at
the current state (Bohleber et al., 2025).

105 Addressing the knowledge gap around nanoparticles in ice core samples can be tackled by recent progress in SP ICP-TOEMS.
SP data can be used to estimate particle size (as small as 20-50 nm) if the particle mineralogy (and therefore elemental mass
fractions and phase density) is known (Pace et al., 2011; Lockwood et al., 2021, 2025). Thus, SPICP-TOFMS has-so-far.-onty
can derive critical properties of thousands of insoluble, nano-scaled particles per minute —a potential that remains largely

unexplored.
110 To our knowledge, SP ICP-TOFMS has been applied to ice cores in only two peer-reviewed studies to date. Modern-era ice

from the Disko Island ice cap (DS14) and an inland site on the Greenland ice sheet (GW14) were analysed by Osman et al.

(2017). The-second-study-(Erhardt-et-al5-2049)-Erhardt et al. (2019) mainly described the extension of the Bern CFA system by
investigating a continuous section of late Holocene ice from the East-Greentandtee-core Projeet(EGRHP-)-EGRIP ice core, the

first deep ice core drilled through an ice stream (Stoll et al., 2024). Both studies focused primarily on the analytical challenges
115 and advantages of the technique and a few major elements (e.g. vFe, Mg, Al) or particle classes for source region identification.
Even though additional work on the Dome C ice core is on the way (Lee et al., 2024), SP ICP-TOFMS ice core data remain

sparse —

the advantages mentioned above. Here, we apply SP ICP-TOFMS to eight EGRIP samples previously characterised with
120 Raman spectroscopy and LA-ICP-MS2B-tmaging;-shine-new-light-on-the-mierostructural- Hoealisation-ofinseluble-and-seluble
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determine the mass of elements within a particle and any information on particle species, size, and shape is lost upon the
atomisation step. However, based on micro-Raman analysis and the compositional data of single particles, some mineral
130 phases may be inferred (e.g. Tharaud et al., 2022; Goodman et al., 2022). Further, only melted ice can be analysed and soluble
particle fractions or agglomerates may thus not be conserved. Thus, benefits of applying these methods on the same samples

are, among others, a more holistic characterisation of impurities in the ice, and conserving samples, exemplarily shown b
the BEOI core, which currently has no archive piece at crucial depths. Our objective is to extend the limited-avatlable-data

135 al
—wefurtherintroduee-an—approach-strongly limited available SP data to 1) the Younger Dryas and the Last Glacial, and 2
samples with highly varying insoluble particle concentration. We build on the Raman spectroscopy-derived mineralogy from
Stoll et al. (2022, 2023b) to estimate particle sizes from-SP-data—Reliable-dust-particle-size-data-are-crueial,for-instance; for

140

: Gareiaetal; 20H:-Wolffetal;2022)—based on established

algorithms (Pace et al., 2011; Lockwood et al., 2021, 2025). The here presented multi-
thus-, not possible with most other sample types due to unavoidable melting, presents a valuable approach for analysing future

145 precious ice samples, such as from the ongoing "Oldest Ice" quest (Fischer et al., 2013).

method and maximum-output strategyis

2 Methods
2.1 Samples

We used nine-eight samples from the EGRIP ice core, which we previously analysed regarding their microstructure (microstructure
mapping), and insoluble, micrometre-sized (confocal cryo-Raman spectroscopy) and general (LA-ICP-MS 2D imaging) impurity
150 localisation (Stoll et al., 2021a, 2022; Bohleber et al., 2023; Stoll et al., 2023b). Thus, samples were microtomed and decontaminated
with ceramic knives several times and repeatedly checked for micro-cracks. The previously conducted analyses did not display.
which borders the CFA section, and were thus never exposed to drill liquid. Analysing samples from the inner part of the core,
such as the CFA piece. would be preferable; however, they are melted during CFA analysis and thus unavailable for studies
155 involving different analyses of the same sample.
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The shallowest three samples were labelled as S1 -S7-and S10 in Stoll et al. (2022), and deeper ones were S1, S2, S7,
S8, S11, and S13 in Stoll et al. (2023b). We re-labelled them according to their climate period plus a chronological number
increasing with depth/age. The youngest sample is from the Holocene and thus H1, while the deepest is from the last glacial
and thus 69-G8 (Table 1). Details on depth, age, and minerals of interest as previously identified via Raman spectroscopy are
also displayed in Table 1. Insoluble particle concentration data are only available for the shallowest three-two samples (HI,
H2:-¥DP3YD?2) (Stoll et al., 2021a), which showed very low concentrations except for ¥B3YD2. This sample originates from
the Younger Dryas (GS-1), thus having a very high insoluble particle concentration, further explored in a detailed LA-ICP-MS
investigation focusing on ehuster—clusters of Fe and Al interpreted as insoluble particles (Bohleber et al., 2023). For samples
G4-G9G3-G8, only visual stratigraphy data are available as insoluble particle proxy (Stoll et al., 2023b). These data show no
features (G4G3), weak cloudy bands (G5-and-G9G3 and G7), i.e. layers of high insoluble particle content, intermediate cloudy
bands (G6-and-G7G4 and GS5), and strongly defined cloudy bands (¥B3-ard-G&)—YD2 and G6). Except for the mentioned
studies, no chemical data from these sections is published.

Table 1. Analysed EGRIP samples and respective properties. Further information on the first three-two samples can be found in Stoll et al.
(2022) and the remaining six in Stoll et al. (2023b). ¥PB3-YD2 was investigated in detail by Bohleber et al. (2023).

Sample Depth (m) Age b2k (ka)  Climate period*  Cloudy band Identified
H1 138.9 1.0 Holocene - qu
H2-YD2  9606:6-7-6-Holocene—quartzfeldspar,-miea¥D3-1256.9 12.1 GS-1 (YD) + quartz, feldspar, mica
64G3 1360.8 14.4 Gl-1le - quartz, feldspar, mica, heme
65-G4 1367.1 14.5 Gl-1e + quartz, feldspar, mi
G66-G5 1823.5 34.7 GS-7/GI-7a + quartz, feldspar, mi
&7-G6 1883.1 37.3 GI-8c + quartz, felds;
68-G7 2016.0 44.0 GS-12 + quartz, feldspar, mica, b
69-G8 2115.1 49.8 GI-14a + quartz, felds;

b2k: before 2000 CE after Mojtabavi et al. (2020) and Gerber et al. (2021), GS: Glacial Stadial, GI: Glacial Interstadial, YD: Younger Dryas, *: after Rasmussen et al. (2013), *. identified by Stoll e

(2023b) and chosen for particle size estimates; does not represent all characterised minerals in these samples.

2.2 Single partiecle ICP-TOFMS-measurementsSample preparation

Analysis was carried out over three sessions at the Nane-Miere-l=AB-NanoMicroLAB at the Institute of Chemistry, University
of Graz, Austria. All samples were transported from Venice, Italy, to Graz, Austria, in cooled polystyrene boxes, and no melting
indieations-were-observed-Solid-iee-was observed. The workflow is schematically displayed in Fig. 1. For decontamination,
solid samples were rinsed several times from all sides with Milli-Q ultrapure-ultra-pure water (MQ) in-ataminar-flow-cabinet

for-decontamination-and-melted-in-under a fume hood (Delmonte et al., 2004), removing at least 50% of the sample volume.
The decontaminated samples were stored briefly in fresh vials at room temperature —The-workflow-is-schematically-displayed
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in—Fig——and analysed directly after melting. Ultra-pure water blanks were handled the same; blank levels were checked

regularly to confirm the absence of contamination.

Previously: Mineralogy from Raman Spectroscopy —__ Particle Size
Chemical Imaging with Laser Ablation Estimate
EGRIP samples | Elemental
Particle Time of Flight MS _€omposition
P detection
rinsing ~ Sample " Am/z
° with MQ aeresol. lasma @ 2
d ~lcm—> _vedsee 8w & ® — — 4_,§ )
S 3 melting | | £ i “threshold
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Figure 1. Schematic overview of the workflow and set-up of SP ICP-TOFMS. Ice core samples are decontaminated with MQ water and
melted. The sample aerosol is introduced via liquid nebulisation into the ICP for ionisation. Time of Flight measurements resolve the
elemental composition of particles (not to scale) previously stored in the ice. Detection, threshold, and background are visualised. Mineralogy
data from Raman spectroscopy enable the estimate of particle sizes. m/z: mass-to-charge ratio, B: magnetic field, RF: Radio Frequency, MS:

Mass Spectrometer.

2.3 Single particle ICP-TOFMS measurements

A Vitesse ICP-TOFMS system by Nu Instruments (Wrexham, UK) was operated in SP mode and-recorded-and-binned-to record
and bin mass spectra from 20-240 amu, every 100 s (4 spectra binning) before saving data to disc while blanking the range
31.5-38.5 amu due to a high signal from the oxygen dimer to avoid signal saturation at the detector. Each sample, blank (frozen
MQ water let to melt), and calibration standards were recorded for 100 s. The ICP-TOFMS instrument was equipped with a
concentric nebuliser (Glass Expansions) and a cooled (5°C) cyclonic spray chamber. The plasma was operated at 1.35 kW, and
the segmented reaction cell was operated with He and H> flow rates of 12 and 7 mL/min, respectively. The typical nebuliser
flow rate was approximately +-16-1.2 L/min. Data acquisition was performed using the Nu Codaq software (Nu Instruments).
Transport efficiency was 5.6% and was determined by analysing Au Nanoparticles (nanoComposix, US) and ionic standards
with a known mass and concentration, respectively, using an automated approach via the open-source SP data processing
platform SPCal (Lockwood et al., 2021, 2025). Usually, Compound-

2.4 Ionic background and thresholds

Thresholds are statistically derived parameters for pinpointing particulate signals. For most m/z, background intensities were
<10 cts and compound Poisson statistics were used to distinguish ionic background ("background" in Fig. 1) and noise from SP

events with an o value of 1e~6. We-applied-automatic-thresholdsfor-all-data-exeeptpartielesize—This provides the threshold

"threshold" in Fi . 1). In cases with higher
backgroundbeckwood—et-al), Gaussian statistics were more adequate and selected, respectively —Fo-enable-a—comparison

. 1) over which a detection event is considered a particle signal ("detection” in Fi




aeross—samples-with-(Lockwood et al., 2025). We applied automatic thresholds for all analyses except particle size, which is
195 explained below. We refer to Lockwood et al. (2025) for an in-depth description.

Our samples presented large differences in insoluble particle content (e.g. Holocene vs Younger Dryas ice) and, thus

different ionic backgrounds and therefore,

limits. To enable higher comparability regarding particle size estimates, the overall highest background value for a certain
200 element (bold values in Table A1 and A2) was applied to all other samples. While this prevents the detection of small particles

and therefore underestimates number concentrations and overestimates size distributions, it allows to compare the occurrence

and distribution of particles in a common size window.

2.5 Single particle data processing and analysis

To process the data, we applied SPCal version 1.2.7, designed to process and analyse SP data (Lockwood et al., 2021, 2025).

205

mass-fractions{ockwood-et-al52024)-The measured MQ was used to obtain a blank value, and the determined ionic background
and particle numbers were subtracted for each analysed element. Ge}é%tm%dafd%wefe—m{eﬂcegafed—freqﬁemky%e—mmaﬁef

We focused on the most

abundant isotopes —We-foeused-on-of the most abundant elements22 - ,viv.g.\27 Al, 28 Si, 48 Ti, and ®® Fe. Throughout this

210 article, we indicate the isotope that was selected to determine total elemental mass. It shall therefore be emphasised that, for
example, mass values reported for ° Fe reflect total Fe mass determined via the °° Fe isotope. For the analysis of ** Ti, ** Ca
may potentially interfere. However, we have not detected any-stgnificantimpaet-particles containing both Ca and Ti which was
evaluated by menitoring the"Fi-+'*Firatio-We-also-considering several isotopes of Ca and Ti and monitoring isotope rations,
Finally, we use a highly conservative approach and only show less common elements, such as 29133 Zror 139 Ladepending

215 on-their-oceurrence-in-therespeetive-samples—Cs, after detailed investigations of the raw data. Elements with low detection
numbers, i.¢. bordering the threshold, were discarded to ensure trustworthy data.

2.6 Particle signal losses and overlap

We-used-aPoisson-based-In this study, ice was melted and immediately analysed. Due to the small volume, it was not possible
to test different dilutions to find the optimal SP ICP-TOFMS conditions. Following visual inspection, we found that particle
220 detection numbers were high in some samples, which increased the probability for signal overlap, which can impact accuracy.
regarding number and size determinations. However, this allowed us to analyse particles in the native meltwater environment.
To flag samples, in which particle signal overlap was significant (>10%), we used a post-analysis approach that was based

on a Poisson model to estimate the loss of particle signals due to event overlap as suggested by Peyneau and Guillon (2021).
We chose a sample with a low event rate (H1) to estimate the mean peak width at base for SP events of each element for all
225 other samples. This approach was chosen as the best estimator for the peak width, as higher event count rates introduce a bias

that overestimates peak widths (Peyneau, 2022). Importantly, these studies showed-demonstrated that the distribution of the
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event-durations-does-notmatter-event durations is irrelevant, as only the expected values (i.e., the average) are neededrequired,
making the approach very-highly stable.

In the data, depending on the element, we observed a mean peak width at base from 206 us Z4Me)-to 632 ust°SFe),
which agrees reasonably well with peak width values reported in the literature {e-g-Fuchs-et-al526148)(e.g. Fuchs et al., 2018)
. Next, “true” particle event rates up to 4000 s™! with spaeingspacings of 0.01 s™! were calculated. For each entry, the
observable particle count rate was calculated, considering losses from event overlap (Peyneau and Guillon, 2021) (Table 2).
The highest tolerated count rate, i.e., the upper particle number concentration threshold, was defined in the following way:
When the quotient of the observed count rate divided by the true count rate was lower than 90%, this observed count rate
was defined as the upper number concentration threshold. For samples with more particles than the respective threshold, the
data can be assumed to be biased-skewed towards 1) fewer particles, 2) apparently larger particles, and 3) apparently more
mixed composition particles. We marked samples and particle species reaching this threshold, and it should be emphasised

that reported value-values are presenting a conservative and/or tentative measure underestimating number concentrations and

overestimating sizes. This approach allowed us to maintain the most native sample conditions, refraining from altering the
sample, e.g. by dilution.

Table 2. Thresholds for the maximum observable event rate (NP/s) and the maximum observable absolute particle count per sample for the

most abundant elements.

Species Maximum event rate (NP/s) at 90% deviation =~ Maximum particle count per sample at 90% threshold (100 s)
24 Mo 20492049027 Al 188.9 18887
2 Si 182.6 18261
48 Tj 132.1 13207
56 Fe 126.9 12687

2.7 Particle size estimate

SP ICP-TOEMS is mass sensitive, and elemental masses within an SP can be determined accurately. Pace et al. (2011)

resented a guide on how to count and size nanoparticles via SP ICP-TOFMS, which was automated and integrated into a
GUI by Lockwood et al. (2021, 2025). For details on the theoretical background, the equations used, and the comparison to

reference nanoparticles, we refer to these publications. The estimation of particle sizes from SP ICP-TOFMS data requires
knowledge about the particle species, i.e. ;-the-mineralthe mineral, to consider elemental mass fractions and density. For-the

most-eommon-Cryo-Raman spectroscopy can carry out in-situ mineral characterisation, which helps to link detected elements
with specific mineral species and crystal phases and estimate the elemental mass fractions. Especially in scenarios in which
multiple polymorphic phases are present (e.g. rutile and anatase (705)) or in which only a small number of particles is
counted, compromises in the modelling of size distributions are required. We emphasise that Raman spectroscopy and SP
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ICP-TOEMS focus on different size scales, which is interesting for complementary analysis but limiting when the same
particle fractions shall be characterised in a multi-modal fashion, We determined mineral composition using hundreds of
micrometre-sized particles identified with Raman spectroscopy (Stoll et al., 2022, 2023b). which enabled us to get a broader
understanding of abundant microminerals and infer possible mineralogy at the nanoscale. The aim was to base calibration on
the a priori determined mineralogy. However, the chosen element-mineralogy relationship remains a simplification with certain

inaccuracies and therefore is limited, and should be treated with caution as described later.

We applied the described size estimate approach to calibrate the most dominant particulate elements 27 Al, %Mg% Si,
48 Ti, and 5% Fe w i

y—following.
WMMMS&H et al. (2022, 2023b) identified quartz
and members of the feldspar and mica groupin-al-nine-samples<(Table—1). Si0, (quartz)-was-thus—ehosen-, density of 2.3
g/em?) is known to be dominant in atmospheric dust and was chosen as the dominant proxy for > Si. ForsimplieityHowever,
aluminosilicates also contain Si, among other elements, and a clear differentiation between different elements containing the
same element was not conducted due to the large data quantity. For simplicity and based on Raman spectroscopy data, the
very abundant potassium feldspar (K AlSi3Og)-and-mieaphlogopite (KM gz ALSiz010{F }o)-were-, density of 2.6 g/cm?>)

was chosen for 27 Aland-24Me —respeetively. Hematite (Fe2O3, density of 5.2 g/cm?) occurred in all samples except the
shallowest twe-and, thus, was selected for %6 Fe. We chose TiO5 (rutile, density of 4.2 g/cm?) for *® Ti, because it was

the more abundant form of the two observed titanium-oxide forms (rutile and anatase), which were identified in 13 samples

analysed-by Stoll et al. (2022, 2023b). We emphasise that this approach provides tentative estimates, taking dominant mineral
phases into account.

3 Results

3.1 Methodological challenges of SPICP-TFOFMSParticulate concentration and relative detections
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in-Seet—4-6limited knowledge of common particulate elements in glacier ice across various locations, a non-target particle
screening was carried out according to Gonzalez de Vega et al. (2023). Here, thresholds for every m/z are determined and data
points above are counted and reported if they exceed a corresponding threshold. We chose a non-target screening score of 100
ppm, which corresponds to 100 data points above the determined threshold for a specific element for a sample size of 1 million
data points. This procedure returned a range of particulate elements across all samples as shown in Fig. 2 and their relative

abundance is compared.
Up to #4-33 different particulate elements were presentin-the-nine-identified in the eight analysed samples. The normalised

relative detections for all detected particulate elements are displayed in Fig. 2, and specific elements are discussed in-more

detatl-below—YD3-contains-below. G5 contained the largest number of particulate elements (n=74)-G4-contains-73-particulate
elemeﬂ%%eleselyfeﬂewed%y 3), followed by YD2 (n=29), H1 aﬂd—G%ébeﬂﬂr(n—%%&nd{}&M (n=76)—FheJowest

share)-are->23). We detected 17 elements in G3, 16 in G4 and G6, and eight in G8. The most abundant detectable element (in
relative share) was °° 2 42 ; Fe (56.3% in G8)).
In the following we focus on the most abundant particulate elements 24 Me—27 Al, 28 Si, 48Tj, and °% Fe. The highest

partlculate mass concentrations were found in

YD2 and G7 (Fig. 3a). The concentrations in H1 are-were by far the lowest %@%ﬂ@—ﬁgﬁj
27 AJ- 9 -3 56 Be: 2 668 -3 N ! 24 Me- 6 3, 27 _ 3,4
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Figure 2. Normalised-Relative detections for al-chemical species above a screening score of 100 ppm detected with the automatic ionic
background threshold; n—represents—the-blank values were subtracted. The number of particulate elements in the sample is indicated by
n. Each sample tag is tabelted-with-itssample tb-fromTable+-and-isfilled with orange or blue to-for Holocene/Interstadial and Stadial

samples, respectively. The debatable climate period of G6-GS is discussed in the text. Note the respeetive-varying chemical species on the
x-axisindieated-by-the-same-colours.

50 Fe: 5407102 pef¥followed by G5. Usually, 28 Si and *® Ti shew-showed the highest concentration followed in decreasing

order by 27 Al ;-and °¢ Feand-24MgThe-normatised-, The relative data (Fig. 3b) show that “® Ti is-the-dominant-speeies; by
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Figure 3. Derived single-partiele-a) particulate mass concentrations for %27 Al 28 Si, “8Ti, and °® Fe and b) nermalised-relative
detections for each respective species and sample. Elements with particle detections above the calculated threshotds-maximum observable

event rate threshold (Table 2) are indicated by lower opacity and mentioned in the text.

partieutate-was a dominant detectable particulate element, by concentration, in the Holocene (H15-H2), 27 Al in the Younger
Dryas (YD3YD2), and 5¢ Fe in the last glacial (64-G3, G5, G6, 67-G9G8) with the exception of G5-ard-G8-G4 and G7
where 27 Al is-was more abundant. In G9G8, °6 Fe representsrepresented almost two-thirds of the total rermatised-relative
particulate concentration share. 2% Si has the most constant share throughout all samples, and its abundance fluctuates roughly
between one-third and one-quarter. 24 Mg-is-generallyrare-and-hardlyfound-in-H2,-G4-and-G9-Detections above the event
rate thresholds described in Sect. 2.6 were found in ¥B3-YD2 (7 Al, 28 Si, 48 Ti, °6 Fe), 64-G3 (*" Al, 28 Si, 5% Fe), 65-G4
(°6 Fe), G7-G6 (*8 Si, 56 Fe), G8-G7 (*7 Al, 28 Si, *® Ti, 56 Fe), and G9-G8 (°° Fe).

31 Particle clusters

Different mass analysers are available for SP ICP-MS. While quadrupoles provide the highest sensitivities enabling the
detection of small particles, TOFMS provides the crucial advantage to acquire virtually any m/z simultaneously. Thus, we can
study the elemental composition of each particle resulting in distinct "clusters". Using hierarchical agglomerative clusterin

Tharaud et al., 2022), we inquired the four most common mass compositions per sample for 27 Al, 28 Si, *8 Ti, and °% Fe
%0 Fe ionic-background(%)Fe-(2), and "*Ti (1). Overall, 7 Al, has the largest cumulative share. Cluster analysis revealed
that a large portion of particles contained almost entirely ** Si with little additions of other elements; these clusters are the
most abundant in six samples. Absolute numbers of particles with certain elemental compositions are much higher in the Last

13
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Figure 4. Particutate-The four most abundant elemental compositions ("clusters") per SP by mass containin, 27 Al 28 Si, “® Ty, and ienie

¢
6
\
a

baekeround-'% Fesignals-, The label indicates the sample and the Fe/Al+atiocluster in order of decreasing abundance; n indicates the number

of particles with the displayed composition. Due to rounding, values do not always sum up to 100%.

Sample-

Cluster analysis further allows us to calculate precise ratios of certain elements in particles that contain only these elements.

We conducted an example analysis for particles consisting only of 27 Al and ®® Fe (Table 3), referring to the commonly used

340 Fe/Al ratio as source region proxy. By mass, 27 Al usually dominates slightly; comparably high 5 Al shares were detected in

345 3.2 Particle size estimate

3.2.1 Meanmass
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Table 3. Particle clusters containing only 27 Al and °° Fe and their respective mass shares.

Sample AlFeclustercount AL Fe
HI 47.8255_ 522054 119046
H2YD2 61:3-5582 387052 022048
¥DP3G3_ 5223893 47.8057  0:59043
G4 777770 223073  6:89027
G5 3273742 673049 623051
G6 7541764 249051 184049
G7 7924433 20:8048 114052
G8 3532307 647081 0:520.19

3.2.1 Mean mass and particle sizes

Particle sizes were estimated based on mineral phases previously identified with Raman spectroscopy (Sect. 2.7). Comparing
particle sizes across different samples is challenging with SP ICP-MS, as the lower detection limitis set by the ionic background,
which is often inconsistent when comparing melted ice core samples from different climate periods. Consequently, small limits
in_samples with low background allow for the detection of smaller particles and to access a size fraction which cannot be
considered in samples which exhibit large background signals and therefore higher detection limits. To enable a comparison,
we chose a conservative approach, in which the overall highest limit of detection was chosen to set a common size window in
which all samples are compared. It is worth noting that this approach misses the smallest particles in samples with low ionic

background (e.g. H1), but it allows facilitated comparison across samples with varying backgrounds.
Across all samples, we selected the highest ionic background to make the detection of (large) particle-comparable-particles
comparable (see Sect 2.4). Detections above the event rate thresholds (Sect. 2.6) were only reached in ¥D3-YD2 (*7 Al, 28 Si,

48 Ti, 56 Fe) and 68-G7 (*7 Al, 28 Si, “® Ti, 5¢ Fe). While this approach enables the comparison of particle size and number in

15
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a set window, it prevents the analysis of small particles-which-could-theoretically-be-detected-using-a=10=5. Therefore, the
following comparisons are merely qualitative within the size window stipulated.

Mean mass ranges from 0.056 fg (> Al in G5) to 3508 fg (*8 Si in G6) (Fig. 5a). Within our conservative threshold frame

articles containing 2% Si and *® Ti are usually heaviest while °° Fe particles are the lightest,

15004

10001
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\
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Figure 5. Single particle parameters calculated with uniform ionic background thresholds for 27 Al 28 Si, “® Ti, and °° Fe after assignin

minerals based on previous Raman spectroscopy work. a) Mean mass measurements and b) mean size estimates. Size estimates are based on

the chosen mineralogy as explained in Sect. 2.7. Opacity and colour legend as in Fig. 3.

The estimated mean and median particle sizes (Fig. 5b }-and Al, respectively) show a wide range within 2+0-samples
and over the sampled spectrumand-in-, In the following comparisons and discussions, we will refer to mean values. Particles
are comparably small in samples H1 (36-383 nm) and 66-G5 (34-370 nm). 28 Si-containing particles are the largest in six
samples (Hl %%—%M G6, G7--68) and range from 370 nm (66G5) to 1770 nm (6721 Me-particles-are

G6). It is worth noting

that as particles increase in size, transport efficiency is reduced and data from large particles need to be interpreted with care
Lomax-Vogt et al., 2025). °6 Fe-bearing particles are always the smallest, ranging from 34 nm (GéGS) mm to 187 nm (G4G6)

Median sizes are similar to the mean values (Fig. Al).

3.2.2 Particle size distribution

for2TAlGenerally, we can resolve the distribution of very fine particles obtaining insights into nanometre-sized particles,
which is etherwiseJognermal-distributed—likely more useful than exact numbers. Distributions are normally lognormal or
close to it with a few exceptions, such as large 28
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Figure 6. Particle size distribution for assumed minerals based on Raman spectrosco

orange), and °° Fe

line indicates the lognormal distribution and should be treated with caution for the area below the limit of detection (LOD). LOD and mean

values are indicated. Note zm on the x-axis for 22 Si in G4 and 28 Si and *® Ti in G6.

v .56 \/
representing-a-tognormat-distribution—tn-G5-Si-particles in H1 (Fig. 6 b);24 i —withi i
4 m-and-with-some-outh izes—2 T AL48 Ty 20 distributed—22-Si-has-some

outliers-of small-size-around-its-mean-size—n-G7-a). In G4 and G6 (Fig. 6b and c), 2 Si and *® Ti particles-are tognormat
distributed-and-cover an extensive size range reaching into the micrometre range. 2--At-and-°5 Fe show-lognormal-distributions:

24 7\ g
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400 4 Discussion

4.1 Characterisation of particles and their link to climate

The-eoncentration-of-Our findings show how SP ICP-TOFMS can help in better characterising nanoparticulate dust particles
and climate periods based on particle concentration, composition, and particle size. In most samples, 2® Si-bearing-particles-is
highestin-mestsamples(H2,YD3,-G5,-G7-G8,-G9Si was dominant (YD2, G4-G8) (Fig. 3a). Given the high abundance of

405 silicate minerals, such as quartz (90% in the Earth’s crust), this was an expected result —Crustal-as crustal material has been

transported to Greenland regularly {e-g--Steffensen, 1997 Vallelongaand-Svensson, 2044)(e.g. Steffensen, 1997; Vallelonga and Svenssor
. Si is the second most abundant element in the Earth’s crust (28.2%), most often forming silicates together with the most
abundant element O (46.1%) or aluminosilicates together with 7 Al the third most abundant crustal element (8.2%). The
high concentration of 27 Al can be explained by Al being the third-mest-abundant-element-of the-erust(8:2%)-and-the-most
410 abundant-most abundant metal, forming several aluminium oxides and members of the clay, feldspar, and mica groups. The
fourth most abundant element in the crust is Fe (5.6%), forming iron oxides and being part of, for example, sulfides, mica, and
feldspar varieties, explaining the high concentration of °® Fe (Fig. 3a). Especially in the glacial, dust minerals, such as mica,
feldspar, and hematite, are very abundant (e-g--Stellet-al52023b)(e.g. Stoll et al., 2023b). The concentration and nermalised

relative shares of 48 Ti vary throughout our samples as Ti is the ninth most abundant element (0.6%) in the crust, forming a
24 N g

415 variety of titanium oxides and other minerals.

Our data show that the dust-rich cloudy band from the Younger Dryas (¥P3YD2) and the prominent cloudy band in G8

G7 from the last glacial (GS-12) have by far the highest particle concentrations (Fig. 3a). The cluster analysis (Fig. 4) shows

that particle clusters in both samples are very similar in composition. In both samples, 27 Al is the dominant element (Fig. 3b)

420 followed by 5¢ Fe, 28 Si, and 48 Ti. 22 Mg-bearing particles-abwaysshow-the towest-numbersThis indicates that the analysed
particles originate from similar source regions and were transported under comparable climate conditions. As discussed by

Stoll et al. (2021a, 2023b); Bohleber et al. (2023), these cloudy bands are stratigraphic features indicating high insoluble
particle concentrations partially from dry deposition events. These bands dominate the ice stratigraphy below the bubble-
hydrate transition helping to asses-the-macroseale-paleoclimate-assess the macroscale palacoclimate record integrity and are

425 potentially areas of enhanced diffusion and microstructural ice rheology differences (Faria et al., 2010). The-largest-particles

and-G6-which-containfiner-sized-particles—Unfortunately, there is no EGRIP chemical data, e.g. from CFA, from the depths

analysed in this study. For a comparison and further in-depth characterisations, more data are thus needed.
430 . - L i - Y

25 O S 5 1V yCWwW ) . g00 a1 O TNCUIKO a9

o ample G5 displays how SP ICP-TOFMS
can help in defining climatic periods in a very precise manner. G5 is roughly 34.7 ka old and should thus alse-be from a Stadial,

i.e. GS-7 (34.74-33.74 ka b2k) (Rasmussen et al., 2014). However, the-low-particle-concentration-and-the-small-particle-sizes
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G35 is characterised by low particulate concentrations (Fig. 3a and very small particles (Fig. 5) similar to H1

435  whichis roughly 1000 years old and from the relatively warm Medieval Warm Period (e.g. Broecker, 2001; Mayewski et al., 2004; Goosse ¢
- The particle properties of G3 indicate a reduced transport of comparably small particles to Greenland. Weak winds during
warmer climate periods explain our observations, which is in agreement with previous work on interstadials (Rasmussen et al., 2014).
. Thus, our data indicate that the age estimate or the eut-sample-sample cut of G5 is slightly off;-which-could-have-happened
during-sample-processing-or-eutting—The-sample-. G5 probably originates from a slightly warmer period, i.e. the end of GI-7a

440 (34.8-34.74 ka b2k) (Rasmussen et al., 2014);-which-is-characterised-by-warmer-temperatures—

attv Y a pa < b—aha - ana—Q s, aica a cd c o140 pa anspo O

Greenland-due-to-weaker-winds-during-warmer-periods—,_In contrast, aerosol transport was more potent during colder times,
with stronger winds transporting larger particles farther, which can, thus, be deposited further from their source (Vallelonga
445 detected particles originated from different regions depending on the prevailing regional wind systems. Such detailed insights

4.2 Elemental composition via cluster analysis and multi-method investigations

With SPICP-TOEMS, we may resolve nanoparticle populations and characterise them in their physical and chemical properties

.g. size, number, composition), which is interesting for comparisons with observations from the macroscale. The conducted

450  particle cluster analysis (Fig. 4) reveals diverse particle compositions with certain trends, providing a starting point for a more
accurate classification of populations of nano- and micro-particles in polar ice. One quarter of the analysed clusters contain

only a single element. Based on Raman spectroscopy and literature data, we infer that these particles also contain oxygen
likel

in the form of oxides. °6 Fe-oxides could be, for instance, Wiistite (FeQ)

hematite (F'esO3) or magnetite (Fe

2

455 as-indicated-by-enormo icle-sizes(ab

We-show-that-Si-oxides could represent quartz (Si05) or quartz polymorphs, and *° Ti-oxides could be rutile, anatase,
or_other_polymorphs (all 7'05). Complex clusters usually contain mostly ** Si, potentially representing feldspar (always
Al, Mg, Fe, and Mn

such as the very abundant Illite (Svensson et al., 2000). Observed clusters containing only Fe and Ti could represent llmenite
460 (LeTi0y). These interpretations of SP cluster data broadly agree with the found mineralogy from micrometre-sized particles
within EGRIP ice (Stoll et al., 2022, 2023b). However, we note that inferring mineralogy based literature and Raman data is
an oversimplification. As can be seen in Fig. 4, various different elemental compositions were common throughout the ice
core. These composition may provide additional hints to what mineralogy is present and can be interrogated in extensive
detail. However, the aim here was to provide tentative ideas and demonstrate how SP ICP-TOFMS yietds-new-information

465 helping-in—<characterising mate-pertods-based-on—particle-coneen on-and-stze—Espe v—the-analysis-ofnanometre-sized

and primarily containing Si and Al) or mica (always containing Si and potentiall and clay minerals
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490
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500

the-dust partiele-size-in-may complement or even advance pervious approaches. Raman spectroscopy revealed e.g. quartz and
hematite as prominent phases, SP data demonstrates heterogeneity in particle composition (Fig. 4). Some reports state that the
mass composition of single particles can be used to assign specific minerals which could be helpful to complement Raman
insights and to validate it. In our case, Raman spectroscopy gave good hints but also showed that the nanorealm is far more
complex and needs to be investigated further. It demonstrates that we need to develop representative simplifications when
dealing with vast amounts of data as generated by SP ICP-TOFMS. Additionally, samples have to be evaluated carefully.
The high concentration of particles, e.g. in YD2 and G7, may change the element composition and affect cluster analysis by
overestimating the number of clusters, which should be kept in mind. We display representative examples of co-detections over
time from the comparably pure sample HI and the na 2 ' tking

4.3

The presented data of ¥B3YD?2, the cloudy band from the Younger Dryas, show normalised-shares-of +9-5%and-206-4relative

shares of 20.3% and 21.2% Si- and Fe-bearing particles, respectively (Fig. 3b). Stoll-et-al-2022)-found-20%quartz(S+O)
and-6%-hematite- (Fe;Ox)-inthissample-An-in-depth-An investigation of an area within thissample-YD2 with LA-ICP-MS 2D

Imaging showed several areas-pixels interpreted as clusters of heterogeneous Fe-, Si-, and Al-bearing particles (Bohleber et al.,

2023). The authors report 20-28% "Si without Al" pixels, a quartz proxy, and 21% "Fe without Al" pixels, a hematite proxy.
Stoll et al. (2022) found 20% quartz (Si02) and 6% hematite (F e203) in YD2. This comparison is encouraging, showing

similar results €

s-despite the different limitations
of these three methods, especially regarding particle size. Obtaining representative statistics with confocal Raman spectroscopy

is time-demanding and thus challenging, especially when focusing on one plane 500 ;zm below the sample’s surface (Stoll et al.,

2022, 2023b). Quantitative results are, thus, likely to differ, explaining this-diserepaney—Anotherimportant-aspeetis-that-the

This-direet-the discrepancy in the Raman spectroscopy-derived hematite share. This comparison exemphﬁes the potent1a1

for more systematic liaisons between i
methodst-eseonfeeal-Raman spectroscopy, LA-ICP-MS 2D Imaglng and SP ICP-TOFMS;<eapture-differenttypes-of-signals;
i i araeteristies. More data gathered with this multi-method approach might enable the development

of enhanced generalisations of dust particles in the-pelarregionspolar ice, deepening our understanding of the past climate.

20



505

510

515

520

4.3 Fe in particulate and dissolved form

One key element in the climate system is Fe, as it can enhance the marine primary productivity, and is usually transported

via aeolian mineral dust.

at-G4 and GS5. These data support recent work
showing that other regions than deserts in East Asia (e.g. -Gobi, Taklamakan) and the Chinese Loess Plateau are source regions

for dust deposited in Greenland (e-e—Ujvéri-et-al-2022)(e.g. Ujvdri et al., 2022). Sr-Nd and Nd-Hf analyses of these samples

are needed to follow up on this hypothesis. The Fe/Al ratio for H1, the closest sample to the ice analysed by Erhardt et al. (2019

is 1.19 and thus very similar to the mean value reported by Erhardt et al. (2019) (1.13), indicating a similar particle source

region and that our decontamination and measurement procedure produces reliable results.

184 |@This study e
@Erhardt et al. (2019)

Asian Dust

1.2 .H1
)

G3
Average this study 4

20 30 40 50
Age (kyr) b2k

Figure 7. Fe/Al ratios in our samples (cyan) --and the mean value from Erhardt et al. (2019) (red)--ané-. The grey area with black outlines
encloses dust values from Asia {Jeong, 2068 Formenti-et-at;20+Hfrom Jeong (2008); Formenti et al. (2011).
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4.4 Trace elementselement analysis

We present a proof-of-concept showing that trace element analysis on particles trapped in discrete solid ice samples is possible
with SP ICP-TOFMS. Our data display the chemical variety of particles bearing numerous particulate elements ranging from

very abundant, such as 28 Si, 27 Al, and 5 Fe, to scarce (trace elements), such as 197 Ag, 2°8 Pb, and '8 Sn (Fig. 2). The largest

number of different particulate elements was detected in G5, which could imply that the source regions and minerals of the

detected particles were comparably diverse. However, it remains to be tested if the number of different elements is suitable to
act as such a proxy. Estimating mass fractions and mineral phases for trace elements is currently impossible due to lacking

dataa lack of data, and we thus only report the number of different particulate elements and respective detections.

Fhere-istittleresearch-on—An in-depth discussion of all measured elements in our samples, their respective properties
and their potential implications would only be possible if more data from EGRIP or other polar ice cores were available.

Unfortunately, little is known about trace elements in
{e-gBarbante-et-al52003)-Antarctica (e.g. Gabrielli et al., 2005) and Greenland (e.g. Barbante et al., 2003) and especially data

from deep ice cores are missing. Glaciers from outside the polar regions have been investigated more closely regarding trace

element concentration (Kutuzov et al., 2022); however, the main-primary focus is on trace elements regarding anthropogenic
pollution, and samples are thus comparably young. For example, low concentrations (pgg~!) of Ag, Au, Pt, Pd and Rh were
identified in ice and snow from the Mont Blanc in the French—Italian Alps with a maximum age of roughly 250 years (Van de
Velde et al., 2000). In the Italian Dolomites, Gabrielli et al. (2008) identified several trace elements, such as Ag s Ba;-Cd;-and
Pbr-and Cd, in recent winter surface snow. For-a-tong-time;-this-This lack of data was mainly due to the missing sensitivity of

the available analytical techniques and the extremely low concentrations of these elements in polar ice—
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560

in-deep-polar-ice-cores-utilising, which could, however, be tackled with SP ICP-TOFMS;-extending-our-understandingof;e-gs

4.5 Towards a more aeeurate-holistic representation of insoluble particle size in polar icecores

565

issedand provides insights that are not
available with other techniques. These findings are-eentrary-to-expand the state-of-the-art as most studies on insoluble particles
570 in ice cores -which-are limited in their size range (e.g. Coulter Counter (0.6-10 pm), laser particle detector (0.9-15 pm)) and

report a particle size distribution of around 1-2 pm {e-g

.g. Petit et al., 1981; Delmonte et al., 2002; Wegner et al., 2015:; Potenza et al., 2016). However, already Steffensen (1997) showed

575

ast-. Recent work by Zeppenfeld et al. (2025

using SPES on two shallow cores close to EGRIP further supports our size estimate data, displaying a vast abundance of tin
580 particles. Since dust particle size is an essential constraint for modelling atmospheric transport and the impact of dust one-g-,

e.g. global radiation, clouds, and biogeochemistry but+
i i er-(e.g. Tegen and Lacis, 1996;

. further SP analyses of polar ice could establish a more realistic representation of insoluble particle size;-espeeialty-sizes in the
nanometre range. Investigating the dust particle size in the nanometre range could also help to link future million-year-old ice
585  core records, such as Beyond EPICA Oldest Ice, Million Year Old Ice or Dome Fuji Oldest Ice, with marine dust records from
Antarctic Ocean Drilling Program (ODP) cores (Wolff et al., 2022). Additionally, they-these particle size data can establish
models on internal and external mixing states and can therefore give size distributions for specific particle species. The
particle size estimate approach presented here could be further developed by incorporating a wider array of occurring minerals,
building on elemental compositions derived from cluster analysis (Fig. 4). Even though these clusters do not provide accurate
590 mineralogy data, they enable sophisticated guesses regarding nanometre-sized particles as explained above. However, there
are limits, Clusters of a diverse composition remain hard to characterise. For some samples, the LOD of certain elements
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limits the exploration of the full particle size distribution and small particles or particles with small elemental mass fractions
may be missed. On the other hand, SP ICP-TOFMS is limited b

its particle cut-off size (2-5 pum) and particles in the larger

micrometre-sized range have to be treated with caution.
Our approach to estimating particle size relies on a few assumptions regarding the mineralogyef-the-mostabundantelements:

and-. These assumptions are based on previous Raman spectroscopy work (Stoll et al., 2022, 2023b), literature, and partly on
the conducted cluster analysis, and are thus convincing assumptions. To further check this, instead of only using Fe3O3

(hematite) for ° Fe particles, we conducted tests using Fe3O, (magnetite) as magnetite was identified in G8-G7 by Stoll et al.
(2023b). However, mean and median particle sizes only decreased by ca. 2 nm for this configuration, supporting the validity of
our Fe-bearing particle size estimates. This could differ for other elements and respective mineralsbut, but it is adequate for a

ARAAANA

proof of concepte

4.6 Challenges and limitations of ice-related SP analysis

The compositional analysis of particles can be divided into elemental and mineral. SP ICP-TOFMS can tackle the former,

and counting sufficient particles allows to establish models on both the internal and external mixing states using, for example,

statistical tools (e.g. hierarchical agglomerative clustering) (Tharaud et al., 2022). The-mineral-composttionrequires-adequate
speetroscopic—techniqaes—While the coincidence of elements in a single particle and the calibration of their relative mass

fractions can help to suggest mineral data, spectroscopic techniques are more adequate for a direct identification. However.
Raman spectroscopy investigates light scattered inelastically by particles and accounts for only a fraction of the overall scattered

light. As such, Raman spectroscopy is often limited to investigations of particles with dimensions at the microscale (depending

on refractive index).

and-linked-to-SP-For the presented particle size estimate, it would be beneficial to conduct dedicated overview measurements
with Raman spectroscopy on, e.g. a few samples per climate period, delivering benchmark minerals as input parameters.
Taking advantage of the state-of-the-art in analytical chemistry could further push comprehensive particle characterisation by
WWMMICP -TOFMS
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Neuper et al., 2024).

The calibration of number concentrations of abundant particles may require previous dilution, which may alter the matrix

and consequently particle stability (Gonzalez de Vega et al., 2022). Investigating particles with low number concentrations,
however, may require extended acquisition times. In summary, finding ideal conditions for various particles can be diffieultchallenging,
630 and a compromise is frequently-requiredoften necessary. In this study, analysis times were up to 100 s, and no dilution was
carried out to conserve natural ionic strength. Especially in particle-rich ice, such as cloudy bands, some particles were so
abundant that coincidental detection was likely. The applied threshold method sheuld-be-a-good-is a suitable approach to
tackle this issue. However, it is worth noting that at higher coincidences, calculating accurate number concentrations, sizes,
and compositions becomes increasingly diffieult—and-tricky. In such cases, numbers should only be regarded qualitatively
635 as particle numbers may be significantly underestimated while sizes are increasingly overestimated. SP-HEP-FTOFMS—is-an

Finally, the determination of particle number concentrations in ice core samples may be hampered by the large difference

640 in the numbers of different detectable particulate species, especially when investigating a variety of samples. For example,

particles containing Fe, Al, Ti, or Si are very common, while other entities containing elements such as lanthanides or actinides

are relatively rare. Choosing a uniform threshold for all elements for several samples enables inter-compatibility between

samples, but filters out a certain number of particles. Additionally, artefacts could occur if elements are not analysed with

consistent statistics. Choosing the right approach is also crucial when analysing particle clusters. Here, we decided to conduct

645 the particle cluster analysis without applying a uniform background. This limits the comparison between the samples, but

provides the best overview of detectable clusters. Applying a uniform threshold would strongly limit the number of analysed

clusters, thus deviating from the actual content of the ice. An example for cluster analysis applying uniform thresholds is

shown for HI (Fig. C1). Here, only four clusters of three different compositions (containing only 27 Al, and °° Fe) were

detected instead of more than 11600 (sum of all clusters in H1_1-H1_4 in Fig. 4). Depending on the research objective, it has
650  to be debated which approach is the most appropriate.

4.7 Implications

Our multi-element analysis revealed a high level of complexity at the nanoscale and that inferring particle sizes and species
can be challenging. One reasons is that the abundance of particles varied drastically between investigated samples and in some
instances, a mathematical correction model was required to indicate likelihood for co-detection of particles. This co-detection
655  has implications for the interpretation of particulate parameters as numbers are underestimated, sizes are overestimated, and
composition analysis is biased. While the analysis of some samples should be regarded tentatively, it is obvious that SP.
ICP-TOEMS has many facets to add and is adjuvant to chart polar archives at a little known scale. Especially compositional
analyses revealed many different nanoparticulate clusters. Their fingerprint contains important information that may be useful
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to deduce their origin but also to infer their mineralogy. We have previously carried out single particle Raman spectroscopy,
which allowed us to only sample a subset of large particles. While we could reveal the presence of various microminerals, nano
mineral diversity may be much larger and dedicated compositional analyses may be helpful to deduce mineralogy which in turn
would help in source analysis as well as in other mineral-concerning questions. While SP ICP-TOEMS may chart the nanoscale
when focussed on polar ice, it is also noteworthy that the analysis of microparticulates is still limited. As particles increase in
size, their transport in SP ICP-MS get increasingly affected and guantitative analysis in the microscale can only be regarded
as very tentatively. The data showcased in this study shows a tentative view on nanoparticulate matter in the EGRIP core and
simplifies and interpolates complex associations and differences. However, the aim was not to provide accurate and precise
metrics, but to demonstrate the potential provided with SP ICP-TOFMS. This is both challenging and promising, as there is
a lot of information encoded in the nano realm. Future studies will need to focus on subtle differences and the deciphering of

information encoded at the nanoscale.

4.8 Implieations

This study 1) shows the potential of applying a holistic multi-method approach regarding impurities in ice and 2) advances
the knowledge about particles, especially in the sub-micrometre size range, setting a new benchmark for size and elemental

and mineralogical composition studies on dust in ice. We

We-exhibit that such an approach is possible with small ice volumes, such as the used cubic samples with dimensions of often

less than 1x1x1 cm. For an extended analysis, we recommend using larger samples, making the handling of the samples durin

decontamination easier.

mefhed%—{mfhewvake«a#pfejeewdemfeekbyfh&The International Partnership in Ice Core Sciences (FPICS)-aiming-aims to

recover the "Oldest Ice"; thus, retrieving as much information as possible from each sample, especially from the deepest,

highly thinned regions, is essential

~.and our
multi-method approach could be key here. Other areas of interest are the "geochemical reactor in ice" hypothesis (Eichler
etal., 2019; Baccolo et al., 2021) and the investigation of dust particle size-and-clustering. Bohleber et al. (2023) and Stoll et al.

(2021a, 2022) found clusters of insoluble particles, which likely separate during the melting process of CFA and thus remain

largely unexplored. Analysing the chemical co-localisation of particles—with-SPICP-FTOFEMS-data-has-the-petential-to-SPs
after Raman and LAICPMS analyses ma help explore this issue. Feﬁwﬁﬂgﬂpﬂﬂwefk—by&meﬂse&e%al—%w}—ﬂﬁalyﬁﬂg

—Including SP ICP-TOFMS in ice core analysis routines will immensely help when details on dust characteristics are needed.

Peveloping-However, developing a "best practice”" approach for SP ice core analyses is necessary to foster comparability
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of results eoming-from different labs. This-It ranges from laboratory guidelines ;—such-as-decontamination—procedures;—to
coordinated data processing and analysis routlnes%deéweﬂmeﬁﬁ-hﬂﬁeﬂeﬁptﬁeﬁﬂwesaﬁedﬁameme

5 Conclusions

We show the potential, challenges, and limitations of SP ICP-TOFMS analysis ha&exee}}eﬂ{—pe{eﬁﬂakfor 1mpur1ty -related

~
first SP ICP-TOFMS data from a polar ice core covering several climate stages, such as the late-and-intermediate-Holocene,

ice core research. We

the Younger Dryas, and different Glaeial-glacial Stadials and Interstadials. We ebserve-describe approaches dealing with
discrete samples and vastly different ionic backgrounds showing substantial differences between the nine-samplesinnormalised
samples in relative particle number, concentration, and dominant composition. We focus on some of the most abundant elements
in the Earth’s crust, i.e. 27 Al, ¢ Fe, 28 Si, 24 Mg-and *® Ti —Wefurtherintroduce-and conduct a particle cluster analysis

displaying the most dominant element compositions. We also suggest a new technique to estimate %he—m&eﬁeaelwafﬁe}e
particle sizes based on its measured elemental chemistry and

datapriori knowledge from previous Raman spectroscopy analysis. Particles range from a few nanemeters-te-micrometres-and

nanometres to micrometres

displaying the need for a more accurate characterisation of particles in the nano-realm, which is possible bia SP ICP-TOFMS.
This study presents-the-advaneed-thus presents the final stage of a systematic multi-method analysis approach fer-dedicated
iee-core-samples;-merging the benefits of Raman spectroscopy, laser-ablation inductively coupled plasma mass spectrometry,

and SP ICP-TOFMSmeasurements—Ineorporatingsuch-an-approach—. Incorporating this approach for dedicated samples in
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the planned analyses of precious million-year-old ice would foster interdisciplinary collaborations and boost the scientific

outcome.
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Figure A1. Median size estimates with uniform ionic background thresholds for 22 Mg-27 Al, 28 Si, 48 Ti and °° Fe. Size estimates are based

on the chosen mineralogy as explained in Sect. 222.7.
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Figure B1. Representative detections over time in H1, G5, and G7 displaying the clustering of certain elements.
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Figure C1. Detected particle clusters in H1 after applying uniform thresholds. Only three different cluster, containin 27 Al and *® Ti, were

31



Table A1l. Calculated ionic background thresholds (unitless) for all samples and elements (part 1). Bold text-numbers refers to the highest
ionic background threshold for the respective element throughout all samples, which was applied to all elements for the size estimate.

Sample Chemical species Calculated ionic background
H1 M 8.979H 127 Al 8.135
HI 28 Si 8.474
HI1 BT 8.593
H1 56 Fe 10.73
H2YD2 5 Me 7 RS H2TT AL 90R8H2 T SERO0OHZ D FE T A2 e 202V D3 M 68.73Y DA AL38.81
¥P3-YD2 2 Si 308.1
¥P3-YD2 R ] 35.38
¥b3-YD2 %0 Fe 424.5
64G3 24 Me 4825G4-27 Al 13.87
64G3 8 Si 26.06
64-G3 BT 2478
64G3 %6 Fe 20.2
65G4 24 Me8.348G5->7 Al 12.59
65G4 % Si 11.77
65-G4 B Ti 9.018
65G4 56 Fe 104
66G5 2 Me1714366-77 Al 14.9
G66G5 % Si 18.34
66G5 BT 15.27
66G5 %6 Fe 25.27
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Table A2. Calculated ionic background thresholds (unitless) for all samples and elements (part 2). Bold text-numbers refers to the highest
ionic background threshold for the respective element throughout all samples, which was applied to all elements for the size estimate.

Sample Chemical species Calculated ionic background
G7G6  *'Me20.34G777 Al 14.26
67-G6 8 si 19.76
67-G6 BT 14.74
67-G6 % Fe 23.93
G8G7  FiMe 84687 AL 40.78
68-G7 2 Si 211.8
68-G7 BTy 23.42
68-G7 %6 Fe 393.5
69-G8  Z'Me 73986977 Al 7.502
69-G8 8 Si 8.87
69-G8 BT 7.004
69-G8 %6 Fe 9.803
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