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Abstract. Aerosol-derived impurities in deep Antarctic ice cores provide high-resolution records of past climate and atmo-
spheric variability. However, post-depositional englacial geochemical processes driven by impurity remobilization through
ice metamorphism can perturb the originally deposited signals, challenging the interpretation of deep ice records. To ad-
dress this, we investigate englacial mineral alterations by analyzing the elemental composition of 18 ice-core sections of the
EPICA Dome C (EDC) ice core (ranging from 281.6-3137.1 m depth) using single-particle inductively coupled plasma time-
of-flight mass spectrometry (sp-ICP-TOFMS) coupled to a continuous flow analysis (CFA) system. This reveals a deep-ice
environment dominated by pervasive acid dissolution, leaving behind refractory mineral phases. We document the progressive
neoformation of potassium-rich alunite-supergroup minerals (jarosite, alunite, and mixed phases) and the probable formation
of Fe-(oxyhydr)oxide coatings. These secondary phases concurrently immobilize trace elements (iodine, arsenic, lead) via sur-
face adsorption and structural substitution. These transformations occur within highly localized microenvironments and are

accelerated by increasing in situ temperatures with depth. They are further enabled by the old age of deep ice, which provides
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hundreds of thousands of years for these reactions to occur. These findings underscore the importance of accounting for the
effects of post-depositional geochemical transformation when interpreting impurity records from EDC and other old ice cores.
The colder thermal regime of the Beyond EPICA Little Dome C is expected to lead to slower geochemical transformation,

potentially providing a higher-fidelity impurity record for the epochs currently covered by EDC.

1 Introduction

Ice cores from polar regions provide high-resolution records of past climate variability. In particular, the European Project
for Ice Coring in Antarctica (EPICA) Dome C (EDC) ice core provides the longest continuous ice core climate record so
far, preserving the last eight glacial-interglacial cycles and extending back to 800 kyr (EPICA community members et al.,
2004). Among the proxies preserved in ice, mineral dust is one of the most sensitive indicators of climate and environmental
change, with concentrations varying by several orders of magnitude between glacial and interglacial periods (Delmonte et al.,
2002, 2007; Fischer et al., 2007). This variability reflects changes in dust emission, atmospheric transport, and deposition,
thereby providing key constraints on past atmospheric circulation, wind speed, aridity, and surface conditions in the dust
source region.

Extending ice core records beyond 800 kyr has become one of the central goals in paleoclimatology, particularly for address-
ing the Mid-Pleistocene Transition (MPT; 900-1200 kyr), when glacial-interglacial periodicity shifted from 41 kyr to 100 kyr.
Deep ice cores are among the most promising archives for resolving MPT mechanisms, the origin of which remains debated,
driving the search for the oldest and deepest ice. However, as ice age and depth increase, the potential for post-depositional
processes to modify primary climate signals increases correspondingly. A thorough understanding of these processes is thus
essential for reliably interpreting climate proxies, yet detailed investigations of englacial geochemical transformations remain
limited.

Among these processes, the post-depositional modification of impurities poses a major challenge for interpreting deep ice-
core records, as both physical redistribution and chemical transformation of aerosol-derived material can occur during ice
metamorphism. Early evidence for post-depositional modifications came from the discovery of unusually large dust aggregates
(several micrometers up to a few millimeters) in the deepest sections of the EDC ice core, below ~2900 m (Delmonte, 2003;
Lambert et al., 2008; Tison et al., 2015). These aggregates demonstrate that mineral dust is not inert but undergoes substantial
post-depositional evolution at depth.

Subsequent studies have identified a suite of englacial geochemical processes that drive dust aggregation and mineral trans-
formation. These processes include (i) dissolution of primary minerals, notably carbonates and aluminosilicates (e.g., horn-
blende and muscovite), as well as Na-sulfates and Fe-bearing phases (Baccolo et al., 2018, 2021a; Ohno et al., 2006; Eichler
et al., 2019), (ii) precipitation of secondary sulfate and carbonate minerals (Angelis et al., 2013; Ohno et al., 2006; Baccolo
et al., 2018, 2021a; Eichler et al., 2019; Lanci et al., 2026; Traversi et al., 2009; lizuka et al., 2008; Ohno et al., 2014), and
(iii) redox reactions affecting iron-bearing components (Baccolo et al., 2018, 2021a). Such alterations have been documented

at multiple Antarctic sites, likely indicating that they are a widespread feature of deep Antarctic ice (Table Al).
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Among secondary phases, sulfate minerals are particularly prominent. Gypsum, a well-known secondary mineral, has been
frequently reported, together with magnesium sulfates and other sulfate species (Angelis et al., 2013; Ohno et al., 2006; Eichler
et al., 2019; lizuka et al., 2008; Baccolo et al., 2021a; Ohno et al., 2014; Traversi et al., 2009). Of special interest is potassium
iron(III) sulfate hydroxide (jarosite), which has been identified in deep Antarctic ice cores and is interpreted as a cementing
agent promoting dust aggregation (Baccolo et al., 2018; Eichler et al., 2019; Baccolo et al., 2021a; Lanci et al., 2026). The
formation of jarosite implies the development of localized acidic (pH ~2-3) and oxidizing microenvironments, which may
be intensified by precipitation of Fe-oxyhydroxides and other secondary minerals, and, potentially, by acid production during
pyrite (FeS,) oxidation (Long et al., 1992a, b; Papike et al., 2006; Baccolo et al., 2021a; Angelis et al., 2013; Eichler et al.,
2019). However, the presence of intact pyrite at a remote site warrants caution, given the challenges of long-range aeolian
transport from potential source regions (Baccolo et al., 2021a). A synthesis of the geochemical processes in deep Antarctic ice
and analog environments is provided in Table A1l.

The development of such reactions is facilitated by the heterogeneous localized distribution of impurities at the microscale.
Acidic species can be concentrated along grain boundaries, at triple junctions, and within micro-inclusions in the ice matrix,
creating localized low-pH environments that strongly differ from bulk ice conditions (Wolff and Paren, 1984; Mulvaney et al.,
1988; Fukazawa et al., 1998; Baccolo et al., 2021a; Bohleber et al., 2025). In addition, premelting (a thermodynamic melting
process at the micro-scale) at these impurity-rich sites generates thin liquid-like films and confined liquid phases at subfreezing
bulk temperatures, locally approaching eutectic conditions (Pincock, 1969; Nye, 1989; Mader, 1992; Dash et al., 2006). These
impurity-rich liquid phases provide a reactive medium that promotes dissolution, diffusion, and precipitation of mineral phases,
thereby accelerating post-depositional geochemical alteration (Angelis et al., 2013; Rempel et al., 2001; Dash et al., 2006; Stoll
et al., 2021).

Despite these advances, important knowledge gaps remain in inner Antarctica, where impurity composition and ice meta-
morphism are quite different from previous study sites. For instance, jarosite has not yet been identified in the Dome Concordia
region of the East Antarctic Plateau, which hosts the oldest continuous ice core retrieved to date. Moreover, while early stud-
ies focusing on the deepest ice core sections (Angelis et al., 2013; Tison et al., 2015) have offered limited insight into how
post-depositional processes develop with increasing depth and age, more recent depth-resolved studies (Baccolo et al., 2021a;
Lanci et al., 2026) have significantly advanced our understanding. Nonetheless, the reliance on electron microscopy and X-
ray-based techniques—primarily suited for micron-sized individual particles or bulk samples—still limits the ability to resolve
the fine-scale onset and evolution of these processes or to achieve statistically robust conclusions (Kutuzov et al., 2026; Stoll
et al., 2026).

Here, we address these gaps by investigating post-depositional geochemical processes across a broad depth interval of the
EDC ice core. We analyze the elemental composition of 18 ice-core sections sampled at depths between 281.6 m and 3137.1
m using single-particle inductively coupled plasma time-of-flight mass spectrometry (sp-ICP-TOFMS) coupled to the Bern
continuous flow analysis (CFA) system. We use a new particle size classification approach based on bin count data from sp-

ICP-TOFMS, termed bin count analysis (BCA). This approach enables us to track depth-dependent changes in the elemental
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composition and size of millions of individual particles and the dissolved-phase composition of meltwater samples, thereby

providing new robust constraints on the onset, progression, and mechanisms of englacial geochemical alteration.

2  Method
2.1 Experimental setup
2.1.1 EDC ice-core samples

The EDC ice-core drilling site is located on the East Antarctic Plateau (75°06” S, 123°21’ E) at an elevation of 3233 m above
sea level. Owing to its long and continuous stratigraphic record, the EDC region is a key target for efforts to recover the oldest
Antarctic ice. Improving our understanding of englacial post-depositional geochemical processes in this region is therefore
essential for interpreting existing deep ice records and for addressing challenges associated with upcoming oldest-ice projects.

For this study, we selected eighteen 55 cm ice-core sections (3.4 cm x 3.4 cm x 55 cm; hereafter referred to as “bags”)
distributed across depths ranging from 281.6 to 3171.1 m, covering 10 distinct climatic periods. The selected samples encom-
pass a wide range of ages and impurity regimes representative of major climatic states. A complete overview of the samples,
including depth, age, and previously reported temperature- and dust-related information, is provided in Table 1. For clarity,
each sample is labelled based on the climatic period to which it belongs. However, these do not necessarily correspond to the
exact climatic peak conditions nor an average of the respective glacial or interglacial stages.

Ice-core processing was conducted in the —20°C cold laboratory at the University of Bern. The samples were cut us-
ing a bandsaw, and the sample fronts and ends were subsequently planed along guide rails to obtain clean ice sticks with a
well-defined transition between neighboring bags. The planing was performed in a laminar flow bench (FMS 93, SPETEC,

Germany) inside the cold laboratory to minimize potential contamination.
2.1.2 CFA system

Melting system and wet-chemistry analysis

The processed 3.4 cm x 3.4 cm ice-core sticks were decontaminated using a square gold-coated copper melter head, where
only the inner 2.6 cm x 2.6 cm are used for trace analysis, the design of which is detailed in Bigler et al. (2011). The volume
of ice melted from the clean portion was 18.3 cm® min~', which resulted in a meltwater production rate of 16.8 mLmin~".
Of this sample flow, 15.5 mLmin~' was delivered via peristaltic pumps to the analytical systems: 1.0 mLmin~! to the sp-
ICP-TOFMS and 14.5 mLmin ! to the so-called wet-chemistry system, following the experimental setup described previously
(Erhardt et al., 2019, 2022, 2023). A streamlined wet-chemistry system was operated, as a full CFA analysis had already been
conducted for the corresponding ice-core depths (Lambert et al., 2008, 2012a; Wolff et al., 2006, 2010; EPICA community

members et al., 2004; Bigler et al., 2010). This setup included two lines: a Ca?* analysis line operating at 0.9 mLmin~"

, and
a 2.1 mLmin~! line equipped with a laser particle attenuation sensor (Abakus with LDS-12/25 sensor, Klotz, Germany). The

fluorescence method for Ca>* analysis was calibrated using three standard solutions (ranging from 8.3 to 65.6 ppb Ca) prepared
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Table 1. List of the 18 EDC ice-core bags analyzed in this study. Each sample represents a specific climatic period and typically consists of
two consecutive or near-consecutive ice-core bags selected based on stratigraphic and climatic criteria. For each bag, depth, ice age, 6D, Ca®™
concentration, and dust particle number concentration are reported. Ice ages were obtained by linear interpolation of the AICC2023 timescale
(Bouchet et al., 2023). Values of 6D, Ca®", and dust concentration were averaged over the depth interval of each bag using published datasets

(Lambert et al., 2012b; Landais and Stenni, 2021). Missing values are indicated by “-”.

N Sample Bag Depth (m) Age (yr BP) éD Ca?" Dust conc.
0.
label No. Top Bottom Top Bottom (%0) (ngg™ Ly (particles mL ™ b
1 513 281.60 282.15 9,058 9,078  —398.60 1.142 -
Holocene

2 514 282.15 282.70 9,078 9,098 —396.90 1.087 -

LGP 1677 921.80 922.35 57,685 57,732 -426.00 7.423 3,586
4 1678 922.35 922.90 57,732 57,777  —420.50 8.036 2,941

LGP 1819 999.90 1,000.45 64,709 64,769 —438.30  28.906 22,741
6 1820  1,000.45 1,001.00 64,769 64,830 -439.50 25.360 15,136
7 LGP3 1994 1,096.21 1,096.70 74,995 75,035 —418.00 5.627 2,737
8 1995  1,096.70 1,097.25 75,035 75,082 —-419.70 4.542 1,943
9 MIS9 4502  2,475.55 2,476.10 302,543 302,743 -427.80 7.995 3,478
10 MiS11 4842  2,662.55 2,662.97 378,558 378,804 —433.80 16.731 12,036
11 MISI5 5460  3,002.45 3,003.00 588,517 589,094 —-429.75 8.712 5,303
12 5462  3,003.55 3,004.10 589,670 590,236 —421.95 4.028 980
13 MISI6 5520 3,035.45 3,035.92 627,952 628,548 —404.20 3.090 2,074
14 5522 3,036.55 3,037.10 629,343 630,003 —-410.00 4.065 2,190
15 MIS17 5600 3,079.45 3,080.00 692,981 693,428 —413.40 5.387 3,014
16 5602  3,080.55 3,081.10 693,858 694,279 -411.40 5.221 3,398
17 MISIS 5702  3,135.55 3,136.10 733,260 733,752 -419.35 7.127 2,926
18 5704  3,136.65 3,137.10 734,274 734,683 -423.30 11.290 5,730

The §D value for bag 1994 corresponds to the nearest available depth (1096.150 m) due to the absence of data at its exact depth.
Abbreviations: BP, before present; LGP, Last Glacial Period; MIS, Marine Isotope Stage; AICC, Antarctic Ice Core Chronology.

110 from a certified stock (Certipur®, Supelco, Germany). The Abakus sensor was not recalibrated since the last calibration. Stan-
dard solution analysis was performed approximately every 2.5 hours (before and after each CFA measurement run). Detailed

descriptions of the analytical modules of the Bern CFA system are available in Kaufmann et al. (2008).

CFA-sp-ICP-TOFMS
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Table 2. Instrumental parameters used for ICP-TOFMS measurements.

ICP parameters Values
Plasma power (W) 1550
Sample depth (mm) 5.0
Auxiliary gas flow (L min~1) 1.0
Cooling gas flow (L min~') 14.0
Nebulizer gas flow (L min™") 1.0-1.3
Sample uptake rate (uL min~1) 320
ISTD uptake rate (L min~') 80
CCT gas flow (mL min~') 5.6
Spray chamber temperature (°C) 2.7
TOF extraction frequency (kHz) 33
single particle mode 1.5 (49 extractions)

Integration time (ms)
bulk mode 250.0 (8251 extractions)

A clean meltwater sample containing ~10% air was delivered to a tailor-made Teflon micro-volume debubbler via a peristaltic
pump (Reglo Analog ISM795, ISMATEC, Switzerland) at a flow rate of 1.0 mLmin~'. From there, 320 L min~' of the de-
bubbled sample was transported by another peristaltic pump to the sp-ICP-TOFMS (icpTOF R, TOFWERK AG, Switzerland).

Before introduction into the sp-ICP-TOFMS through a PFA nebulizer (ES-2040-73, Elemental Scientific, USA), the sample
was mixed online at a T-piece with a 5% (v/v) HNOj internal standard solution containing 2.5 ppb Rh (ISTD). The internal
standard solution was prepared from a 1000 ppm Rh stock solution in 2.5% (v/v) HNO; (Inorganic Ventures, USA) and high-
purity nitric acid (Optima grade, Fisher Scientific, USA), and delivered at a flow rate of 80 L. min~—!. This resulted in slight
acidification for approximately 10 seconds (yielding a final 1% (v/v) nitric acid solution) and produced a sample containing
0.5 ppb Rh internal standard , which was then introduced into the spray chamber. The addition of the Rh ISTD accounts
for instrument-induced signal drift, ensuring greater measurement precision. Additional details on the analytical method of
continuous sp-ICP-TOFMS are provided in Erhardt et al. (2019, 2023).

All sp-ICP-TOFMS measurements followed a standardized daily startup and tuning procedure. This included a 30-minute
stabilization phase during which the ICP-MS system was continuously flushed with a 2% (v/v) HNOj; carrier solution to
minimize background signals within the online sample introduction system. After stabilization, time-of-flight mass calibration
was performed using a tuning solution (THERMO-4AREV, Thermo Scientific, Germany) containing *Co, '"*In, '*°Ce, and
238U as analytes. These isotopes were selected for their broad mass coverage and reproducible response. An integration time
of 1.5 ms was used for single-particle data acquisition. The ICP-TOFMS parameters used are detailed in Table 2.

All calibration standard materials were gravimetrically prepared using an analytical balance (ABS 220-4N, KERN & Sohn

GmbH, Germany) under a laminar flow bench. Calibration standard details can be found in Appendix B.
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2.2 sp-ICP-TOFMS data processing

Building on the analytical framework developed by Erhardt et al. (2019, 2023), we utilized the sp-ICP-TOFMS integrated
into the Bern CFA system to quantify various impurities, including both soluble and insoluble fractions. Our data processing
scheme follows a three-stage evaluation: (i) an assessment of elemental mass fraction between particulate and dissolved phases
to identify depth-dependent dissolution or precipitation trends; (ii) bin count analysis (see the Sect. 2.2.5) to track relative
particle size distributions as evidence for mineral consumption or secondary formation; and (iii) a stoichiometric analysis of

co-detected elements within the SP data to infer specific mineralogical groups.
2.2.1 Single particle (SP) detection

A simplified Poisson distribution-based threshold was applied to distinguish SP signals from dissolved/background signals. The
threshold was calculated as Threspgisson = Hbke + a\/fibkg + b, where ppig represents the mean intensity of the background
signal within each window. A detection sensitivity coefficient of a = 3.29 and an offset correction coefficient of b = 2.71
were used, corresponding to a one-sided 95% confidence interval appropriate for threshold-based detection (Currie, 1968). A
sliding window approach was implemented using 1000 data points (equivalent to ~1.5 s), whereby the threshold was calculated
dynamically across the time-resolved signal.

The SP detection process was iteratively repeated up to 100 times within the same time window until no further SP signals
were detected. After each iteration, the intensities of identified SP signals were excluded from the calculation of the mean
background intensity (i) to progressively refine the background estimation. Furthermore, a split-event (SE) correction was
applied so that consecutive data points originating from a single SP event were counted as a single particle signal. The maximum
bin number for SP SEs was set to five data points to account for natural variability in the shape and size of mineral particles in
ice-core samples. While engineered nanoparticles have well-defined, uniform properties and shorter signal durations, natural
particles with irregular shapes and polydisperse sizes can produce extended signals that require a higher bin threshold to
capture.

Previous studies have demonstrated that incorporating single-ion signal distributions—such as compound Poisson models
that account for detector gain statistics—can further enhance the accuracy of SP detection (Gundlach-Graham et al., 2018;
Hendriks et al., 2019). Although the full integration of these advanced statistical models remains a subject for future work, the
simplified Poisson-based threshold employed here provides sufficient robustness and adequately serves the primary objectives

of the present study.
2.2.2 Quantification

Calibration
Classified signals—both particle and dissolved background—were calibrated using liquid calibration standards, as described

in Gundlach-Graham (2021). Dissolved signals were converted from counts per second (cps) to concentration values in parts
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per billion (ppb) based on the liquid sample sensitivity, Sy, defined in Eq. (1).

I
Stiq [cpsppb ] = CM[C[E;]b]’ (D

where I is the signal intensity and C is the mass concentration of the analyte element in the sample. Particle signals were
translated into mass per particle, expressed in femtograms (fg particle™!), using the absolute sensitivity, Sap,s, as described in
Eq. (2).

I [cps]

Gplasma, [g s 1] ’

2)

Saps [countsg ™! =

where ¢plasma 1 the mass flux of the elemental analyte reaching the plasma, which is largely controlled by the loss of the larger
aerosol spray droplets in the spray chamber. This mass flux was determined using the sample transport efficiency, which was
estimated by analyzing a gold nanoparticle standard (60 nm Gold Nanospheres, nanoComposix, US) according to the particle

frequency method described by Pace et al. (2011).

Internal standardization

Calibration standards measured immediately before and after each ICP run were used to account for slow instrumental drift. For
each analyte, time-dependent calibration parameters (sensitivity and baseline) were obtained by linear interpolation between
the parameters derived from the bracketing standards. The interpolation weight, fe.1(t), was determined using the internal
standard signal (®>Rh*), which serves as a proxy for the temporal drifts in instrumental state.

If the relative change in the internal standard intensity (/1sTp) between bracketing standards was negligible (<0.1%), fea1(t)
was defined as a simple linear function of time. Otherwise, f..1(t) was computed from the low-pass filtered internal standard
signal of the ICP run (ESTD), normalized by the reference intensities:

B TIisrp (t) — Igise

fcal(t) - after efore ° €)
IISf'tTD - IIbS'{‘D

This factor was used to calculate time-dependent sensitivities (S(t)) according to:
S(t) _ Sbefore + (Safter _ Sbefore) fcal(t)- (4)

The baseline offset was estimated identically. However, the internal standard signal remained highly stable (typically within

+3%) and was used for both calibration and post hoc quality control.

Detector saturation correction
Detector saturation in SP signals was corrected using a multi-isotope calibration approach (Karkee and Gundlach-Graham,
2023). Particle events with simultaneous detection of multiple stable isotopes were evaluated for saturation by comparing
measured isotope ratios with their natural abundances (e.g., >*Fe, °Fe, and *Fe).

A saturation threshold of 7500 counts per acquisition bin (1.5 ms, ~5 million counts per second) was experimentally defined;

below this, no deviation from natural isotopic abundances was observed. Although this threshold is somewhat conservative
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compared to the saturation limits (~20 million counts per second) reported in previous studies (Harycki and Gundlach-Graham,
2023; Karkee and Gundlach-Graham, 2023), it ensures a strictly linear detector response by accounting for the fact that actual
single-particle transient signals are significantly shorter than the acquisition bin, resulting in much higher instantaneous signal
densities at the peak apex. For events exceeding this threshold, quantification was performed sequentially using co-detected,
lower-abundance stable isotopes until a non-saturated signal was obtained. This correction was applied exclusively to Fe and

Ba SP signals where detector saturation was identified.
2.2.3 Quality control

Evaluation of detection limits

The limits of detection (LODs) for bulk elemental concentrations at 2.2 s resolution (equivalent to ~1 mm depth) were de-
termined using the formula 3.290jank / Shiq> Where opiank represents the standard deviation of intensity from 20 s matrix blank
measurements. This formula assumes normally distributed ion count rates with a significance level of 0.05 for both false-
positive and false-negative errors. This normality assumption is justified by averaging the raw 0.0015 s acquisition data into
2.2 s intervals (each comprising ~1482 acquisitions), such that the mean ion count rates converge to normality via the Central
Limit Theorem. The resulting LODs, alongside representative bulk concentrations for the cleanest (Holocene) and the dustiest
(LGP2) ice-core samples, are presented in Fig. C1. Most major crustal elements (e.g., Al, Fe, Ca, Na) consistently remain
above the LODs, even in the cleanest samples. In contrast, concentrations of minor elements frequently fall below the LODs
in the Holocene samples, but not in dusty glacial samples. Note, however, that these elements may still remain detectable via

SP analysis if their particulate signals exceed the SP detection threshold (Threspyisson) as defined in Sect. 2.2.1.

Signal artifact removal

Interferences related to ice-core quality, such as mechanical breaks or transitions between sample bags, were manually iden-
tified and removed. Air bubble formation and sudden flow shifts within the sample transport line due to dust accumulation or
mechanical instabilities were cross-checked against measurement logs. Spurious signals caused by instrumental disturbances

were excluded.
2.2.4 Qualitative determination of silicate minerals

Given that silicate minerals dominate the Earth’s crust, distinguishing silicate from non-silicate particles is essential. However,
reliable quantification of Si using sp-ICP-TOFMS with our current setup is hindered by elevated background signals affecting
the m/z = 28 channel (e.g., from HNO; and quartz glassware).

We implemented a qualitative identification scheme based on Si SP signal detection. The Poisson-based threshold, described
in Sect. 2.2.1, was applied to the 28Si channel, and particles generating transient signals above the statistical background were
classified as Si-bearing. This assumes that particles containing sufficient silicon produce detectable signals despite baseline
noise. Non-detection does not definitively exclude silicon, making this classification conservative but sufficient for extracting

meaningful mineralogical information for those particles in which Si could be detected.
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2.2.5 Bin count analysis (BCA)

Standard sp-ICP-MS size estimations assume non-porous, spherical particle geometry and uniform density (Gundlach-Graham,
2021), assumptions that are frequently invalid for natural mineral dust (Potenza et al., 2016; Simonsen et al., 2018; Nousiainen
and Kandler, 2015). To circumvent this limitation, we introduce BCA as a relative size classification approach that utilizes the
number of consecutive acquisition bins over which individual particle signals are distributed.

The fundamental principle of BCA is that the duration of an isotopic ion signal increases with particle size. This relationship
has been confirmed for gold nanoparticles of varying diameters measured by microsecond dwell time sp-ICP-MS under con-
trolled ICP conditions (Fuchs et al., 2018), though signal duration can also vary with plasma thermodynamics (Bogaerts and
Aghaei, 2017). Matrices of meltwater from Antarctic inland ice cores are overall very clean (except during extreme stratigraphic
events such as volcanic eruptions) yielding stable plasma conditions throughout continuous measurements. Consequently, par-
ticle mineralogy and particle size remain the principal determinants of SP signal duration.

The proportions of different bin counts — hereafter referred to as bin-count profiles — were evaluated across depth intervals.
The depth-dependent trends observed in elemental number concentrations and particulate mass fractions, including signatures
attributable to mineral dissolution and precipitation (see Sect. 3.2), are closely mirrored in the bin-count profiles observed in this
study. This strong consistency across analytical parameters suggests that particle size — rather than mineralogical composition
— is likely the dominant control on signal duration variability across depth intervals. Accordingly, SP signal duration for each
element was used as a proxy for differences in particle size, with mineralogy treated as a secondary source of variability.

Although determining the absolute size of individual particles remains challenging due to multiple influencing factors, an-
alyzing a sufficiently large particle population enables statistically robust evaluation of particle size differences. This size
information can be evaluated alongside elemental composition, uniquely bridging high-throughput chemical analysis and mor-
phological interpretation within the same analytical run for the exact same SPs. This capability is particularly valuable for
identifying changes in aggregation state, surface adsorption, or substantial particle modification resulting from processes such
as partial dissolution or elemental precipitation. BCA thus provides a complementary means of assessing particle characteris-
tics beyond elemental mass alone.

Despite some advantages of BCA, several analytical caveats regarding particle size distribution preservation and element-
specific dispersion within the mass spectrometer should be considered. Although factors such as physical losses in the spray
chamber, incomplete plasma ionization of large particles, and instrumental diffusion introduce non-linearities, previous lit-
erature and theoretical considerations suggest these effects do not compromise the comparative evaluation of particle size
differences (Ho et al., 2013; Olesik and Gray, 2012; Fuchs et al., 2018; Lee and Chan, 2015; Lomax-Vogt et al., 2025).

2.2.6 Particulate-to-dissolved mass ratio anomaly analysis

To quantify depth-dependent changes in elemental phase partitioning between the particulate and dissolved phases, particulate-
to-dissolved elemental mass ratios were computed at 9 cm depth intervals by converting ion counts of particulate and dissolved

analytes into mass using the absolute sensitivity (Eq. (2)). For each element e at depth interval d, the mass ratio R, 4 is defined
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as:
part
Req=—5 5)
me,d
where msa; and m%$* denote the particulate and dissolved mass of element e at depth interval d, respectively.

To distinguish anomalous phase partitioning from background geochemical variability, each ratio was normalized to the
median ratio estimated from shallow ice-core sections (depth < 1100 m). These shallow sections span both glacial and inter-
glacial periods and are assumed to represent a geochemical baseline unaffected by significant post-depositional modification.

The resulting anomaly index A, 4 is expressed as:

Red
Ay = e ©)
¢ Re,ref

where ée’ref is the median of R, 4 over all reference depth intervals. A value of A, 4 =1 indicates no deviation from the
reference state; values exceeding 1 denote relative enrichment in the particulate phase, whereas values below 1 indicate relative

enrichment in the dissolved phase.
2.3 Wet-chemistry data processing

CFA wet-chemistry data were processed in four steps: (i) processing calibration standards, (ii) calibrating measurements,
(iii) assigning depth to time-series data, and (iv) performing quality control. Calcium data underwent all four steps, whereas
laser particle sensor data were processed only for depth assignment and quality control as they tracked relative variability.
Consistent Ca** calibration curves demonstrated robust and highly reproducible measurements (R? ~ 1). Detailed processes

including calibration and depth assignment can be found in Kaufmann et al. (2008) and Erhardt et al. (2019, 2022, 2023).

3 Results and discussion
3.1 Particulate dust and its englacial changes
3.1.1 Climate-driven dust

We examined average particle number concentrations (PNCs) and their relationship with reconstructed temperature (Jouzel and
Masson-Delmotte, 2007) across 10 representative climate intervals. Elements were ranked by their particle count, hearafter
referred to as abundance, among detectable crustal elements as determined by sp-ICP-TOFMS. The eight most dominant
elements were Fe, Si, Al, K, Mn, Na, Mg, and Ca, in order of decreasing abundance. For each element, we compared its
elemental PNC with optically measured PNCs from a laser particle sensor (Abakus) and with corresponding temperature data
(top panel, Fig. 1). As expected from dust particle number counts (Lambert et al., 2008, 2012a), the results show a strong inverse
correlation between elemental PNCs and temperature anomaly (r = —0.93 and —0.95 for log-transformed Fe-and Si-bearing

PNCs, respectively; p < 0.001, n = 10), with higher PNCs occurring during colder periods, consistent with previous findings
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(Kutuzov et al., 2026). The high mean pairwise correlation coefficient among the PNCs of the eight elements (r = 0.95)
suggests a shared source, consistent with enhanced dust emission, transport, and deposition during colder, drier climatic phases
(Delmonte et al., 2002, 2007; Fischer et al., 2007; Kutuzov et al., 2026). Log-transformed PNCs measured by the Abakus sensor
also show an inverse correlation with temperature anomaly (r = —0.68), consistent with our elemental PNC measurements,
though the correlation is notably weaker. This discrepancy is mainly attributable to two deep samples below 3000 m depth (MIS
16 and MIS 18), which deviate from the general trend (top panel, Fig. 1). Upon excluding these two samples, the correlation
coefficient between the temperature anomaly and log-transformed optical dust PNCs strengthens to -0.85 (p = 0.007), more
closely matching the elemental PNC records. Furthermore, under the same exclusion, log-transformed optical dust PNCs are
also strongly correlated with log-transformed Fe-, Si-, and Al-bearing PNCs (r ~ 0.9). These observations suggest that in the
deepest ice layers, optical PNCs diverge from the robust temperature—dust inverse relationship observed in shallower sections,
implying the involvement of non-climatic factors. Given that sp-ICP-TOFMS has limited detection efficiency for particles
larger than ~2 pum (Ebdon et al., 1990; Goodall et al., 1993; Laborda et al., 2023; Lomax-Vogt et al., 2025) (due to poor
transport efficiency and incomplete ionization) and that these deviations are only observed in deep samples, this pattern is
likely the result of post-depositional particle aggregation, which becomes noticeable below 2900 m depth (Delmonte, 2003;
Lambert et al., 2008). Along the same lines, the elevated dust concentrations detected by the laser sensor in deep glacial
ice stem from englacial alteration, whereby originally sub-detection-threshold species evolve into detectable particulate sizes
(>1 pum) via processes such as aggregation or precipitation. This process artificially inflates dust concentrations in deep ice,
thereby weakening the expected dust—temperature correlation (top panel, Fig. 1). This phenomenon, previously noted in EDC

CFA records (Lambert et al., 2008), is reconfirmed by our study.
3.1.2 Source-driven elemental composition

The elemental compositions of the identified particles reflect the varying dust sources contributing to the atmospheric dust load
over the drilling site at the time of deposition. The eight most predominant elements by number in our ICP data (Fe, Si, AL, K,
Mn, Na, Mg, and Ca) are all major components of the Earth’s crust, regardless of the climatic period. This confirms that, as
commonly found in Antarctic ice cores, the vast majority of insoluble impurities have a crustal source (Ghermandi et al., 2003;
Delmonte et al., 2002; Fischer et al., 2007). It is important to note that the relative elemental abundances in detected particles
can differ from bulk continental crust abundances due to the varying sensitivities, background noises, dissolved background
concentrations, and natural isotopic abundances inherent to sp-ICP-TOFMS, as well as the natural variability in elemental
composition of dust. For example, Fe-bearing particles appear more predominant by number than Si- or Al-bearing particles
in our data due to the lower dissolved background for *®Fe (typically sub-ppb) and its significantly greater analytical sensi-
tivity (~30 counts/fg) compared to 2®Si (which is subject to elevated background noise as described in Sect. 2.2.4) and 27 Al
(background ~several ppb;~1.2 counts/fg). Nonetheless, because these instrumental detection capabilities remain consistent,
the relative particle detection frequencies can reliably serve as fingerprints to track shifts in dust provenance, consistent with

other dust provenance studies using elemental signature (Gabrielli et al., 2005, 2010; Marino et al., 2008; Wegner et al., 2012).
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Interestingly, we observe a depth-dependent shift in particle mineralogy. In the bottom panel of Fig. 1, the relative counts
of K-bearing particles (pink triangles) to the total particles identified in the eight major elements increase significantly with
depth, while those of Al-bearing particles (green squares) exhibit a concurrent decline. Below ~2400 m, the counts of K-
bearing particles outweigh those of Al-bearing particles, marking a distinct shift in the deep-ice dust composition. This shift
in the composition of major crustal elements cannot be interpreted as a primary climate signal; elements like Al and K are too
ubiquitous across potential source regions (e.g., South America and Australia) to fractionate atmospherically to the extent that
K becomes more predominant than Al. In contrast, this shift is likely driven by englacial geochemical processes—specifically,
the dissolution of Al-bearing phases and the precipitation of K-bearing phases. This hypothesis is supported by the increasing

trend in the dissolved elemental mass ratio of Al to K (inverted triangles in middle panel, Fig. 1).
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Figure 1. Particle number concentrations (PNCs) of super-micron dust (top panel) and major element-bearing predominantly sub-micron
dust particles (middle panel), and their relative abundance (bottom panel) across selected climatic intervals from the EPICA Dome C (EDC)
ice core. Top: Super-micron dust PNCs measured with the Abakus laser sensor (red diamonds) agree well with the continuous EDC CFA
dust record (black line; Lambert et al. (2012b)). The EDC temperature anomaly record relative to the past millennium average (Jouzel and
Masson-Delmotte, 2007) is shown in blue with the temperature anomaly for each sample highlighed by yellow triangles. Sample ages were
determined by linear interpolation of the AICC2023 age—depth relationship (Bouchet et al., 2023) to the midpoint of each sampled interval,
and sample temperature anomalies were calculated as interval means from the continuous temperature record. For comparison, the continuous
temperature and dust records were smoothed to an effective 110 cm resolution using centered sliding mean and median filters, respectively.
Middle: PNCs of eight major element-bearing particle types (Fe, Si, Al, K, Mn, Na, Mg, and Ca), measured by sp-ICP-TOFMS, are shown
as colored markers, together with the background Al/K mass ratio (black inverted triangles; dashed line). Bottom: The relative abundance
follows the same color scheme and was calculated by dividing each elemental PNC by the total particle detections across all eight elements.
The lower x-axis shows age on the AICC2023 timescale, and the upper x-axis shows stratigraphic depth. The inset in the top panel shows
the linear relationship between temperature anomaly (AT) and logarithmic super-micron dust PNC for the ten samples analysed in this study
(r = —0.68). The deepest intervals (MIS16 and MIS18; orange diamonds) deviate from the general trend, likely indicating dust alteration in
the deep ice. Abbreviations: LGP, Last Glacial Period; MIS, Marine Isotope Stage; BKG, background; BP, Before Present.
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3.2 Post-depositional geochemical alteration in deep ice

The depth-dependent shifts in the relative abundances of major crustal elements between the particulate and dissolved phases
provide strong evidence of post-depositional alteration within the ice. In this section, we thoroughly investigate this englacial
mineral alteration leveraging the unique capabilities of sp-ICP-TOFMS, which allows for both quantitative (number, size, and

mass) and qualitative (mineral identification based on elemental stoichiometry) evaluation of individual particles.
3.2.1 Dissolution of mineral phases

Analysis of particulate-to-dissolved mass-ratio anomalies reveals pervasive dissolution for most analytes below 2400 m, with
the notable exception of elements such as Fe, I, As, and Pb, which exhibit enrichment in the particulate phase (Fig. 2). Within
this general dissolution trend, elements exhibit varying degrees of enrichment in the dissolved phase. For example, Al shows
high enrichment in the dissolved phase (indicated by blue hues in Fig. 2) in deep ice, whereas K shows comparatively low
dissolved enrichment. This differential dissolution explains the shift in particle relative abundance noted in Fig. 1: while both
Al and K in dust particles undergo net dissolution, K is lost to a lesser extent, resulting in a relative increase in K-bearing
particles. A specific interval at ~2662.6 m shown in Fig. 2 exhibits high particulate mass ratios for Na, Mg, Al, and K against
the broader dissolution trend; this is a "cloudy band" driven by localized, specific chemical conditions (Gow and Williamson,
1976; Faria et al., 2014; Lunga et al., 2014; Stoll et al., 2021, 2023). Note also in Fig. 2 that the depth-dependent particle loss
pattern is also prevalent among trace elements, including the rare Earth elements (REEs).

This wide-ranging dissolution is further corroborated by particle size comparisons derived from bin-count profiles, as indi-
cated by BCA results (Fig. 3). For most elements (e.g., Al, Ca, Na), which show a particle depletion in Fig. 2, the proportion of
large particles spanning more than two acquisition bins (Bin 2+) decreases with depth, while the proportion of small particles
(Bin 1) increases. Furthermore, the proportion of medium-sized Al-bearing particles (Bin 2) drops by a factor of 1.7 between
shallow (<1100 m) and deep (>3000 m) sections (16.8% to 9.7%). However, the proportion of medium-sized Ca particles drops
dramatically from 7.2% to nearly zero in deep ice. This suggests that elements experiencing less extreme dissolution (like Al)
may retain a small population of larger particles.

To confirm the dissolution of primary aluminosilicates (e.g., hornblende), as previously reported in the Talos Dome ice core
(TALDICE) (Baccolo et al., 2021a), we conducted a mineral-specific stoichiometric investigation. Aluminosilicate particles
co-detected with Al, Fe, Ca, and Si are presented in 2D histograms mapping molar Al/Fe against Ca/Fe for each depth (Fig. 4).
In shallow sections (<1100 m), these particles are widely distributed across Al:Ca ratios of 1:3 to over 3:1, with a dominant
cluster at 3:1 (totaling hundreds to thousands of particles depending on the climate period). In deep sections (>3000 m),
this dominant Al-rich cluster nearly vanishes, and the number of co-detected Al-Ca—Fe particles plummets to a few tens,
representing a roughly 0.1% fraction of the total number of silicate dust particles (Fig. 4). This marked reduction confirms that
hornblende-like silicate minerals undergo signficant dissolution in the deeper EDC sections. The inferred initial compositions

(AL:Ca molar ratios of ~3) are broadly consistent with the Upper Continental Crust (UCC), which has an average molar ratio
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Figure 2. Anomalies in particulate-to-dissolved elemental mass ratios, resolved at 9 cm depth intervals and normalized to the median mass
ratios of shallow ice bags (<1100 m). Values of 1 (white) denote no anomaly; values exceeding 1 (reds) indicate enrichment in the particulate
phase; and values below 1 (blues) indicate enrichment in the dissolved phase. The iodine color scale is displayed on a logarithmic scale
indicated by the orange numbers attached to the color bar. The depth axis represents discrete ice-core bag intervals (separated by horizontal
lines: dotted for each climatic period; solid for the 1100 m shallow—deep transition) rather than a continuous depth record. Missing values

are indicated in grey.

of ~2.9 (Lide, 2006). This supports the interpretation that long-range transported dust initially reflects UCC signatures before

undergoing severe dissolution in deep ice.
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Figure 3. Bin-count profiles of (a—h) particles of major crustal elements (Al, Fe, Ca, Na, K, Mg, Mn, and Ba) and (i) iodine-bearing particles
with depth. Each stacked bar shows the proportion of particles classified by the number of TOF acquisition bins occupied by their single-
particle transient signals during sp-ICP-TOFMS analysis, where bin count serves as a proxy for signal duration. Reported depths correspond

to the mean depth of the selected interval(s), rounded to the nearest integer.

3.2.2 Precipitation of secondary minerals and formation of aggregates

While most elements display trends well explained by dissolution processes, several (Fe, K, I, As, and Pb) exhibit distinct
behaviors (Figs. 1 to 3), which are compatible with participation in the englacial precipitation of secondary minerals. Based
on elemental mass ratio anomalies (Fig. 2), iron, iodine, and possibly arsenic and lead consistently exhibit enrichment in the
particulate phase (net precipitation) below 2400 m. Furthermore, the bin-count profiles (Fig. 3) show clear size increases for
particles containing iron or iodine. Interestingly, K-bearing particles—which experienced net mass dissolution—show neither
a clear decrease nor an obvious increase in BCA size. This suggests that while primary K-bearing phases dissolve, a stable
proportion of large K-bearing particles is maintained through secondary mineral formation.

Jarosite (KFe3(SO4)2(OH)e) has been proposed as a cementing agent driving dust aggregation in the TALDICE ice core
(Baccolo et al., 2021a). Jarosite has not yet been identified in interior East Antarctic before, however, our BCA results (showing
the conservation of large K-bearing particles) support the hypothesis that it acts as a cementing agent in the EDC core. We
investigated jarosite formation stoichiometrically using the reliably quantifiable 3:1 molar ratio of Fe to K according to the

jarosite stoichiometry. Figure 5a reveals a progressive clustering of individual particles along this 3:1 ratio with increasing
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Figure 4. Elemental molar ratios of Ca/Fe versus Al/Fe of silicate dust particles found across 10 climate intervals (a—j), ranging from 282

m to 3137 m in the EDC ice core. Each interval corresponds to the rounded mean depth of two consecutive ice-core bags or a single bag,

indicating its stratigraphic position. The three reference lines denote Al:Ca molar ratios of 3:1, 1:1, and 1:3. The color of each pixel represents

the number density (number of Al-Ca—Fe co-detected silicate particles per bin, A.U.). The total number of co-detected particles (N) and their

number fraction relative to the total number of silicate dust particles (F) are shown at the bottom of each panel.

depth. In shallow sections (<1100 m, purple data points), particles are scattered across a wide range of Fe:K ratios, reflecting

diverse primary mineralogies. However, as depth increases, particles increasingly align along the 3:1 stoichiometric line. This

convergence is supported by a 45% reduction in root-mean-square error (RMSE) between individual particle compositions and

the 3:1 stoichiometric line for ice deeper than 3000 m compared to ice shallower than 1100 m. This indicates that diverse Fe-

and K-bearing minerals are progressively transformed into jarosite via englacial dissolution and subsequent precipitation.
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Because jarosite is part of the alunite supergroup (AB3(TO4),(OH)s) and shares close crystal-chemical affinities with alunite
(KAI3(S04)2(OH)g), these phases frequently co-occur in acidic, sulfate-rich environments such as acid sulfate soil, acid mine
drainage, hypersaline lakes, and Martian terrain (Grigg et al., 2024; Jambor, 1999; Buriti et al., 2025; Ehlmann et al., 2016).
Stoichiometric analysis of alunite (Al:K = 3:1) reveals a similar gradual formation of alunite particles with depth (Fig. 5b) and
supports the morphological suggestion proposed by Lanci et al. (2026).

Recognizing their likely co-existence as mixed cementing agents (Keith et al., 1980; Long et al., 1992a, b; Papike et al.,
2006), we further investigated particles co-detected with K, Al, and Fe using the stoichiometry of a jarosite—alunite assemblage
((Al+Fe):K = 3:1). Evaluation of this mixed stoichiometry (Fig. Sc) substantially reduces the excess potassium scatter observed
in the individual jarosite and alunite plots (Fig. 5a,b), bringing the data into much closer agreement with the theoretical 3:1
reference line. This is reflected in a 39% reduction in RMSE between individual particles and the stoichiometric line in the
deep ice-core datasets compared to that in the shallow datasets. This indicates that secondary minerals are very likely mixed
in the ice. High inter-element co-detection rates further support this: below 2400 m, 93% of alunite-like particles contain a
particulate Fe signal, and 32% of jarosite-like particles contain a particulate Al signal (the relatively low Al co-detection is
likely due to its ~25-fold lower instrumental sensitivity and higher dissolved background concentration compared to Fe as
discussed in Sect. 3.1.2). Importantly, 73.8% of these mixed alunite—jarosite-like particles also contain a particulate Si signal,
demonstrating their role in agglomerating remaining silicate particles. Si-bearing particles remain the second most abundant
elemental group (after Fe-bearing) across all samples (bottom panel, Fig. 1), indicating that a substantial silicate population
persists and remains available for agglomeration.

However, we cannot completely rule out the contribution of primary or secondary aluminosilicate minerals with an Al:K ratio
of ~3:1, such as illite and muscovite (KAl,(AlSi3O;0)(OH),). Illite exhibits high chemical stability even under strongly acidic,
low-temperature conditions (Kohler et al., 2003), and muscovite is one of the most weathering-resistant common silicates,
surpassed only by quartz (Goldich, 1938). This exceptional stability stems from the absence of oxidizable structural transition
metals (e.g., Fe?*), the oxidation of which typically destabilizes the mineral lattice. Accordingly, under strongly acidic condi-
tions (pH ~1 to 4), illite dissolves only ~10% at 5°C (Kohler et al., 2003), and muscovite dissolves approximately two orders
of magnitude more slowly than Fe- and Mg-bearing trioctahedral micas (Wilson, 2004). It should be noted, however, that this
comparison most strictly applies to Fe-poor aluminosilicates; Fe-bearing compositions may be more susceptible to oxidative
acidic alteration, because structural Fe can act as a redox-active site that promotes lattice destabilization, as described in Bac-
colo et al. (2021a). Furthermore, illite and muscovite are thermodynamically linked to alunite through equilibrium reactions in
the K—Al-Si-SO4 system (Stoffregen et al., 2000), indicating that those phases may coexist under certain conditions. There-
fore, residual or authigenic Fe-poor aluminosilicates incorporated within these aggregates may also contribute to the observed
~3:1 stoichiometric signature. Although the strong depth-dependent convergence, the frequent co-occurrence of jarosite and
alunite in geochemically analogous environments, and the morphological evidence suggestive of alunite within a dust aggregate
from another Antarctic ice core (Roosevelt Island Climate Evolution project (RICE) ice core; Lanci et al., 2026)—but without
co-identified jarosite—collectively support the interpretation of secondary jarosite—alunite co-precipitation, this does not rep-

resent a definitive identification. The inherent compositional complexity of dust aggregation complicates identification based
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solely on stoichiometric relationships, even at the single-particle level. These inferences should therefore ultimately be vali-
dated by direct micro-analytical measurements such as micro-Raman spectroscopy, X-ray diffraction (XRD), and synchrotron
spectroscopy (Svensson et al., 2000; Stoll et al., 2022; Baccolo et al., 2021b).

An anomalous observation in the BCA data is that iron is the only element exhibiting significant size growth, despite Al
and K also participating in alunite—jarosite precipitation. If secondary sulfate formation were the sole driver of size growth,
Al and K should mirror the Fe trend. Instead, we hypothesize that surface coating by secondary iron (oxyhydr)oxides is,
at least in part, responsible for the growth in Fe particle size. Despite their distinct thermodynamic stability fields, ferric
(oxyhydr)oxides and jarosite commonly co-occur in acidic, oxidative environments (Papike et al., 2006; Baccolo et al., 2021b;
Long et al., 1992a, b; Keith et al., 1980; Lanci et al., 2026). Their coexistence within a single grain reflects an evolving fluid
chemistry: strongly acidic and oxidative conditions initially promote jarosite formation, after which fluid evolution—driven by
neutralization through fluid—mineral interaction or by dilution—shifts the system into the ferric (oxyhydr)oxide stability field
under less acidic conditions, or proceeds in the reverse order (Stoffregen et al., 2000; Elwood Madden et al., 2012; Lanci et al.,
2026). Indeed, needle-like goethite crystals coating micron-sized aggregates have been identified in EDC bottom ice (>3200
m) through microscopic observation and diffraction analysis (Angelis et al., 2013), as subsequently confirmed by Lanci et al.
(2026). Nonetheless, we cannot completely rule out a significant contribution of residual Fe-(oxyhydr)oxides agglomerated
into aggregates to the observed size anomaly in the BCA data, although no pronounced excess Fe was identified in Fig. 5.

Iodine-bearing particles also exhibit a pronounced increase in both particulate mass ratio and particle size between 1097.3
and 2475.6 m, indicating a major shift in iodine partitioning. This shift is best explained by the adsorption of dissolved iodine
species. In polar ice, iodine occurs predominantly as soluble iodide (I”) and iodate (I05 ), depending on redox conditions
(Spolaor et al., 2013; Frassati et al., 2024; Brown et al., 2025). Because iodate adsorbs strongly onto Fe- and Al-(oxyhydr)oxide
surfaces, and iodide can also adsorb under acidic conditions (Kaplan et al., 2000; Nagata et al., 2009; Nagata and Fukushi, 2010;
Li et al., 2017; Wang et al., 2019), the acidic environment of deep ice likely promotes iodine uptake by secondary minerals.
Under these conditions, protonation of both oxygenated and hydroxylated mineral surfaces generates positively charged sites,
consistent with the high points of zero charge (PZC) of goethite (8.4), magnetite (6.6), hematite (7.2), and jarosite (7.8)
(Kosmulski, 2009; Gao et al., 2020), while oxidative conditions may further promote iodine uptake by converting iodide to
triiodide and potentially to iodate (Kim et al., 2016).

We therefore propose that soluble iodine species adsorb onto secondary minerals, such as jarosite, alunite, and iron (oxy-
hydr)oxides, in deep ice. This interpretation is supported by experimental evidence regarding the freeze concentration effect,
a process mechanistically analogous to the localized concentration during ice crystal growth in ice cores. Previous studies
have shown that this effect accelerates the abiotic oxidation of halides (Kim et al., 2016; Ahn et al., 2025) and enhances the
adsorption of iodine species onto iron oxide surfaces (Kim et al., 2019). The resulting oxidized iodine species, together with
any remaining iodide, can be immobilized on mineral surfaces through electrostatic attraction and surface complexation, a
process widely observed in groundwater systems (Wang et al., 2019; Li et al., 2017). This mechanism directly explains the
high co-detection frequencies of iodine with jarosite-like (52%), alunite-like (39%), and mixed (41%) particles, indicating that

mineral—surface interactions drive the transformation of soluble iodine into stable particulate phases within this depth interval.
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Figure 5. Elemental molar ratios of K versus (a) Fe (jarosite), (b) Al (alunite), and (c) Al + Fe (mixed jarosite—alunite) for total (silicate and
non-silicate) particles across the 282-3137 m depth interval of the EDC ice core. Key elements within the chemical formulas are color-coded
by mineral phase. Each point represents an individual particle in which K was co-detected with the corresponding element(s). Reference
lines denote Fe:K, ALK, or (Al + Fe):K molar ratios of 6:1, 3:1, 3:2, and 1:4. Colors encode both depth and the corresponding borehole
temperature (Lecavalier et al., 2023) of the ice samples. Gray bands show the 95% confidence interval (CI) derived from Poisson-based
Monte Carlo (MC) uncertainties associated with TOFMS signal acquisition, following Szakas and Gundlach-Graham (2024). Note that the
95% CI band is negligibly narrow throughout all panels, becoming only faintly visible near the left end of the 3:1 line in (b) and (c) before

being obscured by data points elsewhere.

Finally, the apparent tendency of arsenic and lead to slightly increase in the particulate phase (Fig. 2; average bag-mean par-
ticulate mass fractions increased from 67% and 50% below 1100 m to 74% and 54% above 2400 m, respectively) likely reflects
the well-documented scavenging capacity of the alunite—jarosite group. Minerals such as beudantite (PbFe;AsO4SO4(OH)g)
and plumbojarosite (PbFes(SO4)4(OH);,) readily form under similar acidic, sulfate-rich, and oxidizing conditions (Stoffregen
et al., 2000; Cruells and Roca, 2022; Bari et al., 2024), and this immobilization mechanism is widely exploited in industrial
hydrometallurgy (Aguilar-Carrillo et al., 2018; Buriti et al., 2025; Grigg et al., 2024). Thus, reactive As and Pb released in
acidic micro-zones were likely sequestered during secondary mineral formation.

This complex phase partitioning has important implications for paleoenvironmental reconstructions based on elemental anal-
ysis on deep ice cores. Because elements like iron, iodine, and arsenic shift between dissolved and particulate phases depending
on depth and redox state, analytical recoveries (e.g., ICP ionization efficiencies and spray chamber transport efficiencies) can
change substantially, thereby complicating accurate quantification of total element and fractions for each phase (Gaspari et al.,
2006; Rhodes et al., 2011; Koffman et al., 2014; Flores et al., 2020; Humphrey et al., 2018; Oliveira et al., 2010). Careful
methodological adjustments are required to ensure consistent recovery when analyzing these trace elements in deep ice. We
acknowledge that similar phase-dependent analytical biases may also affect our dataset; however, given the consistent analytical

protocol, these effects are unlikely to be large enough to alter the main patterns observed here.
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Self-Sustaining Geochemical Acid Cycle
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Figure 6. Self-sustaining geochemical acid cycle in Antarctic deep ice. The cycle is initiated by reactivity enhancement (center, purple
arrow), which drives primary mineral dissolution (left) and mineral neoformation (right). Ice metamorphism drives the localized concen-
tration of impurities within microenvironments, promoting chemical reactions under elevated acidity. For visual clarity, impurity expulsion
and grain growth are presented sequentially here, though they occur concurrently in nature. While omitted from the diagram for simplic-
ity, the reactivity-enhancement effect also occurs within micro-inclusions. Acidic dissolution of mineral dust particles consumes protons,
whereas neoformation of secondary minerals produces protons. These opposing reactions are continuously fueled by the lasting reactivity-
enhancement effect during ice metamorphism, irrespective of the stage. The cycle ultimately drives the aggregation of residual and neoformed
minerals and the immobilization of trace elements (e.g., I, As, Pb) via adsorption onto and incorporation into authigenic minerals. It should be
noted that all reactions are schematic and stoichiometrically unbalanced. Beyond these core mechanisms, increasing temperature with depth
can accelerate reaction kinetics, whereas in very deep ice, complex interactions between decreasing grain size and a thickening premelted

layer can dilute impurities and promote alkalization (see main text for full discussion).
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3.2.3 Icy geochemical reactor: insights from Arrhenius-type rate laws

The geochemical alterations documented here are substantially more extensive than previously recognized within the "Icy
Geochemical Reactor" framework (Dash et al., 2006; Baccolo et al., 2021a; Lanci et al., 2026). The reactivity of this reactor

progressively intensifies with burial and ice metamorphism through the following mechanisms (Fig. 6):

1. Preferential exclusion of aerosol-derived impurities from the ice crystal lattice into intergranular regions and micro-

inclusions, driven by crystallographic incompatibility during ice metamorphism.
2. Localized acidification of micro-environments as acidic species become concentrated.
3. Increased availability of dissolved reactants through mineral dissolution within localized liquid-like microenvironments.
4. Progressive solute enrichment as ice crystal grain growth reduces the total intergranular area.

5. Reinforcement of chemical reactivity driven by increasing in situ temperatures with depth.

Collectively, these processes accelerate geochemical reaction rates (v), which can be approximated by Arrhenius-type rate

laws:
v=k(T)[X]"[Y]™, (7N

where k(T') is the temperature-dependent rate constant, 7" is absolute temperature, and n and m are reaction orders. The
localized concentrations of reactants ([X] and [Y]) increase through expulsion, acid dissolution, and concentration during ice
grain growth. Assuming a constant grain-boundary thickness and approximate conservation of impurity mass, the decrease
in total intergranular volume with grain growth leads to a corresponding enrichment of impurities within grain boundaries.
As illustrated in Figs. 6 and 7, this effect may increase local impurity concentrations by a factor of up to ~7, representing a
first-order estimate based on geometric contraction alone. Although the actual increase in reactant availability is likely greater
because impurity expulsion and acid-driven dissolution further supply potential reactive species, this estimate may also be
partially offset if grain-boundary thickness increases with temperature and depth. The reaction rate constant, k(T), is described

by the Arrhenius equation:
k(T) = Ae 77" ®)

Here, A denotes the pre-exponential factor, E, the activation energy, and R the universal gas constant. According to Arrhe-
nius scaling, a temperature increase from —50°C to —10 °C—similar to that observed down the EDC borehole (Fig. 7)—would
enhance dissolution rates for hornblende, hematite, K-feldspar, and muscovite by a factor of roughly 2300, 230, 27, and 6, re-
spectively, corresponding to their activation energies (F, ~ 94.4, 66.2, 40, and 22 kJ mol~!; Palandri and Kharaka, 2004).
This demonstrates that dissolution rates of numerous minerals reported in the EDC ice core (Delmonte, 2019; Paleari et al.,
2019) are significantly accelerated with depth, albeit to markedly different extents. In deep glacial ice, this thermal accelera-
tion is compounded by long residence times (hundreds of thousands of years) and solute enrichment, substantially amplifying

cumulative reaction progress.
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Together, impurity relocation, localized acidification, solute concentration, and thermal acceleration define a micro-reactor
system that promotes progressive geochemical transformation in deep ice (Fig. 6). Comparable intensification of acidification
processes may occur in other ice core sites and in analogous environments, including hypersaline lakes and terrestrial systems
considered relevant to Mars (Baccolo et al., 2021a; Lanci et al., 2026; Macumber, 1991; Long et al., 1992a, b; Papike et al.,
2006). These natural analogues provide additional mechanistic constraints on mineral stability and secondary phase formation
under cold, acidic, and solute-rich conditions.

The precipitation of sulfate hydroxides (alunite and jarosite) represents a major proton source:
K' +3M>" +280,%" +6H,0 — KM3(SO4)o(OH)g(s) +6HT, (R1)

where M** is AI>T or Fe3*. While the dissolution of Fe- and Al-bearing minerals consumes H™ to generate M>" ions, the
subsequent re-precipitation of these ions as sulfate hydroxides releases an equivalent amount of HT, forming a self-sustaining
geochemical loop (Fig. 6). Although this cycle yields no net proton addition in a closed system, it prevents the progressive neu-
tralization of acidity by alkaline dust species, effectively maintaining microenvironmental acidity over extended timescales.
Localized net acidification may further arise where spatial separation between dissolution and precipitation sites breaks the
closed-system assumption — a mechanism broadly analogous to positive feedback processes proposed for hypersaline lacus-
trine systems (Long et al., 1992a), but operating at the micro-scale of ice grain interfaces and inclusions. As ice recrystallizes
and grains grow, dissolved species are expelled into intergranular regions, spatially decoupling their re-precipitation from the
original dissolution sites. This separation may inhibit the net-neutralization of released protons, driving local acidity in these
micro-environments beyond the levels predicted by a stoichiometric bulk-system analysis. Through such spatial decoupling,
the self-sustaining geochemical cycle may evolve into a self-reinforcing acidification loop at the micro-scale. It should be
noted, however, that this pathway is unlikely to represent a static or generalized condition. Rather, these microenvironments
may result from a net effect of localized chemical reactions (proton-consuming dissolution and proton-producing precipitation)
and physicothermal shifts (e.g., metamorphic grain-size evolution and premelting-layer thickness changes, both modulated by

temperature and local impurity concentration).
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Figure 7. Depth profiles of EDC grain properties and borehole temperatures at EDC and BELDC sites. The plot displays grain radius (rgr]gg,,
black line; EPICA community members et al. (2004)), estimated grain-boundary surface area (Agt]? €, blue line), and borehole temperature

for the EDC ice core (TE25, 10 solid magenta line; Lecavalier et al. (2023)), alongside borehole temperature for the BELDC site (T;5-5D¢

dashed magenta line; F. Wilhelms, unpublished data). Data for EDC grain radius and temperature, as well as EDC age (Bouchet et al.,
2023), were interpolated on a common depth scale. The BELDC borehole temperature profile is presented together with the depth—age data
from Chung et al. (2025). Gray horizontal bands indicate the intervals analyzed in this study. Grain-boundary surface area (Ag,? ©) was

4
approximated by dividing a unit volume of ice by the volume of a single spherical grain (§7T7”3) to determine the number of grains per
. 3 L. . . . . 3
unit volume (N = ﬁ)’ multiplying this number by the single-grain surface area (477-?), and finally halving the total surface area (=) to
r r

account for interfaces shared between adjacent grains (Agp = 2—). This idealized estimate is intended for relative comparison only, due to
T

the simplified assumptions of uniform, ideal spherical shapes and a void-free structure.
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Driven by the enhanced reactivity and prolonged reaction times (hundreds of thousands to millions of years), the deep icy
geochemical reactor promotes the formation of secondary minerals such as jarosite, alunite, and likely iron (oxyhydr)oxides.
These minerals drive a self-sustaining acidification loop, where localized secondary mineral formation from ions released dur-
ing acid-consuming dissolution reacidifies the system (Fig. 6), replicating the extreme environments observed in hypersaline
lacustrine, acid mine drainage, and Martian surface analogues. Due to their cementing properties, these secondary minerals
drive aggregation by agglomerating residual primary grains and weathered dust with neoformed minerals. Although these geo-
chemical alterations appear ubiquitous across deep Antarctic ice cores rather than being site-specific, their progression depends
heavily on factors controlling ice metamorphism and bulk chemical composition. For example, high dust concentrations can
inhibit and suppress ice recrystallization through Zener pinning or impurity drag within the ice matrix (Durand et al., 2006;
Stoll et al., 2021). However, this pinning effect alone cannot completely prevent alteration. Because intergranular regions and
micro-inclusions act as localized, acidic micro-reactors, the dust is inevitably subjected to intense chemical alteration once it
is swept into them. Consequently, both dusty and relatively clean ice samples undergo significant geochemical modification at
depth.

A critical variable governing this process is the geothermal heat flux through the ice thickness, which dictates the temperature
profile at depth and, according to Arrhenius kinetics, controls the temperature-dependent rates of grain growth (Duval, 1985;
Durand et al., 2006) and geochemical reactions. Colder ice undergoes much slower grain growth, extending the preservation
time of primary climatic dust records through reduced ice deformation and recrystallization. Given that Beyond EPICA Little
Dome C (BELDC) ice is significantly colder than EDC ice of comparable age (e.g., bottom borehole temperatures of —7.83°C
at BELDC (F. Wilhelms, unpublished data; cf. Westhoff et al., 2026, reporting ~ —8°C) versus —2.18 °C at EDC (Lecavalier
et al., 2023); Fig. 7) despite containing similar dust concentrations, the BELDC record should experience slower geochemical
alteration. Therefore, the BELDC core will not only extend the climate record across the Mid-Pleistocene Transition but may

also provide higher-fidelity, less-altered dust records for the epochs currently covered by the EDC core.

4 Conclusions

In this study, 18 EDC ice-core bags distributed across depths ranging from 281.6 m to 3137.1 m and representing 10 dis-
tinct climatic periods were analyzed using CFA-sp-ICP-TOFMS. Our aim was to investigate englacial geochemical mineral
dust alteration processes deep within the Antarctic ice sheet. By fully leveraging the capabilities of sp-ICP-TOFMS, we eval-
uated these geochemical transformations quantitatively (tracking particle number concentration, mass fraction, and relative
size among particles) and qualitatively (inferring mineralogy via stoichiometry). Our elemental PNCs confirmed the well-
established robust relationship between high dust concentrations and temperature anomalies, supported by a strong inverse
correlation across the 10 climatic periods. However, this linear relationship weakened in the deepest ice sections, particularly
for larger PNCs as previously observed, signaling significant post-depositional dust aggregation. Crucially, our analyses of par-
ticulate mass fractions and relative particle sizing revealed the minerallogically extensive dissolution of primary mineral dust

in deep ice. This pervasive, but element-specific, dissolution drives a massive shift in the bulk chemical and mineralogical com-
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position of the preserved dust in deep ice sections compared to shallow ice. Yet, superimposed on this net dissolution and size
reduction, specific elements—namely iron, silicon, potassium, iodine, and tentatively arsenic and lead—were notably retained
in, or re-precipitated into, the particulate phase. Stoichiometric evaluation of the SP data indicated significant neoformation
of K-alunite group minerals (jarosite, alunite, and their mixed phases), marking the first time these phases have been identi-
fied in the EDC region. Consistent with observations in analogous acidic, sulfate-rich environments (e.g., acid mine drainage,
hypersaline lakes, and the Martian surface), these secondary phases likely act as cementing agents driving dust aggregation.
The concurrent net precipitation of trace elements like iodine, arsenic, and lead is likely linked to the strong immobilization
and scavenging capacity of these alunite—jarosite minerals via anion adsorption or heavy-metal substitution under acidic con-
ditions. Because these depth-related changes in elemental partitioning can complicate quantification of each phase and total
element concentrations, such methodological challenges should be explicitly accounted for when using deep ice-core records
for paleoenvironmental reconstructions.

These highly reactive transformations are governed by "Icy Geochemical Reactors". As ice recrystallizes, impurities are
expelled from the lattice and concentrated into premelted quasi-liquid microenvironments at grain boundaries, triple junctions,
and micro-inclusions in the ice matrix. This creates localized, quasi-aqueous microenvironments characterized by concentrated
acidic and oxidative species, driving dissolution, hydrolysis, and precipitation as a net effect controlled by localized neutral-
ization and ambient acidification. In deep ice, this reactivity is compounded by geothermal heating, leading to higher in situ
temperatures with depth; following Arrhenius-type kinetics, the higher temperature of deep ice exponentially accelerates reac-
tion rates within these micro-reactors. Because BELDC ice is significantly colder than EDC ice of equivalent age, it will likely
provide a less geochemically altered, higher-fidelity dust record for ice of similar age than in the EDC ice core.

Despite these insights, important gaps remain for future study. First, the depth intervals between selected samples could
be reduced to more closely track the englacial geochemical evolution. We observed that major transformations develop be-
tween 1097.25 m and 2475.55 m; higher-resolution sampling across this transitional zone would more precisely constrain
the onset and progression of these alterations. Second, sp-ICP-TOFMS analysis is inherently restricted to the finer particle
fraction due to limited transport efficiency in the sample introduction system and incomplete ionization of larger particles
(>~ 2 pm) in the plasma. This size fractionation may yield particle distributions that differ from those obtained via other
particle-sizing techniques (e.g., microscopy, laser-based methods, or Coulter counters), which typically capture larger particles
and aggregates spanning from hundreds of nanometers to tens of micrometers. Caution must therefore be exercised regarding
the size-fractionation biases inherent to different analytical methods. Finally, while the stoichiometric identification of a large
number of SPs provides robust statistical evidence for secondary mineral formation, these findings should be corroborated
by complementary techniques. Direct micro-analytical measurements (e.g., electron microscopy, single-grain Raman spec-
troscopy, XRD, and synchrotron-based techniques, performed on either cryo-preserved ice or filtered particles) are necessary
to validate the physicochemical states inferred from our multi-proxy ICP data. Specifically, these techniques will be crucial for
constraining the role of residual (alumino)silicate minerals in the composition of the dust aggregates, confirming the surface
adsorption of oxidized iodine, verifying the physical presence of Fe-(oxyhydr)oxide coatings, and resolving the exact structural

nature (i.e., solid solution versus mechanical mixture) of the jarosite—alunite mixtures and other aggregate components.
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Data availability. Data will be available at DOI:10.5281/zenodo.21510434.
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Appendix B: Calibration standards

To ensure optimal storage stability and prevent precipitation, the calibration standards were categorized into two distinct groups

based on their solvent matrix compatibility:

1. Multi-elemental group (nitric acid matrix): This group encompasses 54 elements (including the 21 elements analyzed in
this study). Six working standards were prepared by combining six certified reference materials into intermediate mix-
tures, followed by a final dilution in 2% (v/v) HNOj3. The constituent stock solutions comprised an aluminum standard
(Fluka Analytical, USA), an iron standard (Sigma-Aldrich, USA), IV-STOCK-1673 (Inorganic Ventures, USA), Periodic
Table Mix 3 (Sigma-Aldrich, USA), CGTH1 (Inorganic Ventures, USA), and CGU1 (Inorganic Ventures, USA).

2. Halogen group (triethylamine and water base): Elements stable in water or triethylamine were prepared by mixing and
diluting iodine (CGICI1, Inorganic Ventures, USA) and bromine (CGICBRI1, Inorganic Ventures, USA) to obtain six

final standards. Note that bromine data are not presented in this study due to its high detection limit.
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Table B1: Elemental concentrations in the calibration standards for [CP-TOFMS used in this study. Additional mass numbers
for Fe and Ba were included to correct for detector saturation, following the multi-isotope calibration strategy described in
Sect. 2.2.2.

Group Element n{\l/lnilsai " Stages (pp)
Stage 1  Stage2 Stage3 Stage4 Stage5 Stage 6
Na 23 2100 4200 10500 21000 42000 84000
Mg 24 800 1600 4000 8000 16000 32000
Al 27 214.2 428.4 1071 2142 4284 8568
K 39 200 400 1000 2000 4000 8000
Ca 44 3200 6400 16000 32000 64000 128000
v 51 3.8 7.6 19 38 76 152
Cr 52 2 4 10 20 40 80
Mn 55 39 7.8 19.5 39 78 156
Fe 56 (54,57) 209.8 419.6 1049 2098 4196 8392
As 75 6 12 30 60 120 240
Multi Elements Rb 85 1.4 2.8 7 14 28 56
Sr 88 323 64.6 161.5 323 646 1292
Y 89 10 20 50 100 200 400
Ba 138 (137) 54.4 108.8 272 544 1088 2176
La 139 10 20 50 100 200 400
Ce 140 10 20 50 100 200 400
Pr 141 10 20 50 100 200 400
Nd 146 10 20 50 100 200 400
Pb 208 2 4 10 20 40 80
Th 232 10 20 50 100 200 400
U 238 10 20 50 100 200 400
Halogen I 127 150 300 1000 2000 3000 6000
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Appendix C: Limit of detection (LOD)
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Figure C1. LODs and bulk concentrations for 22 elemental analytes; bulk concentrations are shown for the cleanest (Holocene, orange) and
the dustiest (LGP2, blue) ice-core samples. LODs were determined from nine calibration standard runs as described in Sect. 2.2.3. Each
marker represents the median LOD and median bulk concentration at 2.2 s resolution (~1 mm depth). Error bars for LODs denote the 2nd
maximum and minimum values across the nine calibration runss, while those for bulk concentrations indicate the 10th and 90th percentiles.
Major crustal elements consistently exceed the LOD even in the cleanest Holocene ice, whereas minor and rare earth elements (REEs)
frequently fall below the LOD in the Holocene samples. Note that these LODs apply specifically to 2.2 s resolution bulk analysis; because
particulate signals can exceed the Threspoisson threshold even when the dissolved phase is below the LOD, SP detectability—utilizing the

high-frequency 0.0015 s resolution data—must be evaluated independently.
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