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20 Abstract

Previous analyses of dust concentration and size distribution in ice cores are limited to the
past 800,000 years; however, the ALHIC1901 ice core drilled at the Allan Hills Blue Ice Area
(BIA) in East Antarctica provides a unique opportunity to examine older discontinuous records of
ice ranging in age from 4000-500 ka. Here we present a discrete record of insoluble particles

25 within ALHIC1901 from the bottom 25 m of the core. We investigated the particle mass
concentration, size distribution, and mineralogy within the core to assess the preservation of dust
records in BIAs with complex flow histories. We find that the insoluble particle concentrations are
likely altered by entrainment of basal sediment for depths 5 m above bedrock. For shallower depths
less affected by subglacial input, the record lacks expected peaks in dust concentration during

30 glacial periods, which have been termed “long snapshots,” implying that low net accumulation
rates during glacial periods at the Allan Hills BIA results in the preferential loss or attenuation of
glacial ice and a corresponding bias toward the preservation of interglacial ice. The dust
concentrations may also be further smoothed due to ice thinning. A subset of particles from both
the upper and lower ranges of depths analyzed shows evidence of mineral weathering and/or in

35 situ production of secondary minerals, and insoluble particle concentration correlates well with
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non-atmospherically derived carbon dioxide concentrations. These results highlight the
importance of identifying signs of basal ice-rock interactions and/or complicated accumulation
and ablation histories as these affect our interpretation of paleoclimate records preserved in ice
cores from BIAs.

40
1 Introduction

One motivation to study Earth’s past climate variability is rooted in the need to better
understand how Earth systems may respond to contemporary and future climate change. A key
moment in Earth’s climate history is the Mid-Pleistocene Transition (MPT; ~1.25-0.7 Ma) when

45 glacial-interglacial cycles lengthened from 40 kyr to 100 kyr and glacial periods intensified
(Shackleton & Opdyke, 1977; Medina-Elizalde & Lea, 2005; Clark et al., 2006; Elderfield et al.,
2012; Past Interglacials Working Group of PAGES, 2016). Though this change in response to
orbital forcing is clearly captured in the stable oxygen isotope record of marine sediment cores,
uncertainties in drivers of this change as well as its effect on Earth system couplings remain elusive

50 (Clark and Pollard 1998; Elderfield et al., 2012; Past Interglacials Working Group of PAGES,
2016).

The effort to reconstruct past dust flux to marine and terrestrial ecosystems during critical
paleoclimate transitions is also rooted in the fact that dust-borne iron (Fe) is a major micronutrient
in high-nutrient low-chlorophyll areas of the ocean such as the Southern Ocean. Iron fertilization

55 of phytoplankton increases atmospheric CO2 uptake through photosynthesis (Martin et al., 1990;
Martinez-Garcia et al., 2014; 2011; 2009; Jaccard et al., 2013; Sigman et al., 2010) and an increase
in the dust flux delivered to the Southern Ocean has been invoked as a potential driver of the MPT
(Martinez-Garcia et al.,, 2011), with mass accumulation rates of dust and Fe in marine sediments
used to probe how dust delivery may influence the global carbon cycle on long timescales

60 (Martinez-Garcia et al., 2014; 2011; 2009; Jaccard et al., 2013; Sigman et al., 2010). Following
dust deposition in the surface ocean, potential post-depositional changes in dust chemistry and
speciation during transport through the water column (Bressac & Guieu, 2013) underpin the need
to reconstruct dust records using relatively pristine Antarctic ice cores. Existing marine sediment
records of Southern Hemisphere dust span millions of years (Martinez-Garcia et al., 2014; 2011),

65 however ice cores provide a higher temporally resolved and relatively pristine archive of dust

deposition on shorter thousand-year timescales (e.g., Lambert et al., 2008). Increasing the spatial

2
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coverage of dust records beyond the Southern Ocean and comparing the records of coastal versus
interior East Antarctica are therefore needed to gauge how dust delivery varied regionally during
major climate transitions. Finally, dust concentration measurements can be coupled directly with
70 atmospheric CO2 measurements in ice cores allowing us to directly probe the relationship between

shifts in dust flux/composition and atmospheric COx.

Ice cores provide an opportunity to reconstruct robust records of past climate during the
Pleistocene and earlier through multi-proxy approaches which include measurements of
75 atmospheric gas composition, stable isotopic composition of water, and mineral dust, which can
inform us on regional and global atmospheric circulation (Mahowald et al., 1999). The
composition and flux of aeolian mineral dust deposited upon ice sheet surfaces varies depending
on climate regime, with extreme fluctuations occurring across glacial—interglacial cycles (Lambert
et al., 2008). Throughout Antarctica, ice formed during glacial periods is characterized by a higher
80 concentration of fine (1-5 um diameter) dust from mid-latitude sources (Delmonte et al., 2007),
due to a combination of more vigorous atmospheric circulation and a weakened hydrological cycle
resulting in a drier climate (McGee et al., 2010; Steffensen 1997; Kea 1994). Antarctic ice from
interglacial periods contains significantly lower dust mass concentrations than glacial ice (e.g.,
Lambert et al., 2008), making geochemical and isotopic measurements on this dust more
85 challenging. Compared to glacial ice, dust particles from interglacial ice at interior Antarctic sites
remain smaller than 5 um in diameter but contain a greater proportion (7—10%) of 3—5 pm particles
(Delmonte et al., 2007). In contrast, interglacial ice at peripheral East Antarctic sites is dominated
by the presence of much coarser particles (5-20 wm), indicative of strengthened transport of local
Antarctic material and diminished mid-latitude dust transport (Aarons et al., 2017; Albani et al.,
90 2012; Delmonte et al., 2010; Carter et al., accepted).

Shifts in dust concentration and size distribution as a function of climate regimes are
consistently observed in ice cores retrieved from interior portions of the East Antarctic Ice Sheet
(EAIS) such as the EPICA Dome C (EDC) and Vostok cores. These shifts are a first-order signifier
of climate regimes and could theoretically be used as a tool for dating ice when coupled with a

95 reference record such as a marine sediment core (Ng et al., 2024). Ice core dust concentration can
be used to infer whether ice was formed during a glacial or interglacial period due to the tight

coupling of Antarctic and lower-latitude climate (Lambert et al., 2008, Delmonte et al., 2004),
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highlighting the utility of dust concentrations as a gauge on climate and temperature. Dust grain
size distributions are often used to indicate wind speeds and degree of storminess (Steffensen,

100 1997), both of which may influence the amount of local or regional dust transported to an ice core
site.

Ice core dust proxy reconstructions are generally considered to be pristine, uncomplicated
by post-depositional processes or ice flow. With increasing age comes the possibility of
complicated ice flow histories, and old ice at BIAs are particularly well known for disturbances in

105 their stratigraphic layering (Fig. 1; Shackleton et al., 2025; Higgins et al., 2015; Yan et al., 2019).
Because the oldest continuous ice core record in the Southern Hemisphere (EDC) extends only to
~800 ka, our understanding of dust transport and dynamics on geologic timescales is limited
beyond this time frame. Here, we present a new record of dust deposition to the Allan Hills Blue
Ice Area (BIA) using the ALHIC1901 ice core, which spans approximately 4000-500 ka

110 (Shackleton et al., 2025), providing snapshots of the dust concentration record older than the 800-
ka record (Lambert et al., 2008). We critically evaluate the dust record throughout the deepest 25
meters of ALHIC1901 above bedrock, which contains the oldest sections of ice. We then compare
our dust concentration and size distribution measurements to continuous, well-dated dust records
(ALHIC1903) from the Allan Hills BIA (Carter et al., accepted) and EDC (Lambert et al., 2008)

115 and with existing CO2 data on samples from the same ice core at equal depths (Marks-Peterson et
al., 2026). In doing so, we find that the climate signals preserved in this ice core are complicated
by two distinct processes: (1) in the deepest ice (<5 m above bed), there is non-aeolian particle
entrainment from subglacial sources, many of which have undergone secondary mineralization
and/or in situ chemical weathering processes and (2) at shallower depths, there is an interglacial

120 bias driven by low accumulation and high ablation rates at the Allan Hills site (Fig. 1).
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Figure 1. Schematic outlining hypotheses presented in this study associated with interpretations

of dust records from deformed Blue Ice Areas specifically the Allan Hills compared to continuous

records such as EPICA Dome C. Discontinuous stratigraphy of the Allan Hills is shown with

increasing age density throughout the depth transition. Note: depictions of exact flow regimes and
125 stratigraphy are for illustrative purposes only and not drawn to scale.

2 Methods
2.1 Site description and sampling
The Allan Hills BIA is a peripheral Antarctic site adjacent to the Convoy Range of the

130 Transantarctic Mountains draining the EAIS. Here a combination of unique glaciological and

climatic conditions, including the complex underlying bedrock topography and high surface
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ablation rates, allows for the preservation of discontinuous sections of ice dating back to 6000 ka
in shallow (<200 m) cores (Shackleton et al., 2025, Yan et al., 2019, Higgins et al., 2015). The
present-day average accumulation rate at the Allan Hills is ~0.0075 m yr ! and the average ablation
135 rate is 0.02 m yr !, resulting in a net negative mass balance (Dadic et al., 2015, Spaulding et al.,
2012, Spaulding et al., 2013). During the 2019-2020 field season, the ALHIC1901 ice core
(76.732376° S, 159.356125° E, 1991.1 m.a.s.l.) was drilled ~160 m to bedrock at the Allan Hills
BIA (Fig. 2). The core was drilled using the National Science Foundation (NSF) Ice Drilling
Program (IDP) Blue Ice Drill, which has a core diameter of 24.1 cm (Kuhl et al., 2014). The core
140 was transported to the NSF Ice Core Facility (NSF-ICF) in Lakewood, CO for processing and
long-term storage. The ice core samples analyzed in this study (n=95) were subsampled using
bandsaws at the NSF-ICF and at Princeton University, and the resulting subsamples ranged in
mass from 50-150 g. At Scripps Institution of Oceanography (SIO) samples were stored at -25°C

prior to analysis.
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Figure 2. (A) Site map of the Allan Hills Blue Ice Area including the ALHIC1901 ice core (red
star; this study) and additional ice coring sites referenced in this text (gray circles). Imagery ©
2022 Maxar. Note that ALHIC1901 is a companion core drilled in the vicinity of the ALHIC1502
and ALHIC1503 ice cores (Higgins et al., 2015; Yan et al., 2019), hence the overlapping markers.
150 (B) Inset map of Antarctica adapted from Steig et al. (2015) showing the location of the Allan
Hills for added context. The West Antarctic Ice Sheet (WAIS) and East Antarctic Ice Sheet (EAIS)
are noted with the latter including deeper ice coring sites referenced in the text as blue open circles.
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2.2 Coulter Counter analysis

155 Each sample was analyzed for mass concentration and grain size distribution at SIO
following established ice core procedures (Carter et al., accepted; Delmonte et al., 2004; Steffensen
et al., 1997). The ice subsamples were transported from storage to an ISO Class 7 cleanroom at
the Climate and Earth Surface Geochemistry Lab at SIO. Prior to melting, samples were cleaned
by rinsing with ultrapure water (18.2 MQ-cm) over the surface area two to three times. After

160 rinsing, the subsamples were placed in acid precleaned PFA jars. Each subsample was then
allowed to melt and acclimate to room temperature. For masses larger than 100 g, an infrared heat
lamp was used to accelerate the melting process. Following melting, the liquid subsample was
gently agitated to ensure a homogenous mixture of particles prior to analysis. A sample volume of
10 mL was transferred into an accuvette cleaned by twice rinsing with ultrapure water and once

165  with ISOTON™ II (~1% NaCl solution). To make each subsample conductive, 0.5 mL of a 20%
NaCl solution (prefiltered through a 0.02 pm membrane) was added to the accuvette, resulting in
a ~1% NaCl solution.

Samples were then analyzed for mass concentration and grain size distribution of insoluble
particulate matter using a Beckman Multisizer 4e Coulter Counter at SIO. The instrument works

170 by passing a metered volume of conductive solution through an aperture, which is under constant
voltage. Voltage pulses are detected when a particle passes through the aperture due to a change
in electrical resistance. The quantity of pulses reflect particle quantity and pulse height is
proportional to particle volume. Each individual sample was analyzed a minimum of 5 times using
an analytical volume of 0.5 mL and a 50 um aperture tube. We report the average concentration

175 and grain size distribution across 400 bins of particle diameter size logarithmically spaced from 1
to 30 um. Samples that initially read an abnormal final particle count number as well as those that
resulted in instrumental error due to blockage of the aperture hole were run a greater number of
times to ensure accuracy of data. Data from individual sample runs that encountered blockages
were discarded due to potential errors in the collected data.

180 To determine the number of particles per mL for each size bin i (N;), the measured number
of particles in each bin (n;) was normalized by the analytical volume (I/;, mL) and corrected for

dilution using a dilution factor (DF) based on the sample and electrolyte volumes (V; and V).
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n;
N; = — X DF 1
=y (1)

185 where N; is the number of particles per mL in bin i. The dilution factor was calculated as:

V,+V
DF = = —= 2)

BS

Total particle volume per mL for each size bin (V;, um® mL!) was then calculated with the

190 assumption that particles are spherical and using the midpoint diameter of each bin (d;):

V,= N; X —n(—i) (3)

Finally, total particle mass per mL for each bin (M;, ng mL"!, equivalent to parts per billion, ppb)
195 was calculated from particle volume assuming an average density of continental crust (p, = 2.5 x

10 ng um3; Christensen and Mooney 1995):
M; = p. XV (4)

200 Between the five sample analyses, the aperture tube was flushed and unblocked to ensure
the aperture opening was devoid of any remaining particles. Flushing the aperture reduces the risk
of blockages during sample analysis which may inhibit the ability of particles to pass through the
aperture and result in an inaccurate particle count. Samples were also occasionally lightly agitated
prior to analysis to prevent gravitational settling of dust particles which would result in artificially

205 lower measured dust concentrations. Between sample runs, the aperture tube was flushed twice
and unblocked. In cases where samples were characterized by anomalously high final particle
count numbers and frequent blockages, the aperture tube was re-cleaned by flushing and
unblocking in 0.1 um and 0.2 pm filtered ISOTON™ II solution. Finally, the aperture tube was
removed and cleaned daily prior to use by scrubbing with Coulter Clenz® cleaning agent. Blanks

210 to evaluate the instrument stability over the measurement period were prepared daily before
running any samples with 10 mL of 0.2 pm filtered ISOTON™ II and 0.5 mL 0.02 pum filtered
20% NaCl to evaluate the extent of external input of particles. The ISOTON™ II blanks were

9
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consistently low throughout the entirety of the measurement period. A procedural blank was
evaluated using 0.5 mL of 20% NaCl and 10 mL of 0.02 pum filtered ultrapure water. A background
215 correction was applied for each particle diameter bin by subtracting the total blank count
distribution from the count distribution of each sample. The influence of the blank correction was
minor, representing on average only 2% of the total particles per mL of a sample. When not in use,

the aperture tube was stored in 10 mL of 0.2 pm filtered ISOTON™ II solution.

220 2.3 Scanning electron microscopy (SEM) analysis

Residual sample meltwater was utilized for SEM analysis. The SEM samples were

prepared following previously established methods (Gabriel et al., 2024). Approximately 1-5 mL

of melt water from four selected samples was transferred into the center of a plastic ring form with

a piece of Kapton tape on the underside. The sample was then dried on a hot plate set at 60°C. The

225 sample was removed and cooled to room temperature prior to pouring epoxy resin mixture. Once
the resin completed curing (up to 72 hours), the Kapton tape was carefully removed. Backscattered
electron images were acquired at 2048-pixel resolution using a Phenom Pro XL SEM at 15 kV
using a 60 um diameter final aperture and 60 Pa vacuum. Semi-quantitative elemental composition

was acquired for select particle features using point analysis and the equipped energy-dispersive

230 X-ray spectroscopy (EDS) system.

3 Results and Discussion

3.1 Particle mass concentration with depth at the Allan Hills

Particle mass concentrations in ALHIC1901 span several orders of magnitude, ranging

235 from ~60 to 12,000 ppb (Fig. 3). In the upper portion of the core (~135-140 m), concentrations
range from ~90 to ~575 ppb, with frequent excursions above 300 ppb. Concentrations stabilize
between ~140-150 m depth, where values are consistently low (100-220 ppb) with only rare,
isolated excursions to higher concentrations at a few discrete depths (142.2 and 147.0 m). Below
~150 m, concentrations become progressively higher and more variable, culminating in a major

240 shift at 154.9 m depth, where particle mass concentrations increase abruptly by more than an order

10
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of magnitude. Below this boundary, concentrations remain persistently elevated, commonly

exceeding 1000 ppb and reaching several thousand ppb toward the bottom of the core.
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Figure 3. Total particle mass concentration of diameter range of 1-30 um (blue circles; ng particles
per g ice; ppb) in ALHIC1901 ice core samples on a logarithmic scale. Light gray shading
highlights depths which may be influenced by basal contamination, and the dark gray rectangle
represents the depth of bedrock.
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The higher sustained dust concentrations (>1000 ppb) observed below 155 m are

11

uncharacteristic of typical aeolian dust deposition to the Allan Hills BIA, which generally
alternates from ~100 ppb during interglacial periods to as high as ~1000 ppb during glacial periods
(Carter et al., accepted). In samples located within approximately 5 m from bedrock, the high

particulate mass concentration was observable to the naked eye during the agitation process prior
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to measurement using the Coulter Counter. Visible evidence of silt, sand, and, occasionally, a few
pebble-sized particles that ranged from 0.1 to 10 mm were also present within these samples. These

255 coarser grains were not possible to quantify given the aperture upper limit of 30 pm.

3.2 Size distribution evidence for basal contamination

Aeolian dust is often formed in arid areas, or in the case of the Southern Hemisphere much

of the atmospherically transported dust is associated with glaciofluvial processes in Southern

260 South America (SSA; Delmonte et al., 2004) traveling thousands of kilometers prior to deposition
on the Antarctic Ice Sheet. The long transport distance of the primary contributor of aeolian dust
(SSA) to Antarctica results in particle size sorting as many of the larger particles gravitationally
settle out of the atmosphere closer to the dust source area (Delmonte et al., 2010). While mid-
latitude sourced particles are predominately <5 wm, dust originating more locally from coastal ice-

265 free areas throughout Antarctica can contain particles >5 um in diameter (Delmonte et al., 2010).
In ice core records, dust deposited during glacial periods is typically characterized by a distinctive
lognormal distribution of mass concentrations close to 2 um in diameter (Basile et al., 1997;
Delmonte et al., 2004a). Dust records from interglacial intervals of coastal Antarctic ice cores are
typically characterized by a reduced presence of fine particles (1-5 um) and a greater overall

270 presence of larger dust particle diameters (>5 um) (Aarons et al., 2017; Carter et al., accepted;
Albani et al., 2012).

The dust particle size can also be a first-order indicator of the presence of particles
incorporated into the ice via entrainment of subglacial debris, as glacial abrasion can produce silt-
sized particles (~2-63 wm) which can exceed the predominant diameter range of aeolian

275 transported dust particles observed in previously studied Antarctic ice core records (e.g., 0.2-10
pm; Aarons et al., 2017). This subglacial sediment forms through intense physical weathering
through glacial grinding, producing particles that typically contain a higher proportion of primary
minerals, assuming there is little to no chemical weathering or water-rock interaction occurring in
the subglacial environment (Knight, 1997). Sediment could then be incorporated into the ice itself

280 in bands of debris along shear planes resulting in overall upward transport (Kassab et al., 2019,
Kaplan et al., 2023). Although there is overlap in the particle diameters produced from during

aeolian processes and glacial abrasion, the presence of particles greater than 10 um in diameter

12
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would imply either input from a proximal dust source area (e.g., locally exposed sediment within
several kilometers of ice core drilling site) or basal debris entrainment (hereafter also referred to

285 interchangeably as basal sediment). Analysis of size distribution alone is insufficient to disentangle
the relative contributions of these potential sources.

Mass concentrations within 400 logarithmically spaced particle diameter ranges are
normalized by bin spacing and then converted to a weighted percentage by dividing by the total
particle mass concentration for each sample (Fig. 4) in order to determine which particle diameter

290 ranges dominate the mass for each sample. Above the bottom 5 m basal section of ice (i.e., between
~135-155 m), samples at varying depths are a mix of either dominantly fine particle (1-5 pm) mass
contributions or intermittently spaced coarse particle (>5 pm) mass contributions. In isolation, the
patterns observed at these depths suggest the preservation of a climate signal (i.e., glacial and/or

interglacial variability).
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310 Figure 4. Particle size distribution variability with depth. Each row represents a discrete subsample
of ice from ALHIC1901 which has been measured for mass concentration and size distribution.
The particle mass for each diameter range is represented by a pixel, which has been normalized by
bin interval (natural log of the bin width) and the cumulative mass (1-30 um diameter) for each
respective sample. The pixels are colored according to the color bar and sum to 100% when

13
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315 integrated across a sample row. Note the depth axis is not to scale and is more representative of
the sampling frequency.

In contrast, the bottom 5 m of the core contains a widespread increased proportion of coarse

particles that dominate the concentration signal (Fig. 4). Notably, one sample (ALHIC1901 228 3)

displays a sharp transition in the particle size at 154.9 m, coincident with the abrupt increase in

320 total particle concentration described above (Fig. 3). At this transitional depth, the mass

contribution increases significantly to 1020 pum particle diameters. Samples below this depth are

dominated by ~10 um modal diameters. Stable water isotopes show no such shift (Fig. S1),

suggesting that the sudden transition is a post-depositional process rather than a recorded climate

signal. The convergence in elevated mass concentrations and coarse particle dominance in the

325 deepest ice strongly suggests that insoluble particulate matter below ~155 m is influenced by

proximity to bedrock, with a major contribution from entrained basal material rather than dust
transported by aeolian processes.

Another possibility is that the bottom 5 m layer of ice is stratigraphically unrelated to the

ice above it, representing a different flow path history. If this were the case, the ice in this basal

330 layer may have formed during a distinct climate period or interacted with bedrock topography in

a different location prior to intersecting with the overlying ice sheet layers. Higher dust

concentrations are observed at shallower depths of 142.23 m and 147.02 m exceeding 800 and 600

ppb respectively (Fig. 3). This suggests that there may be folding and intersecting deep ice flow

which disturbs the stratigraphic layers of the preserved ice, a behavior which has been noted

335 previously with respect to chronology and depth (Shackleton et al., 2025). Future geochemical

analysis (e.g., Sr-Nd isotope compositions) of the dust in this ice could shed more light into the

source of the higher dust mass concentrations observed near the bed.

3.3 Interglacial bias: Where have all the glacial periods gone?

340 A central question arising from the insoluble particle record of ALHIC1901 is whether a
primary climate signal is preserved within the particle mass concentration record, or if post-
depositional processes and/or biases in formation and preservation have impacted the archive.
Detailed physical characterization of ice core dust from the Allan Hills deposited during the MIS
6 to Se climate transition (ALHIC1903; Carter et al., accepted) allows us to compare the dust

14
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345 characteristics observed in older Allan Hills ice (ALHIC1901) to gauge whether the dust is within
the expected range of concentrations and size distributions, or whether subglacial sediment input
is occurring. Previous work at the Allan Hills on the ALHIC1903 ice core has shown that ice from
the MIS 6 glacial period contained both greater amounts of fine particles (1-5 um), in excess of
100 ppb, and that these particles typically made up more than 60% of the total particle mass

350 concentration (Carter et al., accepted). The opposite being true for interglacial ice from MIS Se,
which contained fine particle concentrations <100 ppb that generally made up less than <60% of
the total particle mass concentration. Applying these relative ranges of particle mass concentration
during known climate regimes to our samples suggests that ice meeting glacial thresholds is quite
rare with only 10 samples satisfying both conditions, most of which are centered around ~135—

355 142 m with two samples at ~146 m (Fig. 5). The majority of samples (n = 44) are more consistent
with interglacial characteristics. Notably, there are also an array of samples throughout the core
and for nearly all depths below ~150 m which contain greater concentrations of fine particles (>100
ppb) but with fine particles contributing only 47% of the total mass on average. These dusty yet
coarse samples are atypical for either expected glacial or interglacial regimes but could represent

360 a mixture of ice from both climatic periods or an injection of basal material at greater depths, or a
combination of both. The absence of expected glacial peaks in dust mass concentration could also
be a byproduct of less intense glacial periods for the pre-MPT ice compared to the post-MPT time

interval.
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365 Figure 5. Percent of fine particles (1-5/1-20 um) with respect to absolute concentrations of fine
particles (1-5 um) from ALHIC1901 (this study) and ALHIC1903 (Carter et al., accepted).
Samples from ALHIC1903 are separated based on corresponding glacial (blue circles) and
interglacial (red circles) climate period. Samples from ALHIC1901 are shown as smaller squares
and are colored based on their depth within the core. Colored background indicates typical glacial

370 (blue) and interglacial (red) bounds for percent of fine particles (>60%) and fine dust concentration
(<100 ppb), respectively, for dust from ALHIC1903 (Carter et al., accepted). The gray background
indicates a range in fine percent and dust concentration not typically observed during glacial-
interglacial periods at the Allan Hills. The 1-20 um denominator is used for consistency with the
established MIS 6 and MIS 5e Allan Hills dust records, where particles >20 um were excluded to

375 isolate the aeolian signal (Carter et al., accepted).

A subset of these samples was dated using the *’Aram geochronometer at Princeton

University (Bender et al., 2008, Yan et al., 2019; Shackleton et al., 2025) and provide additional
context for evaluating these patterns. The relative gas age uncertainty of ~60 kyr (10) is based on

the analytical precision of the geochronometer and is an order of magnitude larger than the

380 expected difference in the age of the gas and ice (Shackleton et al., 2025). Therefore, the dating
uncertainty effectively captures the ice age, and we use **Aram ages as the best estimate for ice age

in this study. Of the subset of samples with *°Aram ages, 33 samples fell within the age range
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390

comparable with the high temporally resolved dust record from EDC (Lambert et al., 2008) (Fig.
6). While the Allan Hills ice core particle mass concentrations are broadly consistent with the
magnitude and range of dust mass concentrations observed in the EDC record from 532 ka to about
800 ka, the expected peaks in concentration which should occur during glacial periods are largely
missing. We use the term “long snapshots” to describe this interglacial bias, where a smoothing
effect has either erased or muted the see-saw pattern of high glacial and low interglacial dust

concentrations characteristic of established ice core records.
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Figure 6. (a-b) Temporal variability of particle mass concentration (ppb) from ALHIC1901
samples that also contain *’Aram ages (Shackleton et al., 2025). Relative age uncertainties are ~60
kyr (1o). The dust mass concentration record from interior East Antarctic ice core EDC (0.7-20
um diameter) is shown as a gray line for comparison (Lambert et al., 2008). Samples presumed to
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395 be unaffected by basal contamination (depths > 5 m from bed) are shown as blue circles, whereas
those likely contaminated (depth < 5 m from bed) are represented by orange circles. (b) Zoomed
inset of (a) for better comparison to the EDC record alongside average glacial (blue shaded
rectangle with blue solid line representative of average and blue dashed lines representative of
upper and lower bounds) and interglacial period (red shaded rectangle with red solid line

400 representative of average and red dashed lines representative of upper and lower bounds) dust mass
concentration ranges from nearby ALHIC1903 (1-20 pm; Carter et al., accepted). Note the
different x-axis limits.

The lower frequency of glacial samples is also consistent with extreme accumulation and
ablation patterns. The Allan Hills experiences prolonged intervals of very low accumulation and
405 high ablation rates (Yan et al., 2021). Shackleton et al. (2025) noted that glacial §'®Oicc values in
the ALHIC1901 core were largely absent. This was attributed to a combination of lower
accumulation rates during glacial intervals and an averaging across glacial-interglacial cycles due
to the highly thinned layers. Similarly, glacial concentrations of greenhouse gases (CO2 and CHa)
are overwhelmingly absent at depths below 142 m (Marks-Peterson et al., 2026), suggesting the
410 averaging of gas compositions over glacial cycles. The absence of distinct glacial dust peaks in
ALHIC1901 likely reflects similar processes to those described above (Fig. 6), with low ice
accumulation rates during glacial periods accompanied by high ablation rates at the Allan Hills.
This could either result in the erasure of high glacial period dust concentrations during or soon
after deposition or could conversely result in a smoothing of glacial and interglacial dust
415 concentrations due to extremely low accumulation rates and stratigraphic thinning. Both processes
could be invoked as a cause for the observation of these “long snapshots” in our dust mass
concentration record (Fig. 5), as the lack of ice accumulation during glacial periods typically
characterized by high dust deposition may essentially fail to record this climatic history or result
in the scouring of dust from the ice surface before firn transitions into ice. Similarly, dust scouring
420 from the surface due to high ablation rates would essentially average dust mass concentrations.
The complex ice flow regime at the Allan Hills results in a thinning of stratigraphic layers which
would further average or combine the glacial and interglacial dust concentrations within relatively
thin ice core subsections. Although given the small subsections (50—150 g) measured in this study,

this latter mechanism is unlikely to be the dominant process impacting the dust record.
425 These observations indicate that while the ALHIC1901 dust record struggles to preserve
discrete glacial maxima, it does widely retain a strong interglacial signal. This interglacial bias

reflects the preferential preservation of ice formed under higher ice accumulation conditions, while
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ice deposited during glacial periods is either underrepresented, mixed, or removed entirely. As a
result, dust mass concentrations within ALHIC1901 above ~155 m are best interpreted as
430 recording interglacial environmental conditions superimposed with varying degrees of glacial ice
preservation, rather than a continuous archive of glacial-interglacial dust variability. This is
supported by the lack of an expected correlation between dust concentration and &'®*Oice

(Shackleton et al., 2025) measured on the same ice core samples (Fig. S1).

435 3.4 Unusual carbonate mineralogy of basal ice
To investigate the mineralogical characteristics of the ice, a subset of particle samples were
isolated and analyzed using Scanning Electron Microscopy (SEM) and Electron Dispersive
Spectroscopy (EDS). The SEM and EDS analyses on these discrete samples highlighted the
presence of quartz and silicate minerals, iron-bearing phases, and, notably, carbonate minerals
440 within the basal ice of ALHIC1901 (Fig. 7, Fig. S4). The mere presence of carbonate minerals in
the lower portion of ALHIC1901 is puzzling, as Southern Hemisphere mid-latitude sourced dust
reaching Antarctica has been noted to have virtually no carbonate minerals present (Delmonte et
al., 2004), as these minerals are most likely to be dissolved during transit prior to deposition on
the ice sheet surface. However, recent work has demonstrated a minor presence of carbonate
445 minerals in select samples of MIS 2 ice from Dome B (Delmonte et al., 2017) and late Holocene
firn from Talos Dome (Sala et al., 2008). These minerals were attributed to exposed continental
shelves during a glacial period lowstand and deflation from the surface of nearby sea ice,
respectively. Carbonate minerals are typically expected to dissolve during the long-range aeolian
transport process (de Angelis et al., 1992). This is in contrast to the Greenland Ice Sheet, which
450 receives a higher proportion of continental derived dust with more source areas rich in carbonate

minerals present throughout the Northern Hemisphere (Delmonte et al., 2004).
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Figure 7. Scanning electron microscope images of particles from the following ALHIC1901 ice
core samples: (a—b) ALHIC1901 228 3 (depth 154.95 m), identified via EDS as likely intact

455 carbonates, (c—d) ALHIC1901 233 2B (depth 158.90 m) with signs of mineral dissolution
indicating ongoing in situ chemical weathering of carbonates, and (e) ALHIC1901 230 3B (depth
156.90 m) and (f~h) ALHIC1901 203 3 2 (depth 137.32 m) particles with small grains forming
on existing mineral surfaces highlighting secondary mineralization observed in the bottom 25
meters of ALHIC1901. Supporting EDS results are shown in Supplementary Fig. 4.

460 The observation of intact carbonate minerals at ~155 m and partially dissolved carbonate
minerals at ~159 m in ALHIC1901 is therefore surprising (Fig. 7). While these carbonate minerals
could represent enhanced cyclonic conditions over sea ice or greater exposure of continental
shelves and/or glaciogenic sedimentary deposits, the predominant coarse particle sizes (>10 um;
Fig. 7) more likely suggest a non-transoceanic aeolian provenance. Potential explanations for the

465 carbonate presence are the weathering and entrainment of carbonate-bearing sediment deposits.
Glaciofluvial and or glaciolacustrine deposits scattered throughout the Transantarctic Mountains
such as the Sirius Group, which consists of Neogene aged till and diamictites (Hambrey et al.,
2003) generally ranging in calcium carbonate content from ~0.1 to 1.3 wt % (Passchier, 2004),
could plausibly be one source of the carbonate minerals found in the ice core. Another alternative

470 possibility is that Ca-bearing minerals such as plagioclase or pyroxene were exposed to chemical

weathering in the subglacial environment and formed carbonate crusts in situ. Carbonate crusts on
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rock or soil surfaces, while reportedly limited spatially, have been observed in Antarctica (Lacelle
et al., 2024) and are primarily found throughout the McMurdo Dry Valleys (Claridge & Campbell,
1977; Campbell & Claridge, 2009; Campbell et al., 2013; Lyons et al., 2020). The carbonate crusts

475 are thought to typically form via kinetic evaporation (Lacelle et al., 2024), implying the presence
of liquid water at some point in time either as snowmelt or glacial meltwater. Carbonate crusts on
rock or clast surfaces could then be subsequently mechanically weathered and entrained at some
point in the ice sheet history before undergoing further chemical weathering processes in situ
within the ice.

480

3.5 Possible englacial chemical alteration and dust reactivity

Mineralogical and textural characteristics of ice core dust can be used to infer the presence
of in situ chemical weathering of dust particles occurring in an ice core post-deposition (e.g.,
Baccolo et al., 2021b). For example, the mineral jarosite has been observed in the Talos Dome ice
485 core from East Antarctica and has been cited as evidence of ice metamorphism and re-
crystallization at great depths (Baccolo et al., 2021a), and a process indicative of englacial dust
relocation allowing for chemical reactions and mineral neo-formation to occur. SEM and EDS
measurements on the Allan Hills ice allowed for a qualitative analysis of mineral grain morphology
and mineralogy to probe whether the deep ice core dust had been affected by englacial chemical
490 weathering associated with sediment entrainment and ice metamorphism due to the complex flow
history at this site.
In all imaged samples, the particles are characterized by diverse grain morphologies
ranging from low sphericity and angular (Fig. 7c, h), high sphericity and subangular (Fig. 7e, g),
moderate sphericity and subangular (Fig. 7b, d), to low sphericity and very angular (Fig. 7a, f).
495  Most of the observed particles are angular to subangular in shape with a low degree of roundness,
which may imply either a short transport distance from the dust source to the ice sheet or the
potential dissolution and precipitation of species in situ (Baccolo et al., 2021a).
SEM imagery reveals evidence of secondary mineralization in several samples spanning a
range of sample depths. Sample ALHIC1901 203 3 at a depth of ~137 m contains Fe-S bearing
500 minerals (Fig. S4f-h), including cubic pyrite precipitated on the outer portion of a pre-existing

mineral grain (Figs. 6g, S4¢g) and a flat platy mineral which could potentially be jarosite adhering
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to a pre-existing mineral grain (Figs. 7h, S4h). The larger particles (e.g., >20 pm) are more
prevalent in samples ALHIC1901 228 3, 230 3B, 233 2B, which are located within 5 m of
bedrock where elevated concentrations of 1-30 um diameter particle mass concentration were also
505 observed. Other examples of secondary mineralization include small spherical silica (Si)-rich
minerals formed on the surface of a pre-existing mineral particle (Fig. 7e) possibly representing
amorphous Si or opal which has been interpreted in other subglacial precipitates in East Antarctica
as indicative of the presence of calcite-saturated subglacial meltwater (Piccione et al., 2022).
We measured bulk pH of meltwater samples without CO2 equilibration using a GroLine
510 Soil pH Tester throughout preparation for Coulter Counter analysis, pH values averaged around
5.58 £ 0.27 (n=43) across the depth range of 135-158 m, reflecting the slightly acidic conditions
of snow from atmospheric transport and potentially the equilibration of bubbles and ambient air
with meltwater during sample preparation (Fig. S2). This is consistent with measurements of pH
from Greenland ice cores which range from 4.71 to 5.75 though such measurements account for
515 COz solubility and equilibration (Kjer et al., 2016, Pasteris et al., 2011). In the TALDICE ice core,
the mineral jarosite was identified which should only form under acidic (pH<4) aqueous conditions
but instead is inferred to have formed in situ within the TALDICE ice core through extreme
diagenetic conditions within the ice (Baccolo et al, 2021). While highly acidic ice below pH of 4
was not directly observed in our bulk pH measurements for the Allan Hills ice, it is possible that
520 micro acidic environments form within thin water films at the mineral-ice grain boundary, a
process noted at triple junctions within ice grain boundaries (Fukazawa et al., 1998 and Mulvaney
et al., 1988).
While intact carbonate minerals were observed at ~155 m depth (Fig. 7a-b), these minerals
exhibit chemical zoning with selective dissolution along zoned rims in a deeper sample at ~159 m
525 depth, closer to the bed (Fig. 7c—d). Together, the occurrence of chemical weathering may indicate
that current environmental conditions close to and at bedrock act as a “geochemical reactor,”
wherein post-depositional transformations may alter particle size distributions due to particles
migration to ice-grain boundaries and subsequently flocculating together (e.g., Iliescu and Baker,
2009), or ice that has been transported towards the ice surface from a deeper location (Baccolo et

530 al., 2021b).
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3.6 Processes affecting the CO: concentrations in basal layers and implications for
paleoclimate reconstructions

Elevated CO2 and CH4 concentrations associated with high dust concentrations are

535 observed in several previous ice cores drilled from Greenland (Muhl et al., 2023; Brook et al.,
1996; Souchez et al., 1995, 1997; Smith et al., 1997). The adsorption of CH4 onto dust particles
has also been proposed as a mechanism for excess CHa4 production during the wet extraction
process (Lee et al., 2019). Positive correlations between cell counts and measurements of dust
concentrations has been interpreted as evidence of methanogenesis through in situ metabolism

540 occurring in Greenland ice (Tung et al., 2005). The mineralogy of dust transported to Antarctica
is primarily silicate minerals whereas Greenland dust contains a higher proportion of carbonate
bearing dust sourced from Asia, resulting in a lower correlation between artifactually elevated
greenhouse gas concentrations due to reactions with entrained dust in Antarctic ice cores (Anklin
et al., 1995). However, the presence of carbonate minerals and potential evidence for in situ

545 chemical alteration in ALHIC1901 suggest that similar processes may operate locally within deep
ice at the Allan Hills BIA.

In ALHIC1901, non-atmospheric concentrations of CO2 were previously identified based
on anomalous §'3C-CO2 (< -7.1%o, Marks-Peterson et al., 2026). Anomalous §'°C measurements
have also been observed in other ice cores nearby ALHIC1901, with the bottom 7 m of

550 ALHIC1502 and ALHIC1503 showing evidence of respired CO2 (Yan et al., 2019). Significant
respiration was noted in ALHIC1901 in all depths below ~152 m and a few sporadic depths
between ~125-142 m (Marks-Peterson et al., 2026). For samples where particle mass
concentrations were also available, we observe a strong correlation between non-atmospheric CO2
concentrations and particle mass concentration (Fig. 8). This link suggests that the observed

555 elevated greenhouse gas concentrations could be due to processes such as microbial respiration or
oxidation of organic carbon as has been observed at other sites (Tung et al., 2005; Anklin et al.,
1995). Elevated CO2 concentrations due to biological respiration have been observed in Antarctic
glacial environments associated with high sediment content in basal ice due to proximity to
bedrock (Montross et al., 2013). Additionally, subsequent chemical weathering of entrained

560 carbonate grains due to micro acidic conditions within the ice would result in in situ production of
excess CO2 (Anklin et al., 1995) and could partially explain the relationship between particle
concentration and CO2 within the ALHIC1901 ice core (Fig. 8). While SEM analysis was limited
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to a subset of samples, carbonate minerals may be more widespread than directly observed,

particularly if basal ice is folded or intersects higher in the core.
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Figure 8. Particle mass concentrations (ppb) in the 1-15 um diameter size fraction alongside
altered CO2 concentrations measured at Oregon State University (Marks-Peterson et al., 2026).
These concentrations are presumed to be elevated from a non-atmospheric source based on
anomalous §'°C-CO2 (< -7.1%o). The 1-15 pm size fraction best captures this relationship; discrete
570 size bin analysis shows that particles >15 pm do not contribute to the observed trend (Fig. S5).
Two samples with anomalously high particle mass concentrations greater than 5000 ppb were
excluded from the plot; these outliers do not conform to the observed linear relationship and likely
represent additional complications due to their uniquely high particle mass concentrations. The
solid purple line is the best linear fit for enriched CO2 samples (R*> = 0.91), and the purple dashed
575 lines indicate the 95% confidence interval.
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4 Conclusions

580 This study highlights that the climatic interpretations of dust preserved in the ice core record
at the Allan Hills, Antarctica are complicated by two distinct processes tied to the unique
glaciological and environmental conditions of this site. Elevated particle concentrations and size
distributions in the bottom 5 m of ALHIC1901 are likely due to non-aeolian input through basal
ice-rock interactions and subglacial particle entrainment. Above this depth, measurements appear

585 overwhelmingly characteristic of interglacial periods through comparisons with established ice
core records encompassing similar age ranges or local environmental conditions. This process is
related to the low net accumulation and high ablation rates at the Allan Hills, which preferentially
attenuate or erase glacial period ice, producing these “long snapshots” observed in the dust mass
concentration record. Secondary mineralization and chemical alteration are also observed at

590 various depths throughout the core using SEM imaging and EDS techniques, which highlights the
complex chemical reactions taking place either at the basal ice-rock interface or in situ, as well as
the link between particle concentration and greenhouse gas concentrations. Despite these
complications, it may be possible to glean relevant climate signals through a multiproxy and
filtering approach, which includes the application of particle size distribution and mineralogical

595 assessment. Other promising methods to probe and possibly disentangle these complications is the
application of novel approaches such as microstructural analysis (Faria et al., 2010) and three-
dimensional electrical or conductivity measurements (Kirkpatrick et al., 2025), both of which can

provide constraints on the structure, dip, and orientation of layering within the ice core.

600 Data Availability

Particle mass concentration and grain size distribution data will be available on United States
Antarctic Program — Data Center (USAP-DC).
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