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Abstract. Mineral dust plays an important role in governing Earth’s energy balance by scattering electromag-
netic radiation back to space and by reducing the surface albedo of glaciers. However, in the tropical Andes of
South America, long-term mineral dust observational records are extremely scarce and spatially limited; like-
wise, little has been done to characterize the morphological and mineralogical properties of dust in this region.
Here we present a multidecadal mineral dust record obtained from a tropical ice core with emphasis on the
size distributions, shape characteristics, and mineral compositions of single particles. We used a scanning elec-
tron microscope with energy dispersive x-ray spectrometry (SEM-EDS) to characterize 1887 individual mineral
grains (< 5 um) preserved in an ice core from Nevado Huascardn (Peru) and we interpret the results in context
of dust provenance. The SEM-derived particle sizes are found to follow a lognormal distribution with circular-
ities (median 0.75) and aspect ratios (median 1.42) typical of mineral dust. Approximately 60 % of the mineral
particles are consistent with clay mineralogy (e.g., illite, kaolinite, montmorillonite), indicating that the particles
originate primarily from soils in distal source areas. The relative abundance of quartz, feldspar, and mica in the
ice core is comparatively low and likely reflects local dust derived from granodiorites and phyllites near the
glacial margins.

absorbers (Gongalves Ageitos et al., 2023). When deposited

The sizes, shapes, and composition of mineral dust particles
influence their radiative properties (Gieré and Querol, 2010;
Highwood and Ryder, 2014) and affect their settling veloci-
ties during transport (Gieré and Querol, 2010; Li and Osada,
2007; Pye, 1994). Mineral dust increases planetary albedo by
scattering electromagnetic radiation back into space, with a
net cooling effect of approximately —0.2 0.5 W m~2 (Kok
et al., 2023). However, not all minerals contribute to cooling.
For example, iron oxides (such as hematite) act as energy

onto glaciers, mineral dust lowers the albedo of the surface
snow and promotes negative mass balance changes (Dang et
al., 2015; Di Mauro et al., 2024; Painter et al., 2007; Shi et
al., 2021; Warren, 1984). Particle mineralogy plays a criti-
cal role in governing the relative reduction in glacial albedo
(e.g., Flanner et al., 2021). Mineral dust is also a key player in
many other parts of the Earth system (Knippertz and Stuut,
2014 and references therein). For example, particles in the
atmosphere serve as cloud condensation nuclei and therefore
influence cloud albedo and precipitation dynamics (Nenes et
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al., 2014). Additionally, the deposition of mineral dust over
terrestrial ecosystems can act as a natural fertilizer for chemi-
cally depleted soils (e.g., Bristow et al., 2010; Yu et al., 2015;
Besl, 2022) while deposition across marine environments af-
fects ocean productivity (Jickells et al., 2014). Particulate
matter also has significance for respiratory health in peo-
ple, as demonstrated by increased mortality rates during dust
events in Europe, Asia, and Africa (Morman and Plumlee,
2014; Perez et al., 2008; Lépez-Villarrubia et al., 2010; Chan
et al., 2008).

Dust deflation models, atmospheric models, energy
balance models, and radiative transfer models used in
cryosphere research rely on morphological and mineralogi-
cal assumptions or approximations in order to simulate the
behaviour of mineral dust and its impacts (e.g., Flanner et
al., 2021; Gasso et al., 2010; Tegen and Schulz, 2014). How-
ever, the parameterizations made in these model frameworks
are not always realistic or are poorly constrained due to the
scarcity of relevant observational data. For instance, many
models assume that particles can be approximated as spheres
or that the particles have a homogeneous or an invariable
composition (Engelbrecht and Derbyshire, 2010). The need
for improved mineral dust data sets is therefore well known
(Buseck, 2010).

In the tropical Andes of South America, observational
mineral dust records are severely limited both spatially and
temporally (Gilardoni et al., 2022). The impact of mineral
dust in this region, specifically with respect to mountain
glaciers, has potentially significant social and economic im-
plications. For instance, the loss of glaciers can have a pro-
found spiritual effect on indigenous communities (Allison,
2015). Glacier melting also increases the risk of glacial lake
outburst floods (GLOFs) capable of decimating pastures, vil-
lages, and urban population centers (Carey, 2005; Carriv-
ick and Tweed, 2016; Emmer et al., 2022; Stuart-Smith et
al., 2021; Taylor et al., 2023). Mountain communities are
also heavily reliant on the glaciers for freshwater, and there-
fore the loss of glaciers in the region triggers an array of wa-
ter resource issues ranging from decreased water availabil-
ity for irrigation and diminished hydropower (Chevallier et
al., 2011; Thompson et al., 2021).

To improve our understanding of the physical nature of
dust in the tropical Andes, we use a scanning electron mi-
croscope with energy dispersive x-ray spectrometry (SEM-
EDS) to thoroughly examine the mineral dust preserved in a
Peruvian ice core. Ice cores provide valuable insights into
the morphology and composition of mineral dust (Wu et
al., 2016) and also illuminate important details about dust
over extended periods of time (Nagatsuka et al., 2021). How-
ever, very little has been done to characterize the shapes,
sizes, and composition of dust in ice cores from the tropics,
even though there have been many deep ice core records col-
lected from low latitude glaciers (e.g., Permana et al., 2019;
Ramirez et al., 2003; Thompson et al., 1995, 1998, 2002,
2013). In this study, we report a multidecadal history of min-
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Figure 1. Map of the study region. Elevation data were acquired
from ETOPO2 (NGDC, 2001) and are visualized using the M_Map
software for MATLAB® (Pawlowicz, 2020). Magenta pixels show
the locations of low-latitude glaciers (RGI Consortium, 2023). The

white triangle marks the location of Nevado Huascardn (9.11°S,
77.61°W).

eral dust preserved in a tropical ice core and present detailed
morphological and compositional data on the physical prop-
erties of dust in this part of the world.

2 Study region

The Cordillera Blanca mountain range (in the north-central
Peruvian Andes; Fig. 1) contains 25 % of all tropical glaciers
on Earth (Glas et al., 2018; Kaser et al., 2003). The Cordillera
Blanca is also home to the world’s highest tropical moun-
tain, Nevado Huascaran (9.11°S, 77.61° W), the mountain
col of which sits at 6050 meters above sea level (ma.s.l.).
The recovery of ice cores from the col of Huascardn in
1993 (Thompson et al., 1995) and again in 2019 (Kutuzov
et al., 2025) allowed researchers to study the climatolog-
ical history of the region with respect to coupled ocean-
atmosphere systems (such as the El Nifio—Southern Oscil-
lation; e.g., Henderson et al., 1999; Weber et al., 2023), but
very little has been done to characterize the morphology and
composition of mineral dust preserved in the ice core records.

During the austral summer (November—April), the zonal
wind direction and the southerly position of the intertropical
convergence zone (ITCZ) promote the transport of dust orig-
inating in North Africa to the Amazon Basin via the Saharan
Air Layer (Prospero et al., 2021). Dust deposited over the
eastern Amazon during this time is responsible for replen-
ishing the soils with micronutrients (Bristow et al., 2010). At
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the same time, the South America monsoon system (SAMS)
inundates the Amazon Basin with rainfall while moisture re-
cycling pathways propagate across the tropical forests (Zemp
et al., 2014). Wet season conditions related to the SAMS are
likely to remove most, if not all, of the African-sourced dust
from the atmosphere before it reaches the tropical Andes.
However, some studies have shown that African dust is capa-
ble of being carried as far as Colombia and Ecuador (Bolafio-
Ortiz et al., 2023; Boy and Wilcke, 2008) and to the equato-
rial Pacific on millennial time scales due to shifts in the ITCZ
(Schimmenti et al., 2025).

The austral winter (May—October) is the dry season in
the Cordillera Blanca when rainfall amounts are less than
10 % of the annual total (Vuille et al., 2008). At the same
time, the ITCZ shifts to the north and redirects the trans-
port of dust from Africa towards the Caribbean and south-
ern United States (Prospero et al., 2021). During the dry
season dust concentrations peak in the Huascardn ice core
record (approximately 3-times higher than wet season lev-
els on average); however, average grain sizes and dust size
ratios are similar between the wet and dry seasons (Davis,
2002). While there is likely some increased dust deposition
during the austral winter due to reduced snow cover and a
corresponding increase in the availability of local dust, the
pronounced dry season peak in dust concentrations is pri-
marily the result of the decreased snowfall rate in tandem
with lower cloud cover and high solar irradiance. These con-
ditions enhance the rate of ablation at the ice core site and
therefore concentrate dust that was deposited during the pre-
ceding summer months (Davis, 2002).

It has been hypothesized that recent changes in forest
cover within the Amazon may play a role in the generation
and transport of dust to Huascardn (Davis, 2002; Weber et
al., 2026a); however, direct evidence of this relationship has
yet to be shown. The idea is supported by the work of Tegen
and Fung (1995) and Tegen et al. (1996), who show that
50 £ 20 % of global dust emissions are related to the distur-
bance of soils. Since the 1970s, nearly 20 % of Amazonian
forests have been removed and/or burned for urbanization
and the expansion of farmland (Bullock et al., 2020; Fearn-
side, 2005; Mu and Jones, 2022), which has reduced sur-
face roughness and exposed bare sediments within the basin.
Betts et al. (2008) modeled future dust emissions within the
Amazon and showed that significant changes in forest cover
may eventually lead to massive regional dust emission rates.
Estimates of the Amazon rainforest’s “tipping point” sug-
gest that a forest dieback and savannization scenario may al-
ready be underway (Lovejoy and Nobre, 2018; Poveda, 2026;
Restrepo-Coupe et al., 2023). Satellite observations show
that during the dry season aerosols in the Amazon Basin are
lifted in significant amounts over the Andes towards the Pa-
cific ocean (Bourgeois et al., 2015).

Other potential dust sources in tropical South America in-
clude the high Puna-Altiplano deserts, with regular sand and
dust storms originating from the Salar de Uyuni (southern

Altiplano, Bolivia) and the Salinas Grandes (northern Puna,
Argentina) throughout the year (Gaiero et al., 2013), as well
as coastal Peru, where 4-5 dust storms per year have been
documented (Bricefio-Zuluaga et al., 2017).

Mineral dust that is generated locally (i.e., within the
Cordillera Blanca) is related to the geology of the moun-
tain range. The batholith is primarily composed of sodium-
rich granodiorites and tonalites from the Neogene-Miocene
(Atherton and Petford, 1993; Atherton and Sanderson, 1987;
Petford and Atherton, 1996), which by definition include
plagioclase, quartz, and alkali feldspar. Minor amounts of
biotite, hornblende, and muscovite are also found in these
plutonic rocks (Atherton and Sanderson, 1987). To the east
of Huascardn is the Chicama Formation, which is primarily
composed of Jurassic-age metasedimentary deposits (Gio-
vanni et al., 2010; Glas et al., 2018). The weathering and
erosion of these rocks is a potential source of phyllosilicate
minerals, particularly mica and illite. Granodiorite, tonalite,
and Chicama materials are currently being exposed by the
retreat of glaciers in the Cordillera Blanca. For example, ac-
cording to recent satellite-derived measurements, the total ice
extent on Huascardn changed by —21 % between 1987 and
2020 (Schoessow, 2025). Glacier recession and snow sea-
son shortening increases the frequency and probability of
dust emissions in glacierized environments (Meinander et
al., 2022). Relatedly, the exposure of subglacial sediments
due to glacier retreat within the Cordillera Blanca has been
linked to downstream effects in water quality (Fortner et
al., 2011; Magnusson et al., 2020).

3 Methodology

3.1 Sample selection

The ice cores recovered during the 2019 drilling campaign
on the Huascaran col are annually resolved through the most
recent six decades (Weber et al., 2023), although lower-
confidence annual records can be extended back to 1720 CE
with a dating uncertainty of approximately +5 years (Davis,
2002). In this study we examine single particles preserved in
the uppermost 80 m of the 2019 Huascardn Col A ice core
(HC-19A) to gain insights into the nature of dust between
1960 and 2018 CE.

Using a precleaned bandsaw, we subsampled HC-19A in
the cold room laboratory at the Ohio State University’s Byrd
Polar and Climate Research Center (OSU-BPCRC) to ac-
quire samples (2.6 x 2.6 x 2.6 cm?) corresponding to the an-
nual dust maxima of the last 60 years (Fig. 2). The ice sam-
ples were immediately transferred to the Class 100 clean
room at OSU-BPCRC in pre-cleaned capped plastic cups.
Firn-layer samples were cut from the core at slightly larger
volumes so that enough sample would be available for the
decontamination procedure. Considering that contamination
in firn is limited to the outer 3—6 mm of the core (Osterberg et
al., 2006), we used precleaned steel chisels to scrape and/or
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Figure 2. Dust sampling scheme for the 2019 Huascardn
Col A ice core (HC-19A). (a) Schematic of the ice core
with black lines showing the sampling depths. Made with
the Core Stratigraphy Visualization tool in MATLAB®
(https://www.mathworks.com/matlabcentral/fileexchange/
173320-core-stratigraphy-visualization, last access: 29 June
2026). (b) Microparticle concentrations as a function of depth,
determined by Coulter Counter. Black horizontal lines denote the
sampling depths for this study with annual labels every fifth year.

chisel the outermost ~ 5 mm of the firn under a laminar flow
hood within the cold room. Like the ice samples, the de-
contaminated firn samples were transferred to the Class 100
clean room in capped plastic cups.

3.2 Sample preparation

To decontaminate the ice samples, their outer surfaces were
rinsed using 18.2 M2 ultrapure water. All decontaminated
firn and ice samples were allowed to melt in precleaned cups,
and the meltwater from the cups was used to isolate the mi-
croparticle contents onto 25 mm 0.1 um Isopore™ polycar-
bonate membranes using glassware fitted for vacuum filtra-
tion.

Twelve dust filters were prepared for SEM-EDS by com-
bining the meltwater samples in 5-year intervals (e.g., 1960—
64, 1965-69, ..., 2015-2018). The consolidation of the 59

annually dated samples into 12 multiannual samples was ne-
cessitated by time and monetary constraints while still al-
lowing us to collect data on at least 150 particles per sample
(i.e., the minimum number of particles recommended for an
ice core SEM-EDS analysis; Nagatsuka et al., 2021).

The 12 dust filter samples were adhered to individual
25 mm SEM pin mounts using double-sided carbon tape and
stored in the clean room until time for analysis. On the day
of analysis for each sample, the filters of interest were trans-
ported to the Center for Electron Microscopy and Analysis
(CEMAYS) in SEM storage boxes wrapped in Parafilm. At
CEMAS, the samples were coated with a thin layer (10—
20nm) of vaporized carbon using a sputter coater (Leica
EM ACEG600). The carbon coat limits charging effects dur-
ing SEM analysis by increasing the conductivity of the sam-
ple surface (Goldstein et al., 2003).

3.3 Particle analysis by SEM-EDS

We used the Quattro Environmental SEM at CEMAS to an-
alyze the mineral dust contents of the 12 filter samples. The
instrument is equipped with an EDAX Octane Elect Super
70 mm? EDS detector, which was used for the collection of
x-ray energy spectra for each particle of interest.

The following SEM operating conditions were determined
to be optimal for the analysis: 15kV acceleration voltage,
2.8 nA beam current, and 12 mm working distance. Using
the DTSA-II software from the National Institute of Stan-
dards and Technology (NIST, http://www.nist.gov/dtsa, last
access: 29 June 2026), we performed a bulk Monte Carlo
simulation to estimate the interaction volume of the electron
beam under these operating conditions. The simulated pene-
tration depth of the electron beam was 0.76-2.29 pm with an
interaction volume of 0.81-15.97 um?>. To avoid the genera-
tion of mixed x-ray signals, we focused our analysis on iso-
lated particles and particles exhibiting minimal overlap with
adjacent particles. We also attempted to select these particles
at random, but because this was done manually the analysis
may have been subject to some human bias. Likewise, we
tried to limit our analysis to particles less than 5 um in di-
ameter so that our mineralogical conclusions would not be
biased by the local dust signal. Because the Huascaran col
is more than 6000 ma.s.l., coarse particles are most likely
derived from local sediments, whereas smaller size fractions
are representative of both local and distal dust.

A backscatter electron image was saved for every probed
particle along with the particles’ x-ray energy spectrum, ob-
tained via energy dispersive spectrometry (i.e., with the EDS
detector). We collected EDS data for 10 s live time on each
particle, which was sufficient to produce a well-resolved
EDS spectrum in most cases. Any poorly resolved spectra
were discarded during the data processing stage because min-
eralogy could not be reasonably inferred. Poor spectra may
have resulted from a particle being too low-mass to generate
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enough x-rays or by a larger adjacent particle that blocked
x-rays from reaching the detector.

3.4 Quantifying particle morphology

The morphologies (referring to size and shape characteris-
tics) of the individual particles were quantified using the
image processing software Fiji (Schindelin et al., 2012), in
which the scale bar in each backscatter electron micrograph
was used to set the pixel width of the images. Individual par-
ticles were traced using a stylus on a touchscreen computer
to ensure that their perimeters were accurately defined. Bi-
nary masks were generated for each relevant particle, and
the Analyze Particles tool in Fiji was used to calculate the
two-dimensional area, circularity, and aspect ratio of every
masked particle. In order to evaluate size distribution statis-
tics on the bulk samples in a standardized manner, the equiv-
alent circular diameter (ECD) of each particle was estimated
using Eq. (1).

ECD =2 x / (Area/w) €))

It should be noted, however, that our two-dimensional image
analysis of SEM micrographs may overestimate particle sizes
because mineral grains preferentially settle on their largest
side (Royer et al., 1983). We are also limited in our ability to
measure a sufficient number of very small (< 1 pm) particles
with SEM, and so the size distributions determined by elec-
tron microscopy may be biased towards higher modes and
do not necessarily reflect the “true” distribution that can be
obtained with a three-dimensional particle counting method
(e.g., Groundwater et al., 2012; see Sect. S2 in the Supple-
ment).

3.5 Mineral identification

A wide variety of techniques have been used to determine the
mineralogy of particles in aerosol samples using SEM-EDS,
although rarely are multiple techniques combined to improve
the certainty of each classification. A common procedure is
to consult the dichotomous key in Severin (2004) to compare
the EDS spectrum for a particle of interest to EDS spectra
collected on mineral standards (e.g., Michaud et al., 2014).
This technique, however, can lead to subjective mineral as-
signments due to the ambiguous spectral patterns exhibited
by certain mineral species. In addition, the dichotomous key
approach cannot be automated as an open-source procedure
due to copyright restrictions. A more quantitative approach
used in the literature is to compute elemental ratios from a
particle’s EDS spectrum and then refer to the sorting scheme
chart provided by Donarummo et al. (2003). This technique
has been adopted in numerous ice core mineral dust stud-
ies (Donarummo et al., 2003; Nagatsuka et al., 2021; Ro et
al., 2024; Wu et al., 2016); however, the sorting scheme is
limited to classifying aluminosilicate minerals and has nu-
merous “unknown” classification nodes.

Here, we use a five-algorithm cross-referencing procedure
to identify the mineralogy of particles in our dust samples.
Specifically, we use an EDS mineral dust classification soft-
ware package for MATLAB® (Weber, 2025) that provides
users with the ability to apply numerous mineral classifica-
tion algorithms to their EDS data sets. The software includes
a machine learning model trained to recognize a variety of
minerals commonly found in dust samples, as well as func-
tions that give users the ability to use the mineral identifica-
tion workflows described in Donarummo et al. (2003), Kan-
dler et al. (2011), and Panta et al. (2023).

All four aforementioned computerized classification algo-
rithms were used to ascertain the mineralogy for each parti-
cle. These results were subsequently cross-referenced with
one another and with the classifications obtained via the
Severin (2004) dichotomous key. This approach successfully
circumvents the limitations of using any one classification
method on its own; and, because the approach combines both
qualitative and quantitative metrics, it significantly increases
the confidence of every mineral assignment. Additional de-
tails on the classification algorithms are provided in Table S1
in the Supplement.

3.6 HYSPLIT trajectory modeling

We use the desktop version of HYSPLIT v5.3.0 (Stein et
al., 2015) to run trajectory model simulations for the wet and
dry seasons from 2000 through 2015. The purpose of these
simulations is not to definitively trace the movement of air
masses to and from Huascardn but rather to help with con-
textualizing our interpretations of the ice core mineral dust
record. We report our HYSPLIT results as ensembles of the
full 16-year model assessment period.

The model simulations were constrained using meteo-
rological data from NCEP-NCAR reanalysis (Kalnay et
al., 1996). The dry season was defined as the months June—
September (JJAS) for a given year; the early wet season was
defined as the December of the previous year through Febru-
ary (DJF) for a given year; and the late wet season was de-
fined as March through May (MAM) for a given year.

For our model simulations we used 10 d (240 h) backward
trajectories starting at Huascardn (6000 ma.s.l.), as well as
10d forward trajectories starting at the centers of the two
most likely African dust source regions (i.e., El Djouf and the
Bodélé depression). We define El Djouf as 18-22° N and 10—
3° W while we defined the Bodélé as 15—-18° N and 12-18°E
(Yu et al., 2020). The starting elevation for the two African
dust source regions was 10 m above ground level. For all sim-
ulations, trajectories were evaluated at every sixth hour (i.e.,
00:00, 06:00, 12:00, and 18:00 UTC). For the backward sim-
ulations, only the grid cells in which at least 5 % of the tra-
jectories passed through are shown, whereas for the forward
simulations the grid cells show where at least 2.5 % of the
trajectories pass through.
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Several limitations prevent us from using the HYSPLIT
simulations to thoroughly interpret the transport of dust to
Huascaran. For one, the coarse resolution of the topography
and the coarse spatial resolution (2.5° x 2.5°) of the NCEP-
NCAR reanalysis product may blur the highest frequency
transport pathways. Using a data product with a finer grid
resolution would likely improve the robustness of our sim-
ulations, but this would also greatly prolong the model run-
times which already average ~ 40 min per 16-year ensemble.
Another limitation is that our simulations do not account for
rainfall effects that would wash out particles from the atmo-
sphere during transport. In addition, while the simulations
consider vertical motion, our HYSPLIT output files are ren-
dered in two-dimensions, meaning that we can only inter-
pret the trajectory frequency maps with respect to horizontal
motion. A more vigorous procedure is therefore needed to
thoroughly model air mass transport to and from Huascaran,
which is beyond the scope of this paper.

4 Results

4.1 Size distributions

We analyzed a total of 1887 individual mineral particles
(< 5 um) in HC-19A using SEM-EDS. The size distributions
of these particles are visualized in Fig. 3. The ECDs of the
mineral grains display a near-perfect lognormal distribution
(Fig. 3a), which is typical of aerosol samples (Blifford and
Gillette, 1971); however, we note that the size distributions
measured using the Coulter Counter (CC) technique are more
closely described by a power-law relationship (see Sect. S2;
Supplement), and so the size distribution results described
herein are specifically interpreted in the context of what can
be measured with electron microscopy.

Figure 3b—c show the concentrations of the particles
normalized by the width of the size bin in log space. The
dN /dlog D plot reiterates that particle sizes obtained using
SEM are lognormally distributed. The mean, the median, and
standard deviation of ECD are 1.8, 1.6, and 1.0 um, respec-
tively. The dV /dlog D plot reveals that larger particles dom-
inate the total volume, despite being few in abundance. This
finding is not altogether unexpected because in the formula-
tion for spherical volume [V = 47/3 x (D/2)*] the volume
is proportional to diameter (D) cubed, meaning that a parti-
cle that is 10-times larger than average also has 1000-times
more volume than average.

4.2 Particle shapes

A scatter-histogram plot of the aspect ratio versus circularity
shape distributions is shown in Fig. 4. The mean and 95 %
confidence ellipse are shown in red. The median particle in
HC-19A has a circularity of 0.75 4 0.01 (standard error, SE)
and an aspect ratio of 1.42+0.03 (SE). The shapes of the
particles in HC-19A are consistent with values reported in
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Figure 3. Particle size distributions and concentrations. (a) His-
togram of the equivalent circular diameter (ECD) data with lognor-
mal fit. (b) Particle concentrations as a function of ECD, normalized
as dN /dlog D. (¢) Volume concentrations as a function of ECD,
normalized as dV /dlog D.

other aerosol studies; for example, Okada et al. (2001) and
Wau et al. (2016) show that mineral dust particles in China
exhibit median circularities around 0.6-0.7 and median as-
pect ratios around 1.4—1.5. Nagatsuka et al. (2021) examined
the mineral particles in an ice core from Greenland and show
median circularities around 0.7-0.8.

Information on the circularity of mineral particles in the
tropics is very limited, although Varga et al. (2021) exam-
ined African dust transported to Iceland and found median
circularity values between 0.75 and 0.80, which is consistent
with what we note in the ice core record. Likewise, Panta
et al. (2023) characterized 300 000 freshly emitted dust par-
ticles from the Moroccan Sahara and identified a median
aspect ratio of 1.46, which is consistent with the ice core
record. However, the preferential settling of rounded parti-
cles during long range transport is known to increase aspect
ratio, as noted by Huang et al. (2020) who compared the as-
pect ratios of African dust particles reported across the liter-
ature. That is, for African dust, median aspect ratios increase
from about 1.60 over the particle source regions to 1.90 fol-
lowing long range transport (Huang et al., 2020). From this
perspective, the relatively low median aspect ratio of 1.42
measured for the Huascardn ice core is inconsistent with an
Africa-to-Peru transport pathway.

We use the Shapiro—Wilk parametric hypothesis test to
check whether the particle shape data are normally dis-
tributed. In both cases, the null hypothesis that circularity
and aspect ratio follow normal distributions is rejected at
the 0.05 alpha level. For circularity, the calculated Shapiro—
Wilk test statistic (W) is 0.953 (p value < 0.0001) indicating
a mild deviation from normality; for aspect ratio, W =0.795
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(p value < 0.0001) which implies a stronger deviation from
normality.

4.3 Bulk mineralogy

Figure 5 presents the bulk mineralogical composition of HC-
19A based on our SEM-EDS mineral assignments. Clay min-
erals are the most prevalent mineral group in the ice core
by a wide margin. Five unique clay minerals were identi-
fied in the ice core record, accounting for 60.1 +3.0 % of
the total dust load. Illite is the most abundant, comprising
46.8 2.0 % of the clay mineral fraction, followed by kaoli-
nite (28.6 £ 1.6 %), montmorillonite (17.2 + 1.2 %), chlorite
(7.0£0.8 %), and vermiculite (0.4 £0.2 %). In this case,
uncertainties are reported as Poisson counting uncertainties
(0 =100 % x / (n)/nioa1), where n is the count of particles
in each group and n, is the relevant total particle count.
Feldspars (plagioclase and alkali feldspar) are the next-
most abundant minerals in the ice core, accounting for
13.7£0.9% of the total dust record, with plagioclase
minerals (albite, oligoclase, and labradorite) representing
59.1 £4.8 % of the feldspar fraction. The third and fourth
most common mineral species are quartz (10.0£0.7 %) and
mica (5.2 £ 0.5 %), respectively. Other minerals — such as ru-
tile, iron oxides, and aluminum oxides — were observed fewer
than 20 times and thus account for only a very small propor-
tion of the dust. Low counts among these minerals precludes
them from being used in statistical testing. The very low
abundance of iron oxide particles (0.6 £0.2 %, n =11) sug-
gests that their presence is unlikely to have a significant ra-
diative impact. It is also worth noting that no carbonate min-

erals were identified in our analysis. While this result may
have implications for source attribution, we do not interpret
this in detail because carbonates are at least partially soluble
(Sala et al., 2008) and therefore the absence of carbonate-like
particles in the ice core may be attributed to dissolution when
the ice samples were melted for filtration.

4.4 Mineral morphological dependency

We tested whether mineralogy is size-dependent using
one-way analysis of variance (ANOVA) (https://www.
mathworks.com/help/stats/one-way-anova.html, last access:
29 June 2026). First, the ECD data were translated into log
space to meet the normality requirements of the ANOVA test.
Second, only minerals with at least 30 observations were
considered during the analysis in order to ensure thorough
hypothesis testing. The ANOVA result for the log10(ECD)
data shows that different minerals have statistically differ-
ent sizes (p value < 0.001) but the magnitude of this differ-
ence (i.e., the effect size; w? =0.027) suggests that mineral
size dependency is very small. Mica is the only major outlier,
which has a mean ECD that is statistically different than the
means of 7 other minerals (Fig. 6a). Mica particles tend to
be larger than other particles on average, with a mean ECD
of 2.38 = 0.13 um (SE, n =99) compared to the ECD of the
remaining minerals in Fig. 6a (1.78 £ 0.02 pym, n = 1668). In
any case, the mean diameter of all particles fits within the
size range of the accumulation mode (0.1-2.5 pym), meaning
that the larger mica particles are not necessarily biased to-
ward local source areas.


https://www.mathworks.com/help/stats/one-way-anova.html
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of the ANOVA for log(ECD). (b) Results of the Kruskal-Wallis analysis for aspect ratio. (¢) Results of the Kruskal-Wallis analysis for

circularity.

For the morphological shape parameters (aspect ratio and
circularity), ANOVA cannot be used because the data are
not normally distributed. Instead, we use the nonparametric
Kruskal-Wallis test (https://www.mathworks.com/help/stats/
kruskalwallis.html#btv4oqy- 10, last access: 29 June 2026) to
check whether mineralogy is shape-dependent. For minerals
with at least 30 observations, the Kruskal-Wallis test indi-
cates that the circularities of different minerals are not statis-
tically different (p value = 0.054), and the effect size (in this
case, €2) is negligible (€2=0.008). Likewise, the Kruskal—

Wallis test results confirm that the aspect ratios of the min-
eral particles are not statistically different (p value =0.502,
€2 =0.004). These morphological results are visualized in
Figs. 6b—c.

We also performed a principal component analysis (PCA)
on the morphological and mineralogical data (see Sect. S3)
to assess the relationships between particle shape, size, and
mineralogy. The results of the PCA are consistent with our
observations from the ANOVA and Kruskal-Wallis tests.


https://www.mathworks.com/help/stats/kruskalwallis.html#btv4oqy-10
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That is, the < 5 um dust deposited at Huascaran is well-sorted
with respect to both morphology and mineralogy.

4.5 Temporal variability and trends

The previous sections considered the bulk morphological and
mineralogical properties of dust preserved in HC-19A. How-
ever, information about temporal variability can also be in-
ferred from the per-sample measurements for the 1960-2018
study period. The multiannual variability exhibited in the
particle size (i.e., ECD), aspect ratio, and circularity data
is presented in Fig. 7. While the quartile ranges for these
measurements vary considerably from sample-to-sample, the
time series for both shape metrics (aspect ratio and circular-
ity) display consistent median values throughout the record.
The median values for ECD are more variable. A pronounced
local minimum in ECD is observed in the 2000-04 sample,
implying that there was either an increase in dust emissions
from distant source areas or a decrease in local dust emis-
sions. The decrease in median ECD appears to have begun in
1995-99 and does not return to typical levels until 2010-14.

The multiannual variations in particle mineralogy are
shown in Fig. 8. The stacked area plot in Fig. 8a confirms that
minerals in the clay mineral group have consistently dom-
inated the dust’s overall composition since the start of the
study period. Plagioclase, quartz, alkali feldspar, and mica
constitute the other major mineral groups, albeit at much
lower concentrations than the clay minerals.

Moving forward in time starting from the 1995-99 sam-
ple, the general trends in the relative abundances of alkali
feldspar, plagioclase, and quartz begin decreasing while the
concentration of clay minerals increases. These trends peak
in the 2005-09 sample. The inverse relationship between the
former and latter mineral groups is most likely explained by
the relative contributions of minerals from local and distal

sources, respectively. Alkali feldspar, plagioclase, and quartz
are the primary mineral assemblages found in the granodior-
ite bedrock of the Cordillera Blanca; in contrast, clay min-
erals (especially kaolinite) originate from more distant pe-
dogenic (soil-borne) source areas. When dust contributions
from one of these source regions are elevated, the relative
abundance of dust originating in the other source region is
thereby reduced in the ice core record.

The trends and patterns in the mineral group data are ex-
panded upon in Fig. 8b, which focuses specifically on iden-
tified mineral species with at least 30 observations in the ice
core record. The decrease (increase) in granodiorite (clay)
minerals in the 2005-09 sample is apparent. The increase in
clay minerals is largely driven by a change in the relative
abundance of kaolinite — a clay mineral that is typically asso-
ciated with the chemical weathering of soils in wet tropical
environments (Schroeder and Erickson, 2014).

Another notable trend in the mineralogical data is a de-
crease in the abundance of clay minerals and a synchronous
increase in quartz and plagioclase minerals between 2010
and 2018. This trend is indicative of a reduction in long-range
transport and/or an increase in local dust emissions.

Finally, we note an interesting characteristic in the miner-
alogical data for the 1970-74 sample. Our SEM-EDS find-
ings reveal that the relative abundance of granodiorite min-
erals (quartz, plagioclase, alkali feldspar) increased during
this brief period. This observation is noteworthy because
the increase in the number of granodiorite minerals may
be an artifact of the ill-famed 1970 Ancash earthquake. On
31 May 1970, a 7.9 moment magnitude earthquake dis-
lodged 50-100 million m® of lithologic material from the
northwest peak of Huascaran (Plafker et al., 1971). The re-
sulting avalanche buried the villages of Yungay and Ran-
rahirca, killing thousands of people (Bode, 1989; Doughty,
1999; Plafker et al., 1971; Plafker and Ericksen, 1978). A
“tremendous” cloud of dust is said to have descended down
the mountain during the event (Plafker and Ericksen, 1978).
Therefore, even though each dust filter represents a 5-year
average, it is possible that this event left a mineralogical fin-
gerprint in the dust records preserved on the Huascarén col.

5 Discussion

5.1 Potential drivers of the mineral dust signal

In the following sections, we discuss the potential sources
of mineral dust deposited at Huascardn during the most re-
cent six decades. We first consider the local dust signal —
based on the presence of granodiorite-like minerals in the
ice core record — which is related to the geology of the
Cordillera Blanca and is likely affected by glacier retreat
(Sect. 5.1.1). In Sect. 5.1.2 we speculate on the relation-
ship between distally-sourced minerals (such as kaolinite)
and forest cover changes in the Amazon Basin. Section 5.1.3
examines whether dust mineralogy may be related to arid-
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with at least 30 observations during the study period.

ity and dust storm events originating in North Africa. Other
potential source areas are discussed in Sect. 5.1.4.

5.1.1 Glacier retreat

Glaciers can create dust sources via the erosion and de-
position of fine glaciofluvial material or by exposing sedi-
ments during periods of glacier retreat or when snow cover
is reduced (Bachelder et al., 2020; Bullard, 2013; Shugar et
al., 2017; Xi et al., 2022). The Peruvian Cordillera Blanca
has the highest concentration of tropical glaciers on Earth
(Glas et al., 2018) and therefore the mountain range gener-
ates a substantial amount of proglacial sediments. This has
likely been exacerbated by rapid glacier retreat in recent
decades, the rates of which are considered unprecedented
in the Holocene (Gorin et al., 2024). Since the Little Ice
Age, the spatial extent of glaciers in the Cordillera Blanca
has been reduced by half (Georges, 2004; Motschmann et
al., 2020). Since the 1980s, the glaciers in the Cordillera
Blanca have undergone a mass balance change of —38 %
(Yarleque, 2024). At Nevado Huascaran specifically, glaciers
have diminished by 21 % since 1987 (Schoessow, 2025). It
remains possible that the retreat of these glaciers — and any
resulting glaciofluvial sediment production or exposure — is
contributing to local dust emissions. The subsequent aeolian
transport and deposition of this dust back onto the glacier
may then initiate a positive feedback that lowers the albedo
of the surface snow, accelerates melting, and increases the
availability of sediments for dust generation.

In a previous study, we (Weber et al., 2026a) simulated
the impacts of dust on the col and summit of Huascaran us-
ing ice core microparticle size distribution records and the
SNICAR radiative transfer model (Flanner et al., 2021). We
found that at these high-altitude sites (within the accumula-
tion zone) dust has only a minimal impact on glacial albedo,
but the magnitude of these effects may be greatly amplified
at lower elevations. For instance, many of the glaciers at low
elevations in the Cordillera Blanca are debris-covered (Mark

et al., 2024). Previous investigations on the effective black
carbon (eBC) contents of snow in the region have found that
eBC concentrations are much higher at lower elevations and
can significantly reduce surface albedo (Sdnchez Rodriguez
and Schmitt, 2018; Schmitt et al., 2015). Contributions of
dust and other aeolian material as a result of glacier retreat
may therefore pose a considerable threat.

The mineralogical characteristics of dust preserved in HC-
19A show evidence of locally sourced material, albeit at
much lower concentrations than the distally sourced clay
minerals. There is some bias in this result, as our single par-
ticle analysis was primarily limited to the fraction of parti-
cles <5pm in diameter. Larger particles (> 10 um) are in-
herently locally sourced due to their short atmospheric res-
idence times, and thus the overall abundance of local dust
is not considered within the scope of our investigation. Re-
gardless, large dust particles are scarce in the Huascarén ice
cores due to the extreme altitude of the drill site, which pre-
cludes efficient transport. Whatever large particles that do ex-
ist at Huascardn are necessarily sourced from the Cordillera
Blanca, and, because of the third-power scaling of dust size
as a function of particle diameter, the locally derived dust
likely accounts for the bulk of the mineralogical material by
volume. These particles are presumably consistent with the
main granodiorite minerals identified in the Results section
(i.e., quartz, plagioclase, and alkali feldspar), as well as bi-
otite mica (another common mineral in granitic rocks) and
muscovite from the phyllites of the Chicama Formation to
the east.

Howeyver, the contribution of aeolian material from the
Chicama Formation is less certain. On the one hand, a lack
of observations of pyrite in the dust filters may indicate that
the Chicama Formation is a negligible source of local dust.
Pyrite is common in the Chicama Formation (Atherton and
Sanderson, 1987), and sulfide leaching from these minerals is
directly related to downstream water contamination (Fortner
et al., 2011; Glas et al., 2018; Magntisson et al., 2020). On
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the other hand, the absence of pyrite in the dust filter samples
may simply be a consequence of pyrite’s high density (4.8—
5.0 gcm?), which greatly increases its settling velocity as an
aerosol. Muscovite, in contrast, is morphologically ideal for
transport to the ice core site because of its erodibility, low
density (2.8-2.9 gcm?®), and sheet-like crystal habit, which
increases the particles’ drag coefficient (Reid et al., 2003;
Wiese et al., 2015). In a mineral dust assessment of a firn core
from Nevado Illimani (Bolivia), Lindau et al. (2021) show
that phyllosilicates such as muscovite/illite have prolonged
atmospheric residence times and are preferentially removed
by wet deposition and that the suspension of very large dust
grains (> 20um) is facilitated by strong downdrafts related
to deep convection. More work needs to be done to quantify
the amount of dust generated within the Cordillera Blanca,
as well as the mechanisms of uplift of these particles towards
the summits — particularly with respect to glacier retreat —
but the presence of granodiorite minerals and muscovite in
the ice core record is reasonably attributable to local origins.

5.1.2 Forest cover change

Natural and anthropogenic vegetation changes within the
Amazon are another potential driver of the dust record pre-
served in Huascarén ice. The disturbance of soils due to ur-
banization, agricultural and farmland expansion, and defor-
estation likely increases the amount of dust emitted from the
Amazon, as supported by observational and model evidence
from various parts of the world (Betts et al., 2008; Engel-
brecht and Derbyshire, 2010; Ginoux et al., 2012; Kok et
al., 2023; Stanelle et al., 2014; Tegen et al., 1996; Tegen
and Fung, 1995). Global dust mass loading has increased
by 55+£30% since the pre-Industrial era, with approxi-
mately 33 % of this increase due to human land use (Kok
et al., 2023).

Since the 1970s, there has been considerable disturbance
of forests in the Amazon (Fearnside, 2005; Kalamandeen et
al., 2018; Malhi et al., 2008; Nobre et al., 1991; Silva Ju-
nior et al., 2021), with recent estimates suggesting that 38 %
of the Amazon has been disturbed by human activity while
17 % has been deforested (Albert et al., 2023; Harvey, 2023;
Lapola et al., 2023). Beyond 20 %-25 % deforestation, the
Amazon is expected to surpass an irreversible tipping point
that will flip eastern, southern, and central Amazonia toward
non-forest ecosystems (Lovejoy and Nobre, 2018). The ef-
fects of land use change in the Amazon may also be leading
to precipitation reductions (Baudena et al., 2021; Leite-Filho
et al., 2021; Mu and Jones, 2022) and intensified droughts
(Staal et al., 2020).

Deforestation rates have varied considerably both spatially
and temporally over the last few decades. For example, de-
forestation rates in the Brazilian Amazon peaked in 2004 (at
nearly 28 000 km? yr~!) before the adoption of an action plan
that led to an 84 % reduction in deforestation rates by 2012
(Silva Junior et al., 2021). However, there has been an uptick

in deforestation rates since 2013, with 11 000 km? of forest
loss in 2020 (Silva Junior et al., 2021). In Peru, the deforesta-
tion rate from 2001 to 2016 was higher than the rate from
1987 to 2001 (Rojas Bricefio et al., 2019). In addition, the
rate of deforestation in Peru spiked during the COVID-19
pandemic (Céspedes et al., 2023). The main drivers of defor-
estation in Peru are agricultural expansion and the develop-
ment of transport infrastructure (Rojas Bricefio et al., 2019),
but deforestation due to gold mining is also common (Ca-
ballero Espejo et al., 2018; Diringer et al., 2020). Bourgeois
et al. (2015) showed that aerosols emitted over the Amazon
Basin can be transported westward and lifted along the east-
ern slopes of the Andes, reaching the free troposphere at ele-
vations comparable to tropical glacier summits.

Any dust emissions related to the degradation of forests
in the Amazon will be compositionally linked to soil miner-
alogy. In the Amazon lowlands, soils are dominated by the
clay mineral kaolinite (in many cases by more than 80 %),
although the formation of montmorillonite is favoured in ar-
eas of poor drainage (Irion, 1984). In the western parts of
the basin, illite clays are common in addition to kaolinite and
oxide minerals (Guyot et al., 2007).

Given the abundance of kaolinite in the Amazon and the
relationship between deforestation and dust emissions, it is
possible that the kaolinite contents in the Huascardn ice cores
may be interpreted as a proxy of forest cover change. Indeed,
the positive trend observed in the ice core kaolinite record
from the early 1990s through the present appears to reflect
deforestation rates in the Brazilian Amazon (Fig. 9). Kaolin-
ite concentrations peak in the 2005-09 sample, just after the
2004 peak in deforestation rates. Following the peak is a cor-
responding decrease in both deforestation rate and kaolinite
concentrations. Unfortunately, due the multiannual (5-year)
resolution of our mineralogical measurements and the short
temporal overlap (1985-2018, n =7), we cannot draw any
statistical conclusions about the correlation between the rate
of forest loss and kaolinite at Huascaran; however, consis-
tency between the trends demonstrates the plausibility of a
mechanistic relationship.

5.1.8 African aridity

A third potential source of dust to Huascaran is North Africa,
although the distance between the two sites is quite immense
(e.g., it is approximately 7400km from Huascardn to the
west coast of Mauritania). Despite the extremity of the trans-
port pathway, such long-range distances are not impossible
(Van Der Does et al., 2018). In fact, the lateral movement of
African dust towards the eastern Amazon during the austral
summer is a well-documented phenomenon (Abouchami et
al., 2013; Besl, 2022; Bristow et al., 2010; Koren et al., 2006;
Prospero et al., 1981, 2020, 2021; Yu et al., 2015, 2020).
Whether African dust makes its way across the Amazon
toward the Andes is comparatively understudied. Marine sed-
iment records from the eastern equatorial Pacific show ev-
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hibits similar trends to the annual deforestation record with a 2-3-
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idence of varying amounts of African-sourced dust on mil-
lennial time scales (Schimmenti et al., 2025). This finding
suggests that African dust is capable of being transported
across tropical South America and over the Andes. MERRA-
2 satellite products have also been used to show that African
dust can be deposited over central Colombia (Prospero et
al., 2020). Similarly, Bolafio-Ortiz et al. (2023) used remote
sensing data from MERRA-2 and MODIS to correlate snow
albedo changes in the Colombian Andes with Saharan dust
outbreaks. Likewise, Boy and Wilcke (2008) found evidence
of African dust deposited in the Ecuadorian Andes. In addi-
tion, Davis (2002) identified a correlation between the con-
centrations of microparticles at Huascaran and surface level
pressures over central Africa from 1949 to 1992, although it
should be noted that first-order trends within the data likely
drive the correlations. A more thorough statistical investiga-
tion with detrending analysis was not conducted. It remains
to be studied — either through the lens of mineralogical evi-
dence or geochemical evidence — whether sufficient quanti-
ties of African dust are transported to the Cordillera Blanca.
Prospero et al. (2020), for example, note that even though
African dust can reach Colombia, the dust concentrations are
about one-fifth of the concentrations observed at Cayenne
on the Atlantic coast of French Guiana. Most of the dust is
conceivably removed from the atmosphere during transport
across the Amazon by rainout effects.

The aridification of global dust hotspots since the 1960s is
noted by Sardans et al. (2024), which includes North Brazil,
North Africa, the Middle East, and the Sahel. Trade wind in-
tensification and surface level pressure trends in tropical lat-
itudes have also been observed in recent decades (McGregor
et al., 2018). Moreover, Dolce and Miller (2025) find that the
frequency of African dust events has increased over the last
four decades. Such trends may be responsible for the increas-
ing dust concentrations observed in the Huascaran ice cores
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(Weber et al., 2026a). However, results from a recent study
by Yeo et al. (2026) show no evidence of increased dust ac-
tivity in the Sahara or the Sahel since the 1980s. In fact, the
authors find that dust emissions in North Africa are related to
the large-scale Atlantic Multidecadal Oscillation (AMO), in-
dicating that the frequency of North African dust storms may
continue to decline under future warming and AMO phases.

The mineralogical composition of African dust is highly
heterogeneous depending on the exact source region (e.g.,
Caquineau et al., 1998; Engelbrecht and Derbyshire, 2010;
Moreno et al., 2006; Mounkaila, 2006; Muhs et al., 2014;
Scheuvens et al., 2013). The Bodélé depression in central
Africa, for instance, emits more than 0.7 million tons of dust
per day and was once thought to be the greatest source of dust
to the Amazon Basin (Koren et al., 2006). However, x-ray
diffraction analyses of soil samples in the region reveal that
mineralogy varies considerably by latitude, with high kaolin-
ite concentrations dominating the clay mineral fraction in the
north while montmorillonite is more prevalent in the south
(Mounkaila, 2006). The Bodélé depression is unlikely to be
a primary driver of the Huascaran dust signal, however, as re-
cent studies have found that the El Djouf region in northwest
Africa is the preferred source for the transatlantic flux of dust
to South America (Yu et al., 2020).

Panta et al. (2023) analyzed more than 300 000 airborne
mineral particles from the Moroccan Sahara and found that
illite (27 %) and kaolinite (16 %) are the main species in
the 1-2um fraction. Dust deposits in the Canary Islands
have a similar concentration of illite (26 %) but a lower
kaolinite content (5 %) (Menéndez et al., 2014). However,
perhaps the most significant mineralogical characteristic of
dust from Africa is the presence of the clay mineral paly-
gorskite. While typically only found in low abundance (e.g.,
Nowak et al., 20187z, found that soil samples from Tunisia
contain less than 6 % palygorskite), palygorskite is com-
monly used as a source tracer in dust analyses because it
can be found in African soils (Avila et al., 1997; Caquineau
et al., 1998, 2002; Ganor, 1991; Menéndez et al., 2007;
Moreno et al., 2006; Rodriguez-Navarro et al., 2018; Ros-
tasi et al., 2022; Scheuvens et al., 2013; Tomadin and Lenaz,
1989). None of the 1887 identified mineral particles in
HC-19A exhibited elemental spectra consistent with paly-
gorskite, despite notable trans-Atlantic African dust events
occurring during the study period (e.g., Evan and Mukhopad-
hyay, 2010; Petit et al., 2005). The procedure used to classify
mineral particles in this study included a machine learning
algorithm trained to recognize palygorskite, thus the lack of
this clay mineral in our samples is unlikely to be due to lim-
itations in our methodology. This finding should draw into
question whether North Africa can be inferred as a signifi-
cant source of dust to Huascaran.
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5.1.4 Other potential sources

There are other dust sources that may contribute to what is
archived at Huascaran, however we deem these sources less
likely than the ones described above. Such sources include
the high Puna-Altiplano deserts, with frequent dust storms
originating in the Salar de Uyuni (southern Altiplano, Bo-
livia) and in the Salinas Grandes (northern Puna, Argentina)
throughout the year (Gaiero et al., 2013). Due to their geo-
graphical positions relative to the trade wind direction and
the South American Low-Level Jet (SALLYJ), the dominant
transport direction from these sources is toward the south-
east. The Bolivian dust source areas are south and southeast
of Huascardn and are subjected to the atmospheric currents
of the SALLJ, which moves from north to south along the
eastern flank of the tropical Andes (Montini et al., 2019).
However, it was shown that some winter circulation patterns
may allow dust transport toward Peru (Olmo et al., 2022),
particularly considering that plumes can reach elevations up
to 8000 m a.s.l. (Gaiero et al., 2013).

Another potential source is coastal Peru, where 4-5 dust
storms per year have been documented (Bricefio-Zuluaga et
al., 2017). The coastal desert is located west of the Cordillera
Blanca and, in consequence, the easterly trade winds gen-
erally blow dust at the surface away from Huascaradn rather
than towards it. There is currently no direct evidence that dust
plumes from specific coastal dust storms reach the Cordillera
Blanca, however meteorological analyses indicate upslope
and cross-valley winds from the Pacific coast toward the
highest peaks of the Cordillera Blanca (Rosales et al., 2022),
which could potentially entrain and transport particles from
arid coastal regions located ~ 100 km away.

In both cases, atmospheric mixing and differences in the
circulation patterns at upper levels could still carry some of
this dust (including some specific deposition events) to the
ice core site — but probably not as frequently or in great
enough quantities to be a primary source of mineral dust to
Huascaran on annual timescales.

5.2 Mineral ratios

Oftentimes, dust studies compare isotopic measurements
(e.g., Sr/Nd or Pb isotope ratios), trace element chemistry
data, and/or rare earth element chemistry data with refer-
ence data obtained from potential source area (PSA) samples.
Such techniques are a powerful means of “fingerprinting” the
origins of dust (Beaudon et al., 2022; Sierra-Hernandez et
al., 2024; Svensson et al., 2000). In our case, we are working
with measurements acquired with SEM-EDS. Unfortunately,
the trace element detection capabilities of EDS are inferior
to more powerful techniques such as wavelength dispersive
spectrometry (Lavrent’ev et al., 2015), and so it is not possi-
ble to study dust provenance from a geochemical perspective
using the data in this study. Instead, we must rely on the rel-

ative abundances of individual mineral groups to infer the
origins of the particles.

The ratios of clay mineral species are frequently used
as a metric for comparison with PSAs. For instance, the
ratio of kaolinite to chlorite (K/C) can be used as a
proxy for distinguishing between low- and high-latitude
dust sources (Biscaye, 1965; Biscaye et al., 1997; Bory et
al., 2002; Donarummo et al., 2003; Maggi, 1997; Nagat-
suka et al., 2021). The latitudinal variability of K /C ra-
tios is due to differences in weathering regimes, with high
chemical weathering in low latitudes favouring the produc-
tion of kaolinite while a shift toward mechanical weathering
at higher latitudes favours the production of chlorite (Biscaye
et al., 1997). Bory et al. (2002) show that low-latitude K / C
ratios typically fall between 1 and 10. The dust samples from
HC-19A are consistent with this finding, as we calculate a
K/ C ratio of 4.1 based on the observation of 325 kaolinite
particles and 80 chlorite particles across the full study period.

Another commonly used mineral ratio is illite/kaolinite
(I'/K). Caquineau et al. (1998) were the first to show that
I/ K ratios can be used as a dust provenance tracer. The au-
thors compared the I / K ratios of Saharan-derived dust over
Cape Verde to dust carried westward to the Caribbean Sea
and found that I /K ratios do not fractionate during long-
range transport. I / K ratios have since been applied to dust
studies from many regions of the world to determine the ori-
gins of dust through the lens of mineralogy (e.g., Scheuvens
et al., 2013 and references therein).

The I /K ratio for HC-19A across the full study period
is 1.6 and is shown in Fig. 10 along with violin plots com-
paring the variability of I/K ratios in HC-19A with I /K
ratios for the Amazon (Guyot et al., 2007) and North Africa
(Caquineau et al., 1998, 2002). There is notable agreement
between the I /K ratios observed in HC-19A and the I /K
ratios in the western Amazon (Fig. 10a), as well as moderate
agreement with I / K ratios in the central Amazon (Fig. 10b)
and weak agreement with I /K ratios in the eastern Ama-
zon (Fig. 10c). This finding is consistent with a regional dust
source within the Amazon Basin, with a greater likelihood
moving westward towards the tropical Andes.

However, there is also a very strong agreement between
the I /K ratios in HC-19A and the I /K ratios observed in
the northwestern Sahara (Fig. 10d). There is no consistency
between the ice core I / K ratio record and the I / K ratios ob-
served in the central Sahara (Fig. 10e) or the African Sahel
(Fig. 10f). This finding may support the conclusions of Yu et
al. (2020) who argue that the El Djouf region in northwestern
Africa is the dominant source of dust transported to the Ama-
zon Basin (as opposed to the Bodélé depression in central
Africa). However, this finding is complicated by overlapping
consistency with I / K ratios found in Amazonian soils.

It is apparent that for our study site mineralogical ratios
are an ambiguous indicator of dust source. There is perhaps
more overall consistency with Amazonian soils, and the lack
of observations of palygorskite in HC-19A lends support to
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Figure 10. Violin plots comparing illite/kaolinite (I /K) ratios in HC-19A to potential source areas. In all figures, the black dotted line
represents the calculated I/ K ratio across all samples, and the surrounding shaded area is the 30 (~ 99 %) confidence interval based on
Poisson uncertainty. The shapes of the violin plots illustrate kernel density estimates based on the I / K ratios of each sample. The I / K ratios
of HC-19A are shown on the lefthand side of each violin plot. The I / K ratios of the PSAs are shown on the righthand side of each violin
plot. (a—c) Soil mineral data are from Guyot et al. (2007). The Amazon is divided into three sub-regions: West (west of 65° W); Central
(between 70 and 60° W); and East (east of 65° W). In addition, all Amazonian sub-regions correspond to latitudes north of 12°S. (d-f) Soil

mineral data are from Caquineau et al. (1998, 2002).

the Amazonian hypothesis, but the consistency with I / K ra-
tios in the northwestern Sahara means that Africa cannot be
ruled out as a primary source of long-range dust to Huas-
caran. Further analyses that employ geochemical or isotopic
PSA fingerprinting will be vital to fully unravelling the mys-
tery behind the origins of the clay minerals deposited at the
ice core site.

5.3 HYSPLIT trajectory simulations

To contextualize our discussion of potential dust sources, we
show air mass trajectory frequency maps for the early wet
season (DJF), late wet season (MAM), and dry season (JJAS)
derived from HYSPLIT model simulations (Fig. 11). During
the wet season months, air masses originating from Africa
near the surface level move toward tropical South Amer-
ica while the air masses 6000 m a.s.l. arriving at Huascaridn
may intercept dust from these regions. In contrast, during the
dry season, upper-level backward trajectories at Huascaran
most frequently originate within the Andes and to the north-
west. The transport of dust from Africa to Huascardn dur-
ing the dry season is not supported by our HYSPLIT simula-
tions.

The trajectory frequency analysis suggests that the Peru-
vian coastal desert and the Bolivian Altiplano should not be
discounted as potential dust source areas. However, it is dif-

ficult to describe a realistic mechanism by which dust from
these regions may be deposited at the ice core site. The clima-
tology of the SALLJ and 850 hPa winds theoretically should
divert surface-level dust from these source areas away from
Huascardn (e.g., Montini et al., 2019), but it is not possible
to use our two-dimensional HYSPLIT simulations to inter-
pret the effects of vertical motion. A more detailed mod-
elling study is needed to understand how dry season dust
emissions from coastal Peru and the Altiplano could reach
Huascaran. In addition, it is difficult to reconcile how dust
is incorporated into the snowpack at Huascardn during the
dry season without a wet deposition mechanism. That is, the
severe lack of precipitation events in the Cordillera Blanca
during the dry season (Vuille et al., 2008) substantially lim-
its the settling of particles by wet deposition. Gravitational
settling by dry deposition is therefore the dominant factor
by which dust reaches the glacial surfaces on the Huascaran
col during JJAS. However, the funnelling of air between the
mountain peaks greatly enhances wind speeds on the col and
likely prevents significant amounts of dust from accumulat-
ing. In addition, the dry conditions at Huascardn from June
through September augment the glacial ablation rate, which
concentrates dust that accumulated during the previous wet
season months (Davis, 2002). For this reason, the dry season
dust signal preserved at Huascardn is likely related to dust
deposition that occurred during the wet season. Our inter-
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(a) DJF 2000-2015

El Djouf
Bodelé

(b) MAM 2000-2015 Huascaran

Figure 11. HYSPLIT 10 d ensemble trajectory frequency mod-
els. (a) Early wet season months December—February 2000-2015.
(b) Late wet season months March—-May 2000-2015. (¢) Dry sea-
son months June-September 2000-2015. The El Djouf (diamond,
green) and Bodél€ (circle, pink) trajectories represent forward sim-
ulations pinpointing where at least 2.5 % of trajectories passed
through; the Huascaran (triangle, black) trajectories represent back-
ward simulations showing where at least 5% of the trajectories
passed through, pinpointing only the regions with the highest fre-
quency airflow.

pretations of the mineralogical data are primarily grounded
from this perspective; however, we note that more work is
needed to definitively understand the seasonality of dust at
Huascaran.

6 Conclusions

To our knowledge, this study is the first to use an ice core
to characterize the morphology and composition of mineral
dust in the tropical Andes. We used a scanning electron mi-
croscope with energy dispersive x-ray spectrometry (SEM-
EDS) to analyze 1887 fine-grain (< 5 um diameter) mineral
particles in the 2019 Huascardn Col A ice core (HC-19A) for
size distributions, circularity, aspect ratio, and mineralogy.

The mineral dust particles are lognormally distributed by
equivalent circular diameter and exhibit a median circularity
of 0.75 £0.01 (SE) and a median aspect ratio of 1.42 +0.03
(SE). The most common minerals observed in the EDS data
belong to the clay mineral group (e.g., illite, kaolinite, and
montmorillonite), accounting for 60 % of the total dust count.
There is little evidence of size- or shape-dependency for the
mineral grains, and the overall composition of the dust has
been relatively stable across the most recent six decades.
Slight trends in the morphological data and the mineralogi-
cal data may be used as evidence for reconstructing environ-
mental changes or shifts in atmospheric circulation patterns.
For instance, particle sizes are lowest in the dust sample for
2000-2004, which may indicate an increase in transport from
distal source areas and/or a decrease in local dust emissions.
Similarly, an increase in the relative abundance of kaolinite
during the mid-2000s correlates with forest cover changes in
the Amazon and may be mechanistically linked to enhanced
dust emissions due to deforestation.

More work is needed to definitively trace the origins of
the dust preserved at Huascardn. Such analyses may include
Sr / Nd isotope fingerprinting or complex atmospheric trans-
port modelling. There is also a need for higher-resolution
sampling to improve our understanding of dust seasonality
and its relationships to various climatological and environ-
mental phenomena. In any case, the data set reported here
is highly unique and has the potential to enhance our under-
standing of the dynamics of mineral dust in tropical South
America and the Peruvian Andes in particular.

Code and data availability. The ice core data are avail-
able through the NOAA National Centers for Environmental
Information World Data Service for Paleoclimatology at
https://doi.org/10.25921/1j1e-tf69 (Weber et al, 2026b). A
compiled document of the MATLAB® code used in this study is
available on Zenodo at https://doi.org/10.5281/zenodo.20817171
(Weber, 2026).
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