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operties of airborne dust from an
actively retreating glacier in Yukon, Canada†

Yu Xi, a Cuishan Xu,a Arnold Downey, b Robin Stevens, b Jill O. Bachelder, ‡b

James King, c Patrick L. Hayes *b and Allan K. Bertram *a

Airborne dust from glacial outwash sediments may alter properties of clouds and climate at high latitudes by

acting as ice nucleating particles (INPs). Nevertheless, the ice nucleating ability of airborne dust from glacial

outwash sediments remains uncertain. To address this uncertainty, we measured the ice nucleating ability

of airborne dust near an actively retreating glacier in Yukon, Canada during a period when airborne dust

concentrations were well above background levels and most likely originated from glacial outwash

sediments in the region. The airborne dust caused freezing at temperatures from �6 to �23 �C. Based
on a heat assay and an ammonium sulfate assay, the INPs from the airborne dust that caused freezing at

temperatures warmer than �15 �C likely contained biological materials. We show that airborne dust from

the retreating glacier likely led to high concentrations of ice nucleating particles at the site for at least

most of May 2018. These concentrations, at a freezing temperature of �15 �C, were approximately one

order of magnitude higher than predictions using a global chemical transport model that included low

latitude natural dust sources, but not natural high latitude dust sources.
Environmental signicance

Airborne dust from glacial outwash sediments may alter properties of clouds and climate at high latitudes by acting as ice nucleating particles (INPs).
Nevertheless, the ice nucleating ability of airborne dust from glacial outwash sediments remains uncertain. To address this uncertainty, we quantied the ice
nucleating ability of airborne dust near an actively retreating glacier in Yukon, Canada. These results should be useful for predicting ice nucleating particles, and
hence clouds and climate, at high latitudes.
1. Introduction

Ice nucleating particles (INPs) are particles that can initiate ice
formation at temperatures between �35 and 0 �C.1,2 Without
INPs, clouds at temperatures between �35 and 0 �C would
remain in a liquid state. Modelling studies have shown that the
optical properties, lifetimes, and precipitation of clouds are
sensitive to the concentrations and properties of INPs.3–6 Hence,
information on the concentrations, properties, and sources of
INPs in the atmosphere is necessary to predict the Earth's
radiative properties and hydrological cycle.
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rland.

14–726
Recently, the concentrations, properties, and sources of INPs
at high latitudes have received considerable attention,7–15 in
part, because temperatures in high latitude regions have
increased at a faster rate than other regions and because clouds
in these regions oen form at temperatures less than 0 �C.16,17 A
potentially important source of INPs at high latitudes is glacial
outwash sediments.18,19 Glacial outwash sediments are formed
when ne glacier our is transported by meltwater and depos-
ited at the terminus of glaciers. These sediments can then be
emitted to the atmosphere by wind action forming airborne
dust. As temperatures rise and ice and snow coverage decreases
at high latitudes, airborne dust from glacial outwash sediments
may increase in the future,20,21 resulting in more INPs emitted
into the atmosphere, and a potentially important climate
feedback mechanism.15 Nevertheless, studies on the ice nucle-
ating properties of glacial outwash sediments or airborne dust
from glacial outwash sediments are rare.

Tobo et al. showed that glacial outwash sediments collected
on the ground in Svalbard have exceptional ice nucleating
abilities, with the numbers of INPs per mass of material being
around 5 � 103 g�1 at �5 �C and 7 � 108 g�1 at �20 �C. Such
exceptional ice nucleating abilities are far superior to illite NX (a
© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
dust consisting of several minerals), likely due to a small
amount of highly ice-active organic matter present in the sedi-
ments.18 In contrast, Paramonov et al. showed that the ice
nucleating abilities of glaciogenic silt collected from a glacial
river in Iceland were similar to illite NX, kaolinite, and mont-
morillonite, all types of mineral dust, with the number of INPs
per surface area of material being around 5 � 10�3 mm�2 at
�30 �C and around 5 � 10�2 mm�2 at �35 �C.22 Sanchez-
Marroquin et al. showed that airborne Icelandic dust, which
is oen affected by the glacio-uvial process, had ice nucleating
abilities similar to K-feldspar, also a type of mineral dust, with
the number of INPs per surface area around 5 � 10�6 mm�2 at
�12.5 �C and 8 � 10�4 mm�2 at �25 �C.19 While these studies
have been crucial, studies at other locations are needed to
determine if the exceptional ice nucleating abilities observed by
Tobo et al. are common for airborne dust from glacial outwash
sediments. Furthermore, only Sanchez-Marroquin et al. inves-
tigated the ice nucleating ability of airborne dust, while Tobo
et al. and Paramonov et al. investigated the ice nucleating ability
of surface-collected sediments or silts, which may have
a different chemical composition, and hence ice nucleation
ability, compared to airborne dust from sediments or silts. To
illustrate, Bachelder et al. showed that PM10 elemental
composition was enriched in trace elements as compared to
bulk soil samples and the ne soil fractions (diameter < 53 mm)
near the Kaskawulsh Glacier in Yukon, Canada. They proposed
that this difference was because the primary mechanism for
dust emission at the site was rupture of clay coatings on parti-
cles or the release of resident ne particulate matter trapped
within sand particles.23

In the current study, we investigated the concentration of
INPs and the ice nucleating ability of airborne dust at the A'äy
Fig. 1 Map of sampling location. Samples were collected from the Down
shown is the nearby Visitor's Center, indicated by the yellow pin, where PM
insert map shows the location of the area in Yukon, Canada. The maps

© 2022 The Author(s). Published by the Royal Society of Chemistry
Chù Delta (Fig. 1). This delta consists of glacial outwash sedi-
ments from the Kaskawulsh Glacier in Yukon, Canada, one of
Canada's largest glaciers. Frequent dust storms occur in this
region during spring and summer.24 Furthermore, the retreat of
the Kaskawulsh Glacier due to climate change recently caused
an abrupt re-routing of meltwater from the Kaskawulsh Glacier
in 2016 away from the A'äy Chù, leading to a decrease in A'äy
Chù ow and an increase in the exposure of glacial outwash
sediment during summer.25

Airborne dust samples were collected during May 2018,
a period when the dust concentrations were very high (100 to
4000 mg m�3) and the source of the dust was most likely glacial
outwash sediments in the region (see below for details).23 The
ice nucleating ability of the airborne dust was determined in the
immersion freezing mode, which is most relevant for mixed
phase clouds in the atmosphere. The properties of the INPs
were investigated using a heat assay and an ammonium sulfate
assay. In addition to measuring concentrations of INPs at the
site, we also compared concentrations of INPs at the site with
concentrations predicted using a global chemical transport
model that includes natural low latitude dust sources, but not
natural high latitude dust sources.

2. Experimental
2.1. Sampling location, time, and method

Aerosol samples were collected near the Kaskawulsh Glacier in
Yukon, Canada. The sampling location, referred to as the Down
Valley site (60.9980, �138.5227),23 is located on the A'äy Chù
Delta (Fig. 1). The A'äy Chù originates from the Kaskawulsh
Glacier, which has experienced active retreat due to climate
change leading to a decrease in the size of the A'äy Chù in recent
years.25
Valley site, indicated by the red pin, located at the A'äy Chù Delta. Also
10 concentrations were also measured for comparison purposes. The

were taken from map data ©2021 Google.

Environ. Sci.: Atmos., 2022, 2, 714–726 | 715

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ea00101a


Table 1 Relevant information on the ambient samples collected: sampling date, start time, sampling time, samplingmass (total mass of materials
collected on the filter), and PM10 mass concentration (mass of aerosol particles with diameters less than 10 mm per volume of air)

Sampling date Start time
Sampling time
(h)

Sampled mass
(mg)

PM10 mass concentration
(mg m�3)

2018-May-15 09:09 20.77 16.74 1383.0
2018-May-16 06:07 28.50 14.05 844.8
2018-May-20 09:29 23.93 2.83 207.8
2018-May-22 09:19 24.93 8.53 596.9
2018-May-23 10:30 22.92 6.28 479.6
2018-May-24 09:37 23.80 6.92 506.1
2018-May-25 09:38 23.93 1.59 116.1
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Aerosol samples from the Down Valley site were collected at
a height of 6.1 m above ground level onto Nuclepore lters
(Whatman® Nuclepore™ Track-Etched Membranes, 47 mm
diameter, 0.4 mm pore size) using a mini-vol sampler (ARA
instrument, Near-Federal Reference Method Sampler).23 The
mini-vol sampler was operated with a PM10 inlet and a ow rate
of 10 L min�1. The samples analyzed in the current study were
collected on May 15, 16, 20, 22, 23, 24, and 25 in 2018. Specic
dates and sampling times are given in Table 1. Aer collection,
the lers were dried for 24 h in a desiccator and then the mass
collected on each lter was determined gravimetrically. Since
the samples were collected with a PM10 inlet, the measured
mass concentrations correspond to PM10 concentrations (i.e.
particulate mass concentrations with diameters less than 10
mm). Aer determining the PM10 concentrations, the lters
were stored at�20 �C until used for the freezing measurements.

2.2. Extraction of the particles from the nuclepore lters

Prior to the freezing experiments and the size distribution
measurements, the lters were added to plastic tubes (poly-
propylene) along with 5 mL of MilliQ water (distilled water
further puried with a Millipore system, 18.2 MU cm at 25 �C).
The plastic tubes were then shaken at 200 rpm for 1 hour by
a platform shaker (New Brunswick Scientic, C2 platform
shaker) to extract the particles from the lters. A similar method
has been used previously to collect and extract ice nucleating
particles.26 Aer extraction, the ice nucleating ability of each
suspension was tested immediately with the droplet freezing
technique (see below). Aer testing the ice nucleation ability of
each suspension, the size distributions of the particles within
the suspensions were determined using a Coulter Counter (see
below). The suspensions were stored at�20 �C aer the freezing
measurements and before the size distribution measurements.

2.3. Size distribution of particles in the extracted
suspensions

The size distribution of particles in the extracted suspensions
were measured using a Beckman Coulter™ Multisizer 4e
Particle Analyzer (Coulter Counter), equipped with a 30 mm
aperture tube. The Coulter Counter is a device designed for
determining the concentration and size distributions of parti-
cles suspended in an electrolyte solution. As particles are drawn
through microchannels that separate two chambers containing
716 | Environ. Sci.: Atmos., 2022, 2, 714–726
the electrolyte solution, each particle causes a brief change in
the resistance of the liquid. The relationship between the
measured change in electrical resistance and the size of the
particles is used to determine the size of the particles.27 For
these experiments, aliquots of the suspensions were diluted by
a factor of 50, 100, 150, or 200 in an electrolyte solution con-
taining a dispersant (10 g L�1 of sodium hexametaphosphate
dissolved in Isoton™). The dilution factor was adjusted in these
experiments to avoid blockage of the instrument. This electro-
lyte solution was vacuum ltered twice through Nylao™ Nylon
Membrane lters of 0.2 mm pore size before being used for
dilutions. The blank-corrected size distributions of the diluted
suspensions were then determined over the range of 0.6 to 18
mm. The aperture current was 400 mA, with a preamp gain of 4.
The distributions were determined volumetrically, with the
analyzer sampling 500 mL of diluted suspension each run, and
three runs being averaged for each sample. The system was
ushed between each run to prevent carry-over and samples
containing the suspended particles were thoroughly agitated
prior to transfers and analysis to prevent bias due to coagula-
tion. The instrument was calibrated and veried for accurate
particle sizing using NIST-traceable Coulter CC size standards
of known diameters within the appropriate range for the 30 mm
aperture, between 3 and 6 mm.
2.4. Droplet freezing experiments

The ice nucleating properties of the extracted suspensions were
measured using the droplet freezing technique.7,28–31 For each
trial, three siliconized glass slides (18 mm, HR3-239, Hampton
Research) were cleaned with MilliQ water, dried with nitrogen
gas, and then placed on a cooling stage (Grant Asymptote EF600
freezer). The uncertainty in the temperature measurement of
the cooling stage was �0.25 �C, according to the manufacturer,
which was conrmed using the melting temperatures measured
for water and dodecane.32 Approximately 60 droplets of
suspension, with a volume of 1 mL each, were pipetted onto the
glass slides. A chamber was placed over the cooling stage and
a nitrogen gas ow (0.2 L min�1) was passed through the
chamber to prevent the condensation of water from the air
while cooling the stage. The ow did not cause signicant
evaporation of the droplets based on the optical images, and the
ow should not inuence freezing temperatures according to
a former study using a similar method.33 The temperature of the
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ea00101a


Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

1/
12

/2
02

5 
11

:1
5:

14
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
stage was decreased at a rate of 3 �C min�1 from 20 �C until all
the droplets were frozen. The freezing process of the droplets
was recorded and analyzed with a MATLAB script to obtain the
frozen fraction of droplets at each temperature.31 For this study,
MilliQ water served as lab blanks and washing water from blank
lters (processed using the same method as the sample lters)
served as eld blanks. To extend the temperature range of the
freezing measurements, the extracted suspensions were also
diluted by a factor of 10, and the freezing experiments were
repeated on these diluted suspensions.

The number of INP per volume of suspension ([INP(T)]liquid)
was calculated using the equation below:

½INPðTÞ�liquid ¼ �
N0 ln

�
NuðTÞ
N0

�

Vt

(1)

where N0 represents the total number of droplets, Nu(T) repre-
sents the number of unfrozen droplets at temperature T, and Vt
represents the total volume of droplets in each trial.34

The [INP(T)]liquid values of the eld blanks were subtracted
from that of the suspensions to obtain the corrected
[INP(T)]liquid values for the glacial samples. The corrected
[INP(T)]liquid values were used to calculate the number of INP
per volume of air, [INP(T)]air, using the equation below:

½INPðTÞ�air ¼
½INPðTÞ�liquidVs

Rt
(2)

where Vs represents the volume of the suspension, R represents
the air ow rate of the sampler, and t represents the collection
time of the sample.

The corrected [INP(T)]liquid values were also used to calculate
the number of INP per mass of aerosol particles (nm(T)) using
the following equation:

nmðTÞ ¼ ½INPðTÞ�liquid
Ms=Vs

(3)

where Ms represents the mass of aerosol particles in the
suspension and Vs represents the volume of the suspension.

The number of INP per surface area of aerosol particles
(ns(T)) was calculated using the equation below:

nsðTÞ ¼ nmðTÞ
Sp

��
rVp

� (4)

where Sp represents the total geometric surface area of particles
in the suspensions, determined with the Coulter Counter, Vp
represents the total geometric volume of particles in the
suspensions, also determined with the Coulter Counter anal-
ysis, and r represents an assumed particle density of the aerosol
particles (2.65 g cm�3).35 Eqn (4) assumes that the amount of
water-soluble material in the collected samples was minor,
which should be a reasonable assumption since the collected
samples were most likely dominated by local mineral dust from
glacial outwash sediments in the region (see below for details).

2.5. Heat assay and ammonium sulfate assay

Many proteinaceous INPs can be denatured by heat at 95 �C,
resulting in a change in the tertiary structure of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
proteinaceous INPs and a decrease in their ice nucleating
ability.36,37 In addition, previous studies have shown that the ice
nucleating properties of mineral dusts such as K-feldspar,
kaolinite, and montmorillonite barely change aer heat-
ing.36,38,39 Thus, a heating assay is a common method used to
investigate the presence of biological INPs. In the current study,
1 mL of each suspension was heated at 100 �C for 1 hour in
a sealed tube using an AccuBlock™ heating block. The heated
suspensions were cooled down to room temperature, and then
the ice nucleating property of the suspensions was measured
using the droplet freezing technique. The difference between nm
values for heated and unheated samples was used to determine
if the INPs were heat-sensitive and therefore, likely biological
INPs.

The addition of ammonium sulfate at low concentrations
(from 0.001 to 0.1 M) can increase the freezing temperatures of
a variety of mineral INPs including feldspar, kaolinite, mont-
morillonite, quartz, and micas.40–44 On the other hand, the
freezing abilities of many biological INPs (i.e., bacteria, fungi,
diatom exudates, and leaf-derived materials) are not affected by
the addition of ammonium sulfate at concentrations between
0.01 to 0.1 M, aer correcting for freezing point depression.40,45

Therefore, an ammonium sulfate assay has been suggested as
a possible method to identify the presence of mineral dust INPs
in atmospheric samples.45 For the current study, 1 mL of
ammonium sulfate solution with a concentration of 0.1 M was
pipetted onto each droplet of glacial sample suspension to
make 2 mL droplets containing 0.05 M ammonium sulfate. The
ice nucleating property of the suspension aer adding the
ammonium sulfate solution was then measured using the
droplet freezing technique discussed above. The freezing point
depression (DTf) caused by the ammonium sulfate was calcu-
lated using the equation below:

DTf ¼ iKfmsolute (5)

where i is the van't Hoff factor (3 for ammonium sulfate), Kf is
the freezing point depression constant (1.86 �C kg mol�1 for
water solution), and msolute represents the molality of ammo-
nium sulfate (0.05 mol kg�1). DTf was calculated to be 0.28 �C in
our experiments, and all freezing temperatures were corrected
for this DTf. The difference between nm values with and without
the addition of ammonium sulfate, aer correcting for freezing
point depression, was used to determine if ice nucleation was
dominated by ammonium sulfate-sensitive mineral dust INPs.

2.6. Predictions of mineral dust and INP concentrations
using a global chemical transport model

We performed simulations using the GEOS-Chem chemical
transport model (version 12.9.1, doi: https://doi.org/10.5281/
zenodo.3950473)46,47 to predict mineral dust concentrations
during May 2018. Simulations of dust using GEOS-Chem have
previously been found to be in good agreement with surface
observations at Trapper Creek, Alaska spanning a full year48 and
CALIOP retrievals in the Arctic during the spring haze period.49

GEOS-Chem is driven by assimilated meteorology from the
Modern-Era Retrospective analysis for Research and
Environ. Sci.: Atmos., 2022, 2, 714–726 | 717
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Fig. 2 (a) PM10 mass concentrations at the Down Valley site and
nearby Visitor's Center site on days when samples were collected for
INP measurements. Included is the 24 h average WHO health standard
for PM10 concentrations. (b) The average vertical aerosol flux at the
Down Valley site for the days vertical aerosol flux measurements were
made and INP samples were collected. (c) Numbers of INPs per
volume of air at the Down Valley site for freezing temperatures of�10,
�15, and �20 �C.
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Applications, Version 2 (MERRA-2), at the NASA Global
Modeling and Assimilation Office (GMAO). We generated
boundary conditions using a global simulation at 2� latitude �
2.5� longitude resolution. We then used a nested grid with 0.5�

latitude � 0.625� longitude resolution, spanning 40� N to 80� N,
180� W to 120� W. Our simulations included one month of spin-
up. The atmosphere was resolved using 47 vertical layers from
the surface to 0.01 hPa (about 100 m thick near the surface). We
used the offline desert dust emissions described by Meng
et al.,50 which were in turn based on the Mineral Dust
Entrainment and Deposition (DEAD) emissions scheme.51

Notably, no natural high latitude dust emissions were included
in the model.

In addition to determining mineral dust concentrations, we
also determined the surface area of mineral dust from low
latitude sources with the model. GEOS-Chem predicts mineral
dust concentrations in the following bins: 0.1–1.0, 1.0–1.8, 1.8–
3.0, and 3.0–6.0 mm. To determine the surface area of the
mineral dust, we assumed that the dust particles had the
middle radius of their bin. In addition, we assumed a mineral
dust density of 2.5 g cm�3. The mineral dust surface area
simulated with the GEOS-Chemmodel was then used to predict
INP concentrations, [INP(T)]air, at the site by multiplying the
surface area by an ns parameterization from Ullrich et al.
specically developed for natural desert dust from low latitudes
sources.52

3. Results and discussions
3.1. Concentration of INPs at the site

Listed in Table 1 and shown in Fig. 2a are the PM10 concen-
trations of the aerosol particles collected at the Down Valley site.
Also included in Fig. 2a and b are the PM10 concentrations of
the aerosols at the nearby Visitor's Center site (location shown
in Fig. 1), and the vertical ux of aerosol particles at the Down
Valley site, based on previous measurements. On the days that
lter samples were collected at the Down Valley site for freezing
measurements, the PM10 aerosol concentrations ranged from
approximately 100 to 1400 mg m�3. Several pieces of evidence
suggest that the aerosol particles sampled on these days were
dominated by local mineral dust from glacial outwash sedi-
ments in the region. First, all the days that lter samples were
collected correspond to extreme dust events if we use the 24 h
average WHO health standard for PM10 (50 mg m�3) as the
criteria for an extreme dust event, as done previously
(Fig. 2a).53,54 Second, the mass concentrations at the Down
Valley site were substantially higher than those at the nearby
Visitor's Center site for all days except one (Fig. 2a), suggesting
a local dust source near the Down Valley site. Note, the Down
Valley site was near the center of the exposed A'äy Chù Delta,
whereas the Visitor's Center site was off to the side of the
exposed delta (Fig. 1). Third, the vertical aerosol ux at the
Down Valley site was positive for all of the days that samples
were collected and vertical aerosol ux measurements were
made (Fig. 2b), conrming that the glacial outwash sediments
were an emission source at the Down Valley site for these days.
Fourth, only mineral dust particles were detected in samples
718 | Environ. Sci.: Atmos., 2022, 2, 714–726
collected from the Down Valley site during the same month and
year and for similar PM10 levels (but on a different day) based
on SEM/EDX measurements, with the caveat that carbonaceous
or semi-volatile materials could not be detected with the SEM/
EDX measurements. For details of PM10 measurements at the
Visitor's Center site, vertical aerosol ux measurements at the
Down Valley site, and the SEM/EDX measurements at the Down
Valley site, see Bachelder et al.23

Shown in Fig. 3 are freezing curves for the samples collected
at the Down Valley site. The samples caused freezing at
temperatures ranging from�6 to �23 �C, which is considerably
warmer than that of the lab blanks and the eld blanks (Fig. 3),
indicating the samples contained effective INPs.

Based on the freezing results, the concentration of INPs in
the air at the sampling site ([INP]air) ranged from 5 � 10�3 to 2
� 101 L�1 at freezing temperatures ranging from �6 to �23 �C
(Fig. 4). These values are at the upper end of values previously
measured over North America and Europe and are above values
previously measured at high latitudes over the Arctic (Fig. 4).

On the days lter samples were collected, the INP concen-
trations at the site were correlated with the PM10 concentra-
tions of the aerosols at the site (compare Fig. 2a and c).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Frozen fractions of droplets for blanks (both lab blanks and field
blanks) and suspensions of Yukon field samples. Lab blanks correspond
to MilliQ water and field blanks correspond to a filter not exposed to
aerosols, but treated with the same process as the field samples. The
uncertainty in the temperature measurement (�0.25 �C) was not
included as the uncertainty of the measurement was similar to the
symbol sizes.

Fig. 4 Numbers of INPs per volume of air for the sampling days.
Included for comparison purposes are concentrations measured at
mid latitudes over North America and Europe (pink shading)69 and
concentrations measured at high latitudes over the Arctic (yellow
shading).7–14,70–75 The [INP]air values used to estimate concentrations
measured at high latitudes over the Arctic are shown in Fig. S2.† Error
bars for the field samples were calculated based on 95% confidence
intervals from nucleation statistics.76
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Correlation coefficients (R2) were 0.88, 0.80, and 0.70, and p-
values were 0.003, 0.007, and 0.019 for freezing temperatures of
�10,�15, and�20 �C, respectively. The correlation between the
concentration of INPs and PM10 concentrations is consistent
with the aerosol particles collected at the Down Valley site being
dominated by mineral dust from glacial outwash sediments in
the region.
3.2. Ice nucleating abilities of the glacier samples

3.2.1. nm values of the glacier samples. The number of INPs
per mass of material, nm, for the glacial dust samples ranged
from 6 � 103 to 3 � 107 g�1 at temperatures from �6 to �23 �C
(Fig. 5). The nm values for the glacial dust samples from
different days were similar (within one order of magnitude),
suggesting that the freezing properties of the glacial dust did
not change drastically from day-to-day. A polynomial was t to
the nm data (Fig. 5, solid line), which can be used for predicting
concentrations of INPs at the site (see below).

The nm values of the airborne dust in the current study were
two orders of magnitude lower than that of the glacial outwash
sediments from Svalbard obtained by Tobo et al. (Fig. 5), indi-
cating that the airborne dust from the Kaskawulsh Glacier in
Yukon, Canada was less effective at nucleating ice than the
surface-collected glacial outwash sediments from Svalbard.18

The high nm values associated with the glacial outwash sedi-
ments from Svalbard were likely due to a small amount of
organic material present in the sediments that was highly
© 2022 The Author(s). Published by the Royal Society of Chemistry
effective at nucleating ice based on a hydrogen peroxide assay.18

The difference in the results between the current aerosol
samples and the Svalbard glacial outwash sediments may be
because the Yukon glacial outwash sediments contain less
organic material that is highly effective at nucleating ice.
Alternatively, the Yukon glacial outwash sediments may contain
organic material that is highly effective at nucleating ice, but the
organic material was not effectively aerosolized at the Yukon
site. In addition, the Yukon glacial outwash sediments may
have a different mineralogy than the samples collected from
Svalbard. Measurements of the amount of organic material in
the airborne dust at the Yukon site, as well as the ice nucleating
ability of surface-collected glacier outwash sediments at the
Yukon site, would be useful to understand these differences. A
comparison of the mineralogy at the two sites would also be
helpful.

Also included in Fig. 5 are nm values for the active layer
(samples collected 0.15 m below the surface) from Fairbanks,
Alaska, USA during August 2019.55 The nm values of the airborne
dust in the current study was also approximately 0–2 orders of
magnitude lower than those of the active layer collected from
Alaska. Several reasons could explain these differences. For
example, the differences could be due to differences between
aerosolized samples and samples collected below the surface.
The differences could also be due to differences in mineralogy
and biology at the Yukon site compared to the Fairbanks site,
such as different microclimates and different mineral forma-
tion mechanisms between the two regions.
Environ. Sci.: Atmos., 2022, 2, 714–726 | 719

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ea00101a


Fig. 5 Numbers of INPs per mass of materials (nm) for the field
samples. Error bars for the field samples were calculated based on 95%
confidence intervals from nucleation statistics.76 The solid curve and
the dashed curves correspond to a fitted line: nm(T)¼ exp(�2.57904�
2.93411T � 0.18065T2 � 0.00395T3) with T ranging from �6 to
�23 �C, and the 95% prediction band from the fit. The nm values of
surface-collected glacial outwash sediments obtained in Svalbard and
a permafrost active layer collected in Fairbanks are plotted for
comparison.18,55

Fig. 6 Numbers of INPs per surface area of material (ns) for field
samples. Error bars for the field samples were calculated based on 95%
confidence intervals from nucleation statistics (Koop et al., 1997) and
the uncertainty (two standard deviations based on triplicate runs) in the
surface area measurements. The ns-values of 12.5% of K-feldspar, low
latitude desert dust, and Icelandic dust are also plotted for compar-
ison.19,22,52,63 The ns data from Paramonov et al. and Harrison et al. are
based on BET surface areas, while all of the other data is based on
geometric surface areas. The ns, BET data of K-feldspar was converted
to ns, geo data using a normalization factor of 2.6/0.89.77
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3.2.2. ns values of the glacier samples. The size distribu-
tions of the particles in the glacial dust suspensions used in the
freezing measurements were similar for all seven days, with the
maximum count fraction of surface areas between 2 and 5 mm
(Fig. S1†). The surface area distributions of the suspensions
were used to determine the number of INPs per surface area of
the glacial dust (eqn (4)). The ns values ranged from 8 � 10�9 to
1 � 10�4 mm�2 at freezing temperatures from �6 to �23 �C
(Fig. 6). Similar to the nm values, the ns values for the glacial
dust samples changed by less than one order of magnitude from
day-to-day. The ns values of the glacial dust samples were
compared with ns values of K-feldspar, which is considered one
of the most active ice nucleating minerals39,56–60 and is a major
atmospheric INP based on eld measurements and modelling
studies.60–62 According to the mineralogical classication con-
ducted by Bachelder et al. using SEM/EDS on samples collected
from the same site during the same time period, around 25% of
particles in the glacial dust samples were feldspar.23 A reanalysis
of dust samples collected from the site suggests that the feld-
spar in the samples consisted of approximately 50% plagioclase
and 50% orthoclase (also referred to as K-feldspar) (Text S1†). As
a result, we assumed that 12.5% of the surface area of the
particles was K-feldspar. The ns value for K-feldspar63 multiplied
by 0.125 is included in Fig. 6 for comparison. The ns values for
720 | Environ. Sci.: Atmos., 2022, 2, 714–726
K-feldspar multiplied by 0.125 are similar to the ns values for
our samples at temperatures between approximately �15 to
�17 �C, but are lower at warmer temperatures and higher at
colder temperatures. This difference suggests that the ice
nucleating ability of the glacial dust samples cannot be
explained by K-feldspar alone at temperatures warmer than
�15 �C.

The ns values of the glacial dust samples were also compared
with parameterizations of ns values for low latitude desert dust
from Ullrich et al. (Fig. 6). Low latitude desert dust is an
important source of atmospheric INPs due to their abundance
in the atmosphere and their high efficiency in ice nucle-
ation.52,62,64,65 The ns values for desert dust are around 1–2 orders
of magnitude higher than that of the glacial dust samples at
temperatures colder than �15 �C.52 We also compared our ns
values with ns values of airborne Icelandic dust19 and ns values
of glaciogenic silt collected from a glacial river in Iceland22

(Fig. 6). The ns values of the airborne Icelandic dust are around
one order of magnitude higher than the ns values from our
studies at temperatures less than �15 �C. The ns values of the
glaciogenic silt were determined for lower temperatures than
measured here, so a direct comparison is not possible.

3.2.3. INP composition of the glacial samples. To provide
additional insight on the composition of the INPs, we carried
out a heat assay and an ammonium sulfate assay (Fig. 7). In our
study, the presence of ammonium sulfate caused almost no
change to the freezing properties of the samples at freezing
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Numbers of INPs per mass of field samples (nm) without treatment, after heating to 100 �C for 1 hour, and after the addition of ammonium
sulfate (0.05 M) (a–g). Error bars for the samples were calculated based on 95% confidence intervals from nucleation statistics.76
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temperatures warmer than �15 �C. The results from the
ammonium sulfate tests suggest that K-feldspar or quartz,
which are major components of the airborne dust according to
the analysis conducted by Bachelder et al., are not the main
components controlling the ice nucleating ability of the glacial
dust samples at freezing temperatures above �15 �C. This is
consistent with the ns results (Fig. 6) which show that the ns of
the glacial dust samples is higher than 12.5% of the ns values of
K-feldspar at temperatures warmer than �15 �C.

In the heat tests, we observed that the nm values at freezing
temperatures warmer than �15 �C for all of the samples
decreased by a factor of 2 to 10 aer being heated at 100 �C.
These results, combined with the fact that the ammonium
sulfate assay caused almost no change in the nm values at
freezing temperatures warmer than �15 �C suggests that the
INPs that caused freezing at temperatures warmer than �15 �C
© 2022 The Author(s). Published by the Royal Society of Chemistry
were biological and likely proteinaceous. Biological materials,
which are rich in glacier ecosystems, can be transported by
meltwater and deposited in outwash sediments.66–68 Consistent
with these results, Tobo et al. attributed the high ice nucleating
ability of their glacial outwash sediments collected in Svalbard
to biological activity.18
3.3. INP concentrations at the site for May 2018

Although we only measured INP concentrations at the site
during seven days in May 2018, we can estimate INP concen-
trations at the site for most of the month of May using our new
nm parameterization (Fig. 5) and PM10 measurements at the
site from May 10th to May 29th 2018 (Fig. 8). The predicted
average [INP]air values using this approach ranged from 9 �
10�3 to 3 � 101 L�1 at temperatures from �6 to �23 �C (Fig. 9).
The predicted average [INP]air values were at the upper end of
Environ. Sci.: Atmos., 2022, 2, 714–726 | 721
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Fig. 8 Comparison of PM10 mass concentrations determined from
gravimetric analysis of collected Nuclepore filters previously reported
in the literature23 and mineral dust concentrations predictions using
GEOS-Chem for May 10th to May 29th 2018 from low latitude sources.
The horizontal error bars for the field measurements correspond to
the range of sampling times for the filter samples.
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values previously measured over North America and Europe and
are well above values previously measured at high latitudes over
the Arctic.
Fig. 9 Prediction curves for the average numbers of INPs per volume
of air ([INP]air) from May 10th to May 29th 2018. The blue curve
corresponds to predictions using measured PM10 concentrations at
the site (Fig. 8) and the nm parameterization for the glacier dust
samples determined here (Fig. 5). The red curve corresponds to
predictions using simulated surface areas of natural mineral dust at the
site from low latitude sources using GEOS-Chem and an ns parame-
terization from Ullrich et al.52 Error bars are based on the 95% confi-
dence level of mineral dust mass/surface area from the filters/
simulations from May 10th to May 29th and the 95% confidence level in
the nm parameterization for the glacier dust samples.

722 | Environ. Sci.: Atmos., 2022, 2, 714–726
For comparison purposes, we also predicted the average
[INP]air concentrations at the site for the same time period using
simulated natural mineral dust surface areas at the site from
low latitude sources using GEOS-Chem and an ns parameteri-
zation from Ullrich et al.52 The dust concentrations predicted
with GEOS-Chem were more than two orders of magnitude
lower than the dust concentrations measured at the site (Fig. 8).
This under-prediction of dust concentrations led to an under-
prediction of average [INP]air values by around one order of
magnitude at �15 �C compared to the values estimated using
the average measured PM10 concentrations (Fig. 9).
4. Summary and conclusion

The ice nucleating properties of aerosol particles collected near
the Kaskawulsh Glacier, an actively retreating glacier in Yukon,
Canada, during May 2018 were investigated. Several pieces of
evidence suggest that the aerosol particles sampled on these
days were dominated by local mineral dust from glacial outwash
sediments in the region. The airborne dust caused freezing
from �6 to �23 �C, suggesting that effective INPs were present
in the glacial dust. The atmospheric INP concentrations were at
the upper range of values previously measured over continental
North America and Europe and were higher than the values
previously measured at high latitudes over the Arctic.

The ice nucleating ability of the glacial dust was signicantly
worse than the ice nucleating ability of glacial outwash sedi-
ments collected in Svalbard based on a comparison of nm
values. This difference may be due to differences between
aerosolized samples and surface-collected samples or differ-
ences in mineralogy and biology between the two sites.

A heat assay and an ammonium sulfate assay were con-
ducted on the airborne glacial dust samples at freezing
temperatures greater than �15 �C. The decrease in the ice
nucleating ability aer heating and the lack of change in the ice
nucleating ability aer the addition of ammonium sulfate
suggest that the INPs at freezing temperatures greater than
�15 �C may be biological. This conclusion agrees with the
comparison of ns values between the glacial dust samples and K-
feldspar.

Based our nm parameterization for the airborne glacial dust
at the site and PM10 measurements at the site from May 10th to
May 29th 2018, the average [INP]air values at the site for this time
period ranged from 9 � 10�3 to 3 � 101 L�1 at freezing
temperatures from �6 to �23 �C. These concentrations, at
a freezing temperature of�15 �C, were approximately one order
of magnitude higher than predictions based on simulations
with the GEOS-Chem model and only considering low latitude
natural dust sources. This difference in concentrations illus-
trates that the inclusion of high latitude natural dust sources is
needed for predicting INP concentrations at the site.
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M. Pinxteren, H. Wex, S. Willmes and F. Stratmann,
Wintertime Airborne Measurements of Ice Nucleating
Particles in the High Arctic: A Hint to a Marine, Biogenic
Source for Ice Nucleating Particles, Geophys. Res. Lett.,
2020, 47, 1–11.

14 M. Si, E. Evoy, J. Yun, Y. Xi, S. J. Hanna, A. Chivulescu,
K. Rawlings, D. Veber, A. Platt, D. Kunkel, P. Hoor,
S. Sharma, W. Richard Leaitch and A. K. Bertram,
Concentrations, composition, and sources of ice-
nucleating particles in the Canadian High Arctic during
spring 2016, Atmos. Chem. Phys., 2019, 19, 3007–3024.

15 B. J. Murray, K. S. Carslaw and P. R. Field, Opinion: Cloud-
phase climate feedback and the importance of ice-
nucleating particles, Atmos. Chem. Phys., 2021, 21, 665–679.

16 M. D. Shupe, Clouds at Arctic Atmospheric Observatories.
Part II: Thermodynamic Phase Characteristics, J. Appl.
Meteorol. Climatol., 2011, 50, 645–661.

17 2013 IPCC, Climate Change 2013: the Physical Science Basis.
Contribution of Working Group I to the Fih Assessment
Report of the Intergovernmental Panel on Climate Change,
Cambridge University Press, Cambridge, United Kingdom
and New York, NY, USA, 2013.

18 Y. Tobo, K. Adachi, P. J. DeMott, T. C. J. Hill, D. S. Hamilton,
N. M. Mahowald, N. Nagatsuka, S. Ohata, J. Uetake, Y. Kondo
and M. Koike, Glacially sourced dust as a potentially
signicant source of ice nucleating particles, Nat. Geosci.,
2019, 12, 253–258.

19 A. Sanchez-Marroquin, O. Arnalds, K. J. Baustian-Dorsi,
J. Browse, P. Dagsson-Waldhauserova, A. D. Harrison,
E. C. Maters, K. J. Pringle, J. Vergara-Temprado,
I. T. Burke, J. B. McQuaid, K. S. Carslaw and B. J. Murray,
Iceland is an episodic source of atmospheric ice-nucleating
particles relevant for mixed-phase clouds, Sci. Adv., 2020,
6, eaba8137.

20 J. E. Bullard, Contemporary glacigenic inputs to the dust
cycle, Earth Surf. Process. Landforms, 2013, 38, 71–89.

21 J. E. Bullard, M. Baddock, T. Bradwell, J. Crusius,
E. Darlington, D. Gaiero, S. Gassó, G. Gisladottir,
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U. Pöschl, A. J. Prenni and S. M. Kreidenweis, Comparative
measurements of ambient atmospheric concentrations of
ice nucleating particles using multiple immersion freezing
methods and a continuous ow diffusion chamber, Atmos.
Chem. Phys. Discuss., 2017, 17, 11227–11245.

27 R. W. DeBlois and C. P. Bean, Counting and Sizing of
Submicron Particles by the Resistive Pulse Technique, Rev.
Sci. Instrum., 1970, 41, 909–916.

28 T. F. Whale, B. J. Murray, D. O'Sullivan, T. W. Wilson,
N. S. Umo, K. J. Baustian, J. D. Atkinson, D. A. Workneh
and G. J. Morris, A technique for quantifying
heterogeneous ice nucleation in microlitre supercooled
water droplets, Atmos. Meas. Tech., 2015, 8, 2437–2447.

29 V. E. Irish, P. Elizondo, J. Chen, C. Choul, J. Charette,
M. Lizotte, L. A. Ladino, T. W. Wilson, M. Gosselin,
B. J. Murray, E. Polishchuk, J. P. D. Abbatt, L. A. Miller and
A. K. Bertram, Ice-nucleating particles in Canadian Arctic
sea-surface microlayer and bulk seawater, Atmos. Chem.
Phys., 2017, 17, 10583–10595.

30 J. Yun, A. Kumar, N. Removski, A. Shchukarev, N. Link,
J.-F. Boily and A. K. Bertram, Effects of Inorganic Acids and
Organic Solutes on the Ice Nucleating Ability and Surface
Properties of Potassium-Rich Feldspar, ACS Earth Sp.
Chem., 2021, 5, 1212–1222.

31 Y. Xi, A. Mercier, C. Kuang, J. Yun, A. Christy, L. Melo,
M. T. Maldonado, J. A. Raymond and A. K. Bertram,
Concentrations and properties of ice nucleating substances
in exudates from Antarctic sea-ice diatoms, Environ. Sci.
Process. Impacts, 2021, 23, 323–334.

32 R. D. Lide, CRC Handbook of Chemistry and Physics, CRC
Press LLC, Boca Raton, 82nd edn, 2001.

33 T. W. Wilson, L. A. Ladino, P. A. Alpert, M. N. Breckels,
I. M. Brooks, J. Browse, S. M. Burrows, K. S. Carslaw,
724 | Environ. Sci.: Atmos., 2022, 2, 714–726
J. A. Huffman, C. Judd, W. P. Kilthau, R. H. Mason,
G. McFiggans, L. A. Miller, J. J. Najera, E. Polishchuk,
S. Rae, C. L. Schiller, M. Si, J. V. Temprado, T. F. Whale,
J. P. S. Wong, O. Wurl, J. D. Yakobi-Hancock,
J. P. D. Abbatt, J. Y. Aller, A. K. Bertram, D. A. Knopf and
B. J. Murray, A marine biogenic source of atmospheric ice-
nucleating particles, Nature, 2015, 525, 234–238.

34 G. Vali, Quantitative Evaluation of Experimental Results an
the Heterogeneous Freezing Nucleation of Supercooled
Liquids, J. Atmos. Sci., 1971, 28, 402–409.

35 Y. H. Lee, K. Chen and P. J. Adams, Development of a global
model of mineral dust aerosol microphysics, Atmos. Chem.
Phys., 2009, 9, 2441–2458.

36 T. C. J. Hill, P. J. DeMott, Y. Tobo, J. Fröhlich-Nowoisky,
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