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ABSTRACT: Permafrost underlies approximately a quarter of the
Northern Hemisphere and is changing amidst a warming climate.
Thawed permafrost can enter water bodies through top-down
thaw, thermokarst erosion, and slumping. Recent work revealed
that permafrost contains ice-nucleating particles (INPs) with
concentrations comparable to midlatitude topsoil. These INPs may
impact the surface energy budget of the Arctic by affecting mixed-
phase clouds, if emitted into the atmosphere. In two 3—4-week
experiments, we placed 30,000- and 1000-year-old ice-rich silt
permafrost in a tank with artificial freshwater and monitored
aerosol INP emissions and water INP concentrations as the water’s
salinity and temperature were varied to mimic aging and transport
of thawed material into seawater. We also tracked aerosol and

water INP composition through thermal treatments and peroxide digestions and bacterial community composition with DNA
sequencing. We found that the older permafrost produced the highest and most stable airborne INP concentrations, with levels

comparable to desert dust when normalized to particle surface area.

Both samples showed that the transfer of INPs to air persisted

during simulated transport to the ocean, demonstrating a potential to influence the Arctic INP budget. This suggests an urgent need
for quantifying permafrost INP sources and airborne emission mechanisms in climate models.
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1. INTRODUCTION

Recent estimates place the Northern Hemisphere permafrost
land coverage at approx. 22% of the exposed land area.'
However, permafrost—earth material like bedrock, soils, and
peat that remains at or below 0 °C for two or more years—is
thawing across the Arctic because mean annual ground
temperatures have been increasing over the past several
decades. For example, Burn and Kokelj2 found increases of
1.5 °C in the Mackenzie Delta, Canada, between the 1970s and
2007, and globally, the permafrost temperature has increased
by 0.29 °C from 2007 to 2016.” Thermokarst lakes (TKLs),
land depressions resulting from the thawing of ice-rich
permafrost, are forecast to increase in a warmer climate,*
exacerbated by an increase in wildfires accelerating thaw.’
Within permafrost regions, TKLs cover up to 50% of land.®
However, TKLs are inherently dynamic due to being
susceptible to drainage, and a projected increase of drained
area will further alter the Arctic landscape by, for example,
promoting a rapid accumulation of peat.” Additionally, an
increased likelihood of coastal erosion from thawing
permafrost bluffs poses innumerable economic and environ-
mental challenges, such as damaged infrastructure and
ecosystem shifts.”
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TKLs are vessels for undecomposed carbon from deep
permafrost, altering the surface microbial community and
leading to greenhouse gas production (methane and carbon
dioxide) emitted into the atmosphere through ebullition.”*"°
Permafrost harbors a wide diversity of both anaerobic and
aerobic bacteria'" and contrasts with communities both within
and near TKLs, which have been found to be distinct and
complex. For example, Ren et al.'* found a higher bacterial a
diversity in thermokarst water than sediment, and Zhou et al."
found higher sample richness and evenness in thermokarst pit
and headstream samples than in rivers.

Thawed permafrost material entering TKLs and the ocean
through coastal erosion or riverine transport can become
aerosolized through wave breaking and bubble bursting,
forming lake and sea spray aerosols. For example, freshwater
whitecaps were found in Lake Michigan at wind speeds greater
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Figure 1. (Left) Diagram showing inputs (green) and outputs (gray) into/from the tank. (Right) Image of the tank running at day 2 with 20,000-
year-old permafrost (experimental pretest). The tank body is glass, the lid is stainless steel, and the tank is sealed with a silicone gasket.

Days 17-25
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Temperature= 15 °C Temperature=9 °C Temperature= 9 °C

Figure 2. Approximate experimental schedule showing tank water salinity and the temperature over time. Conditions were selected to mimic
thermokarst lakes (days 1—13), estuaries (days 14—16), and the Arctic Ocean (days 17—25). The color scale used here and in subsequent plots
represents the phases of the experiments, defined by increasing salinity and decreasing temperature.

than a modest 3.5 m/s'* and a quadratic relationship was
found between droplet production and wind speed in a
simulated freshwater experiment.'” These lake and sea spray
aerosols could be a significant source of ice-nucleating particles
(INPs), particles that affect cloud glaciation. INPs are
necessary to initiate cloud ice formation at temperatures
warmer than the level of homogeneous freezing (—38 °C), and
by doing so, they can alter cloud microphysics, radiative
properties, and lifetime.'”'” Despite a diverse range of
sources'®"” and ice—containin§ clouds being the dominant
source of global precipitation,”’ INPs are atmospherically rare.
In the Arctic, land-based INP measurements highlighted a
seasonally dependent contribution of terrestrial sources (soil
dust, vegetation).”'"** Previously, Alaskan permafrost was
collected and tested,”® and INP concentrations were found to
be similar to midlatitude soil*® and glacial dust.”” The
permafrost INPs were predominantly organic with some
biological (inferred from heat sensitivity) influence.

An important concern is the potential for INPs from thawed
permafrost to affect Arctic mixed-phase clouds (AMPCs), as
AMPC persistence and ubiquity across all seasons exert
extensive influence on the surface energy budget.”* > AMPC
cloud temperatures are commonly between —25 and —5 °C,*
which is within the range of activity of many INP sources:
mineral dust is efficient below about —15 °C,*" biological
material (e.g,, bacteria, fungi, plant tissue) initiates freezing up
to, and at times warmer than, —5 °C,'®*? and heat-stable
organics (e.g, fractions of soil organic matter) dominate across
the temperature spectrum.'”>***** Currently, climate models
vary in their representation of Arctic cloud coverage over an
annual cycle, likely due to their cloud ice parameterizations.”
INPs are generally poorly represented in models’® but are
fundamental to better constrain Arctic amplification, the
enhanced high-latitude surface warming.”” Given the potential
of thawed permafrost to serve as a reservoir of Arctic INPs, this
potential feedback to climate warming must be considered for

inclusion in future models. Aerosolization of permafrost
material from TKLs during fluvial and estuarine transport
and following discharge into the Arctic Ocean, provides
pathways for the injection of INPs to the atmosphere. In this
study, we build off previous work showing the potential of
permafrost to be a notable INP source” using tank
experiments to simulate the hypothesized transport and
aerosolization processes to gain insight into the potential for
thawed permafrost to influence AMPCs.

2. MATERIALS AND METHODS

2.1. Tank and Experimental Design. Two separate
experiments on permafrost cores were conducted between
February and April 2021. Permafrost samples were collected at
the Cold Regions Research Laboratory’s Permafrost Research
Tunnel in Fox, Alaska, and analyzed for their intrinsic INP
properties.”> The Tunnel provides access to ice cemented silt
representing high carbon content “Yedoma” permafrost that is
largely comprised of windblown loess.”®” From regional
studies, the climate is estimated to have been S to 9 °C colder
during the period between 15,000 and 40,000 years when the
Tunnel soils were syngenetically frozen.*’* A Snow, Ice and
Permafrost Research Establishment (SIPRE) auger was used to
collect a range of permafrost core ages and likely variable
compositions. A 30,000-year-old core was acquired 83 m into
the Tunnel (OT83L), and above the Tunnel, a sample of S00—
1000-year-old permafrost (based upon a loess deposition rate
of 1 mm/year'") was collected at the top of the permafrost
table, 69 cm below the surface (S69CM).”> Samples were
transported frozen in sterile Whirlpak bags to Colorado State
University (CSU), where they remained frozen at —20 °C until
analysis. These cores were used in the first and second
experiments, respectively, and were chosen to span the largest
age range from previous work” for the simulation of
permafrost transport and aerosolization. 10 g of each
permafrost core (with material gathered from multiple core
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locations) was placed into a 9.5 L tank with 4 L of 0.2 ym
filtered artificial freshwater (AFW), with the recipe based on
the Arctic tundra lakes sampled in Pienitz et al.*> (Table S1).
The tank was based on a design by May et al.*® used to
generate lake spray aerosol (Figure 1). To isolate the tank from
laboratory air, it was fitted with inlets for HEPA- and carbon-
filtered air that continuously entered the tank at 4 L min™" to
flush the headspace. Two plunging jets (2.55 mm diameter)
driven by a peristaltic pump (Cole-Parmer) periodically
generated aerosols through bubble bursting. A magnetic stir
bar in the tank ran continuously on a low setting for gentle
mixing throughout the course of the experiment, but material
was still able to settle (Figure 1).

Each experiment ran for 3—4 weeks (Figure 2), with the
second experiment (S69CM) extended to 28 days to hand-stir
and resuspend all sediment and retest the water for INPs since
it was found visually to contain coarser material. The
temperature of the water was controlled with an outer basin
connected to a chiller. Tank temperatures and salinities were
selected based on previous water temperature and salinity
measurements in Arctic tundra lakes, Admiralty Bay, Alaska
and the proximate Beaufort and Chukchi Seas.*>*"~*” Salinity
was increased (with Brightwell Aquatics NeoMarine Salt) and
the water temperature simultaneously decreased in three steps
(Figure 2), mimicking changes during the transport of thawed
permafrost material from a TKL into the Arctic Ocean through
estuaries in late summer. Microbes released through the
dissolution of the permafrost samples were allowed to remain
in solution and evolve over the course of the experiments. The
only additions to the tank were weekly 0.2 ym filtered AFW
(~200 mL) to compensate for initial evaporative and sample
collection losses (during AFW conditions only) and sea salts
dissolved in 0.2 um filtered deionized (DI) water to
compensate for later evaporative and collection losses.

2.2, Aerosol Measurement and Collection. Outlets
directly off the tank fed headspace air through precleaned
polycarbonate filters held in aluminum in-line filter holders
(Pall), which collected aerosol for INP and DNA analyses
(Whatman Nuclepore track-etched membranes, 47 mm
diameter with 0.05 and 0.2 ym pore size, respectively). All
filters had a 10 pum precleaned backing filter underneath to
prevent contamination from the filter holder support mesh.
Filters for INP analyses were precleaned with brief ultra-
sonication in methanol (two 10 s pulses),”® and those used for
DNA analyses were soaked in 10% hydrogen peroxide (H,0,)
for 10 min,”" each followed by rinses with 0.1 um filtered DI
water. Aerosols were dried with silica gel diffusion driers <30%
relative humidity (RH) and then measured with a scanning
mobility particle sizer (3080 SMPS, TSI) that sized particles
from approximately 10—500 nm and an optical particle counter
(OPC, Alphasense OPC-N2) to measure number concen-
trations of particles with diameters from 0.38 to 17 pum.

Aerosol filters and water samples for INP and DNA analyses
were collected several times throughout the experiments.
Aerosol size distributions measured with the SMPS and OPC
ran in parallel during INP filter collection periods. During filter
collections, the peristaltic pump was turned on (280 mL min™*
per jet) to simulate wave breaking and bubble bursting or
heavy rain. Filters for INP analyses were sampled for 2—3 h at
a flow rate of about 1.75 standard liters (sL) min™ (0 °C and
101.325 kPa) to collect approximately 250 sL per filter. DNA
filters ran overnight for about 12 h to obtain a greater sample
volume for downstream analyses. Both INP and DNA filter
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samples were stored in sterile Petri dishes (Pall). At the end of
each INP filter period, water samples for both INP and DNA
analyses were collected into sterile S0 mL centrifuge tubes
(Corning) by briefly disconnecting the peristaltic pump tubing
(but leaving the tank sealed). For INPs, approximately 20 mL
of water was collected. For DNA, 150 mL was passed through
a Sterivex (Millipore) 0.22 ym pore filtering unit. All samples
were either stored at —20 °C until processing to avoid
degradation of DNA and INPs, or time-permitting, some INP
samples were tested fresh (no difference in concentration was
found: Figure S1). In periods of nondisturbance, the peristaltic
pump ran continuously at the lowest setting to avoid an
anaerobic environment forming in the tubing.

2.3. Processing INP Samples. INP concentrations on
filters and in water samples were measured with the CSU Ice
Spectrometer (IS). The current setup is most recently
described in Barry et al.>* and DeMott et al.>> Briefly, aerosol
filters were resuspended in either 10 or 12 mL of 0.1 pum
filtered DI water. Both the aerosol and water samples were
dispensed, along with 20-fold dilutions (250 uL of sample and
4750 puL of 0.1 um filtered DI water), in groups of 32, SO uL
droplets into 96-well PCR trays (Optimum Ultra, Life Science
Products). The trays were placed into aluminum blocks in the
IS, cooled at 0.33 °C min~!, and corrected with a
corresponding 0.1 um filtered DI water negative control.
Frozen fractions were converted to cumulative INP concen-
trations (sL™" air or mL™" water),”* the former by considering
the total volume of air passed through each filter. Undiluted
estuarine and seawater samples were corrected for approximate
freezing point depressions of 0.4, 1.2, and 2 °C, at respective
tank salinities of 5.5, 17.5, and 30 g L7t Al samples were
further corrected with a tank blank experiment with samples
collected under the same conditions without permafrost.
During this tank blank, aerosol and water samples were
collected at three time points: artificial freshwater, artificial
seawater, and one-week settled artificial seawater. Exponential
regressions, with interpolations as needed, were fit to the blank
samples to correct corresponding INP concentrations as a
function of time and salinity (typically <10% of the original
value). 95% confidence intervals were calculated based on
Agresti and Coull.>®

Treatments on the aerosol and water samples give general
INP composition.’®*” Selected sample suspensions were
heated at 95 °C for 20 min to destroy proteinaceous (heat-
labile) INPs and digested in 10% H,0, under UV-B light and
95 °C heat for 20 min to remove all organic (both heat-labile
and -stable) INPs. The INPs remaining after peroxide
digestion comprise the inorganic fraction and were presumed
to be of mineral origin. Samples from the blank experiment
were also put through treatments to produce corrections for
the treatment data. Additionally, day 1 water samples for each
experiment were passed through 10, 1, and 0.2 pm pore size
filters, using 13 mm diameter polycarbonate filters (Whatman
Nuclepore track-etched membranes) for size fractionation of
the initial permafrost INPs after their suspension in the tank.

2.4. Processing of DNA Samples. Aerosol samples for
DNA analyses were concentrated and extracted following the
methods in Uetake et al.”' For water samples, the Sterivex unit
was cracked open with a PVC pipe cutter™® before the filter
resuspension was concentrated, and DNA extracted identically
to the aerosol samples. The V4—VS region of the 16S
ribosomal RNA gene was targeted with S1SyF/926pfR
primers”” with Illumina adapters and temperature cycling

https://doi.org/10.1021/acs.est.2c06530
Environ. Sci. Technol. 2023, 57, 3505—3515


https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c06530/suppl_file/es2c06530_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c06530/suppl_file/es2c06530_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c06530?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

30,000 Y/O Core INPs
FW AEW

by

E .
N,y (L' Air STP)

10°
25

10

1
Day of Experiment

1,000 Y/O

=

Core INPs

----- Aerosol
—Water
® -26
® -18
e -10

8@
-1
NINP (mL™" Water)

10°
20 25 28

5 10 15

Figure 3. Measured ice-nucleating particle (INP) concentrations for the aerosol (dotted lines: left axes) and water (solid lines: right axes) as a
function of experiment day for temperatures of —26 (black), —18 (purple), and —10 °C (magenta). The 30,000-year-old (OT83L) permafrost core
experiment is plotted on the left and the 1000-year-old (S69CM) permafrost core experiment on the right. Background shading denotes salinity
transitions (AFW = artificial freshwater, AEW = artificial estuary water, ASW = artificial seawater). Filled gray marker for S69CM day 21 water at T

—26 °C is given the value before background correction as the corrected value went below the limit of detection.

conditions identical to Uetake et al.”' One point of difference
is the use of UCP Multiplex PCR master mix (Qiagen), after
tests indicated enhanced amplification. After amplification,
samples were purified with AMPure XP (Beckman Coulter),
barcoded with IDT for Illumina Nextera DNA UD Indexes,
and sequenced at the Colorado State University Next
Generation Sequencing Core with the Illumina MiSeq Reagent
Kit v3 (600-cycle).

Reads were demultiplexed in the Illumina BaseSpace
Sequence Hub platform and imported into QIIME2 Version
2021.11%° for subsequent analyses. Files were denoised with
DADA2 to generate an amplicon sequence variant table.’!
Next, preformatted SILVA 138 reference sequence and
taxonomy files were used,””*’ and taxonomy was assigned
using the QIIME?2 feature-classifier plugin.®*** Any mitochon-
drial, chloroplast, and archaeal reads were removed. Samples
were corrected for the tank (2 aerosol and 1 water), 1
concentration and extraction blank, and 2 PCR negative
controls with the decontam package®® prevalence and
frequency methods. Lastly, samples were rarefied at approx-
imately 17,000 reads for calculation of diversity metrics.

3. RESULTS AND DISCUSSION

3.1. Temporal Variability of INP Concentrations. Over
the course of the experiments, the INPs in the 30,000-year-old
(OT83L) and 1000-year-old (S69CM) permafrost had
intrinsic differences (Figure 3). The older permafrost had 2—
3 orders of magnitude higher INP concentrations compared
with the younger permafrost in both the aerosol and water,
across all temperatures and salinities. Complete INP temper-
ature spectra are shown in Figures S2 and S3. The INP
concentrations from the 30,000-year-old permafrost were
relatively constant with time. Notably, there was effectively
no change in the aerosol and water INP concentrations for 2
weeks after addition to freshwater. Later, there was a steady
but modest decrease when incubated in full seawater. Percent
decreases between days 1 and 25 were 40% in the aerosol and
72% in the water at —18 °C. However, INP levels in the water
were still elevated, with 400,000 mL™' at —18 °C on day 25.
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Therefore, this type of permafrost material entering TKLs is
likely to contribute emissions of INPs for several weeks.

The 1000-year-old permafrost had larger INP decreases
overall between days 1 and 25, with 95 and 85% reductions at
—18 and —26 °C, respectively, in the aerosol. In the water,
decreases between days 1 and 25 were >99% at —10, —18, and
—26 °C. In contrast to the older permafrost, salinity had an
immediate effect on the younger permafrost, as concentrations
dropped shortly after the salt was increased. For example, INPs
in the water went from 200,000 to 5000 mL™! at =26 °C, a
97.5% decrease in 2 days (days 14—16 when salt was increased
to 17.5 g L7'). However, this change was somewhat
temperature (i.e,, INP activation)-dependent, with a decrease
of 68% at —10 °C within the same period. The lower INP
concentrations, compared to the 30,000-year-old permafrost,
combined with a large effect of salinity, suggests a reduced
influence of this type of permafrost material on atmospheric
INP concentrations.

To test if the rapid decrease of INPs with increasing salinity
in the 1000-year-old permafrost was caused by their
deactivation or by settling, the tank was hand-stirred on day
28 to resuspend all sediment and retested immediately
(Figures 3 and S3). INPs increased in both the aerosol and
water across the entire temperature spectrum, rebounding to
the original levels measured in artificial freshwater. Thus, the
majority of the INP decrease is attributed to sedimentation (of
larger INPs: Section 3.2), although flocculation and other
unknown mechanisms cannot be ruled out (with some
unexpected variability in the aerosol under full salt conditions).
Overall, the INP concentrations from the 30,000-year-old
permafrost were much more constant with time and salinity
than those from the 1000-year-old permafrost, as evidenced by
a lower slope of the INP concentration with time in both the
aerosol and water (Figure S4).

3.2. Permafrost INP Composition. To investigate
reasons for INP concentration differences between the
experiments, we next examine their size and composition.
The 1000-year-old permafrost contained coarser material and
the water in the tank was visually clearer throughout the
experiment compared with the 30,000-year-old permafrost.

https://doi.org/10.1021/acs.est.2c06530
Environ. Sci. Technol. 2023, 57, 3505—3515


https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c06530/suppl_file/es2c06530_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c06530/suppl_file/es2c06530_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c06530/suppl_file/es2c06530_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c06530?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c06530?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c06530?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c06530?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c06530?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

100 a) 30,000 A1 100 (b) 30,000 A25 100
50 50 50
g
3 o ¢ °
o 26 -18 -10 26 -18 -10
[
8 100 c) 30,000 W1 100 d) 30,000 W25 100
o
o
50 50 50
0 0 0
26 -18 -10

e) 1

-26

(9) 1

Temperature (°C)

,000 W1

,000 A1

f) 1,000 A25

L. [ Mineral

I Heat Stable Organics
I Heat Labile Organics

50

-8 -10 26 -18 -10

100 (h) 1,000 W28

50
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Figure 5. Genus-level relative abundance heatmaps for the aerosol (a, b) and water (c, d) bacterial community for the 30,000-year-old (OT83L: (a,
c)) and 1000-year-old (S69CM: (b, d)) permafrost core experiments. The top 20 abundant taxa for the combined dataset are given from top to
bottom on the y-axis, with the color bar referring to units of log base 10 of the relative abundance percentage. Gray indicates taxa comprising less
than 0.1% relative abundance (y-axis) or samples not collected on a particular day (x-axis). Black lines indicate tank transitions to estuarine (first)

or full salt (second) conditions.

Size filtration of the day 1 water indicated that INPs larger than
10 um accounted for 60% of the total down to —15 °C of the
1000-year-old core experiment (Figure SS). The younger
permafrost also had a bimodal INP population in the water at
colder temperatures, with the majority larger than 1 ym or
smaller than 0.2 ym (e.g., combined 89% at —25 °C), whereas
the INPs in the older permafrost were predominantly between
0.2 and 10 pym (e.g,, 89% at —25 °C; 97% at —15 °C). Heat
and peroxide treatments on the starting and ending aerosol and
water samples for the two experiments revealed that nearly all
of the INPs were organic compounds (Figures 4, S6, and S7).

3509

Mineral INPs were only detected at the coldest temperatures
(i, ~3% mineral in the day 1 30,000-year-old permafrost
aerosol and 10% mineral in the days 1 and 28 1000-year-old
permafrost water at —26 °C). The largest percentage of heat-
labile organics was at the warmer temperatures, consistent with
the results in Creamean et al;** however, they contrastingly
always predominated to —20 °C and were sometimes colder
than —25 °C. The fraction of heat-labile and heat-stable
organics changed with time and between experiments but was
also temperature-dependent. For example, in the 1000-year-old
permafrost day 1 water, about 50% of the INPs at —26 °C were
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heat-labile, while there were no detectable heat-labile INPs at
the same temperature by day 28. At the same time, heat-labile
INP fractions at —18 and —10 °C increased with time. In the
30,000-year-old permafrost, the compositional changes were
more gradual, with a general trend of increased heat-labile INP
fractions over time in both the air and water. This may help to
explain the greater variability of INP concentrations with time
in the younger core (Figures 3 and S4). In both permafrost
samples, organic INPs dominated in both the aerosol and
water across the temperature spectrum for the range relevant
to AMPCs (=25 to —5°C*°).

To confirm if the decreases in INPs in the 1000-year-old
permafrost were predominately due to sedimentation, treat-
ments were done on the post-stir day 28 water to investigate
compositional changes pre- and post-stirring (Figure S8). In
the warmer temperature bins (—18 and —10 °C), the post-
stirring fractions were almost identical to the day 1 water.
However, for the coldest bin (=26 °C), the fractional
contributions were more similar to the day 28 prestir sample
than to day 1. This indicates that, in addition to INP
sedimentation, there were compositional changes over time at
colder temperatures, with a permanent loss of a heat-labile
population. However, this compositional change did not seem
to influence the overall INP concentrations (Figure 3), which
suggests a diverse range of INP sources derived from thawed
permafrost.

3.3. Compositional and Temporal Variability of the
Bacterial Community. With both permafrost core experi-
ments exhibiting differences in INP concentration and
composition and a large fraction of INPs in all experiments
identified as heat-labile and therefore likely of biological origin,
we next explore the bacterial community composition. The
aerosol and water genus-level relative abundance heatmaps
(Figure S) show that the bacterial community varied in time
and between experiments. The initial compositions were
similar to previous permafrost profiles at the phylum level,®”
with the 30,000-year-old permafrost containing a majority of
Firmicutes (89%), while the 1000-year-old permafrost
contained a mixture of Firmicutes, Chloroflexi, Acidobacter-
iota, Actinobacteriota, and Proteobacteria.

As the experiments progressed, the 30,000-year-old perma-
frost was rapidly dominated by fewer taxa, and after the salt
was added on day 16, the water and aerosol contained virtually
only Pseudomonas. The 1000-year-old permafrost also con-
tained a high relative percentage of Pseudomonas that increased
with time; however, a greater number of taxa codominated
compared with the older core, even after the salt was added,
and there was more temporal variability. Pseudomonas was
likely present in low levels in the original permafrost samples,
as only six of the 209 Pseudomonas amplicon sequence variants
(ASVs) were detected in the tank water control (0 detected in
the tank aerosol, extraction, and PCR controls); these six may
have been carried over since the tank blank experiment was
performed last. Additionally, the dominant Pseudomonas ASVs
varied between experiments.

The trends in the heatmaps are consistent with the aerosol
and water a diversities (Figure S9), with a lower Shannon
index in the older versus younger core throughout the entire
period,68 consistent with previous studies (e.g., Mackelprang et
al.?). A Kruskal—Wallis test confirmed the a diversities of the
two experiments were significantly different between the
aerosol (p = 0.02) and water (p = 0.04) samples. Within
experiments, a p value of 0.03 was found between the aerosol
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and water in the 1000-year-old permafrost, but no significance
was found between the aerosol and water in the 30,000-year-
old permafrost (p = 0.57). A higher & diversity in the aerosol
than that in the water in the younger core (Figure S9) shows
that the taxa came out of the water in different relative
proportions under the disturbance of simulated wave breaking,
However, this same trend was not found in the older
permafrost, which may be a property of its lower a diversity.

In both experiments, the a diversity changed rapidly over
the first few days and then stabilized, which was expected as a
consequence of placing diverse communities specialized for
cold environments into a warm and homogeneous aerobic
environment. A comparable attenuation was seen by Zhou et
al,”> who found significantly lower sample richness and
evenness in river versus thermokarst pit and headstream
samples. However, the relative stabilization in diversity over
several weeks was maintained under changing salinity, despite a
changing community composition (most pronounced in the
younger permafrost). The higher a diversity in the younger
permafrost along with greater temporal fluctuations in bacterial
community composition are consistent with its larger INP
variability, in both number and composition, compared with
the older permafrost (Figures 3, 4, and S4), although this
method can only serve as a proxy for trends in ice-nucleating
bacteria.

3.4. Broader Atmospheric Implications. Both experi-
ments showed variability in the INPs and bacterial community
in time and between permafrost cores, but to compare these
findings to other known INP sources, a normalization basis is
needed, such as the surface active site density parameter
(n,).”””" This parameter normalizes aerosol INP concen-
trations by the total aerosol surface area and has been
commonly used to describe local and global INP sources such
as mineral dust,”* clean marine air,’’ and wildfire smoke.>
Here, we assume that all aerosolized particles and INPs are
solely from permafrost material exiting a water body and use
the measured aerosol size distributions and an assumption of
particle sphericity to compute particle surface areas. Figure 6
reveals a wide variability of the n, parameter spanning over $
orders of magnitude, with the 30,000-year-old permafrost

Permafrost Core Experiment ng
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Figure 6. Ice-nucleating particle (INP) surface active site density (n)
spectra for all aerosol samples from the 30,000-year-old (OT83L:
orange) and 1000-year-old (S69CM: pink) permafrost core experi-
ments. Green outlined markers indicate emissions from artificial
freshwater (AFW), light blue outlined markers indicate emissions
from artificial estuary water (AEW), and dark blue outlined markers
indicate emissions from artificial seawater (ASW). Previous
parameterizations for desert dust’”> and clean marine air’’ are given
in gray and black, respectively.

https://doi.org/10.1021/acs.est.2c06530
Environ. Sci. Technol. 2023, 57, 3505—3515


https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c06530/suppl_file/es2c06530_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c06530/suppl_file/es2c06530_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c06530/suppl_file/es2c06530_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c06530/suppl_file/es2c06530_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c06530/suppl_file/es2c06530_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c06530?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c06530?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c06530?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c06530?fig=fig6&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c06530?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

having larger n, values overall (significant at 95% confidence
across entire temperature spectrum). For reference, previous
parameterizations from laboratory-generated desert dust’” and
clean marine air’” are plotted. This large range is attributed to
a decrease of INPs with time for both cores combined with
increased emissions of total aerosol (Figures S10 and S11)
with salinity (for example, in the 30,000-year-old permafrost,
the total surface area increased from 150 to 2500 pm? between
days 1 and 25). The elevated aerosol concentrations with
salinity are consistent with May et al.** who found a positive
relationship between aerosol concentration, bubble number,
and ion solution concentration among freshwater and seawater
and Zinke et al.”* who found an increased particle surface area
with salinity. A decreased tank temperature could have also
contributed to increased aerosol with time during periods with
temperatures below 10 °C (when the salts were added).”*”*
The n, values from the 30,000-year-old permafrost indicate
activity near to or exceeding the desert dust parameterization,
which is considered a dominant source of INPs below
approximately —15 °C.*" Overall, the 30,000-year-old perma-
frost contained more INPs per surface area of emitted material
than the 1000-year-old permafrost. The 1000-year-old
permafrost also had more variable n, values that coincide
with its fluctuating INP concentrations and bacterial
community composition. Nonetheless, most values for the
younger core (including under oceanic salinity) and all values
for the older core were higher than the clean marine air mass
parameterization across all temperatures. This suggests that
thawed permafrost material could enhance INP emissions in
estuarine and sea spray aerosol, despite reductions from INP
sedimentation and dilution due to greater aerosol concen-
trations generated by seawater (than freshwater). However,
investigation of the true atmospheric emission rates and
potential impacts require considerable future field, lab, and
modeling efforts.

Given their high n, values, aerosolized INPs from thawed
permafrost material entering thermokarst lakes, rivers, and
oceans have the potential to be a source of atmospheric INPs,
but their importance is dependent upon release into and from
water bodies through wave breaking and bubble bursting.
Potential release mechanisms include top-down permafrost
thaw, slope failure (e.g, retrogressive thaw slumping, active-
layer detachment slides), and coastal and riverbank erosion.
Top-down permafrost thaw is increasing as global permafrost
temperatures rise’ and from the conversion between bedfast
and floating lakes (those which do not freeze all the way
down). Climate warming is leading to the formation of taliks
that consist of a year-round thawed zone.'’ Retrogressive thaw
slumping is a prodigious source of particulate organic matter
that can enter water bodies’® and is projected to increase with
an increase in rainfall.’”’ Active-layer detachment slides,
through which the top layer of the soil becomes detached
from the underlying permafrost, can exacerbate permafrost
thaw and be an additional source of organic matter to water
bodies.”® Permafrost coastal erosion and riverbank retreat are
also likely to increase in the future,”’” especially with ice-rich
Yedoma permafrost similar to our core samples, with a higher
ice content being more prone to erosion. For example,
Kanevskiy et al.”® found an average retreat of a riverbank in
northern Alaska of 11 m per year over 15 years of monitoring,
All of these pathways could be sources of INP-rich organic
material into water bodies, which may be subsequently emitted
into the atmosphere through disturbances. Thawed permafrost
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material that does not enter water bodies may be an episodic
source of INPs to the atmosphere with wind exposure, but we
hypothesize that the primary mechanism is through wave
breaking and bubble bursting.

Previous work showed that the tested permafrost cores had
ice nucleation abilities comparable to glacial soil dust’’ and
midlatitude soil,”® which means a large potential reservoir of
INPs that could be released under a warming climate.” If the
INPs did not become aerosolized, the INP source to the
atmosphere would be negligible. For example, the ice
nucleation ability of Arizona Test Dust de%rades rapidly with
only 2 days of aging in deionized water.” However, in this
small-scale laboratory study, we were able to confirm the ability
of thawed permafrost INPs to both persist in suspension and
enter the atmosphere. When portions of a 30,000-year-old and
1000-year-old permafrost core were placed into a tank with
artificial freshwater and subjected to a simulated disturbance,
the aerosol INP concentrations were elevated, with those of
the older core approaching levels of pure desert dust on a
surface area basis.

Even though both permafrost cores showed a potential
source of atmospheric INPs, they had fundamentally different
properties. Compared with the ancient permafrost, the 1000-
year-old permafrost had lower and more variable INP
concentrations, coarser material with many INPs greater than
10 um in the water (susceptible to sedimentation), and a
higher bacterial community « diversity. The INPs that
sediment out may, however, be periodically resuspended by
storms (average of 12—22 stormy days per year in the Arctic
Ocean near Alaska®*), which can additionally incorporate
sediment in sea ice.”> For example, Inoue et al.** found an
order of magnitude increase in INPs in the Chukchi Sea under
stormy conditions with high turbidity. Compositionally, both
permafrost samples had INPs that were nearly all organic
across the temperature spectrum, but the younger core was
more variable in the heat-labile versus heat-stable fractions
over time. The temporal bacterial community composition
shifts confirm that thawed permafrost is a dynamic substrate,
though the INP populations, especially of the older permafrost,
were more resistant to change. More data are needed for
model parameterizations, which will not only depend on the
type of permafrost but also the water type and likelihood of
mixing. Since thawed permafrost INPs have the potential to
alter the regional Arctic INP budget and longevity of Arctic
mixed-phase clouds, further investigation is of utmost
importance under a warmer climate. Overall, the atmospheric
implications could extend far beyond the thermokarst lake or
coastline from which the thawed material enters the water.
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