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Background: Cryosphere
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Anthropogenic activities VS cryosphere environment
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The cryosphere environment is significantly affected by
human activities

Glacier melting

The climate and environmental
effects of biogeochemical cycles
in the cryosphere are changing
under a warming climate.
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Cryospheric chemistry

- mainly investigate the relevant components of the
cryosphere, their spatiotemporal distribution, potential
sources, migration and transformation processes, fate and
climate & environmental effects.

Frozen Ground: increasing permafrost tempera- "\
tures by up to 2°C and active layer thickness by up *
to 90 cm since early 1980s. In the NH, southern limit
of permafrost moving north since mid 1970s, and
decreasing thickness of seasonal frozen ground by 32
cm since 1930s.

Snow cover: between 1967 and 2012, satellite data show
decreases through the year, with largest decreases (53%)
in June. Most stations report decreases in now especially
in spring.

Lake and river ice: contracting winter ice duration with
delays in autumn freeze-up proceeding more slowly than
advances in spring break-up, with evidence of recent
acceleration in both across the NH.

Glaciers: are major contributors to sea level rise. Ice mass
loss from glaciers has increased since the 1960s. Loss
rates from glamers outside Greenland and Antarctica
were 0.76 mm yr SLE during the 1993 to 2009 period
and 0.83 mm yr' SLE over the 2005 to 2009 period.

Ice Sheet

lce Shelf

Sea Ice: between 1979 and 2012, Arctic sea
ice extent declined at a rate of 3.8% per
decade with larger losses in summer and autumn.

Over the same period, the extent of thick multiyear
ice in the Arctic declined at a higher rate of 13.5% per
decade. Mean sea ice thickness decreased by 1.3 -
2.3 m between 1980 and 2008.

Ice Shelves and ice tongues: continuing retreat and
collapse of ice shelves along the Antarctic Peninsula.
Progressive thinning of some other ice shelves/ice
tongues in Antarctica and Greenland.

Ice Sheets: both Greenland and Antarctic ice sheets
lost mass and contributed to sea level change over the
last 20 years. Rate of total loss and discharge from
a number of major outlet glaciers in Antarctica and 1 }
Greenland increased over this period. —A



1. Potential source and processes
of cryospheric chemicals




1.1 Major sources SIKILES

€ Emissions from various physical, chemical, and biological processes in
nature, such as volcanic activity, sandstorms, waves, lightning, emissions
fromland and marine floraand fauna, and dust from outerspace;

€ Various emissions from human industrial and agricultural production and

daily activities.
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1.1 Major sources

Black carbon, commonly known as soot, is a component of fine
particulate air pollution (PM, ;). It is formed by the incomplete combustion
of wood and fossil fuels, a process which also creates carbon dioxide
(CO,), carbon monoxide, and volatile organic compounds.

Black carbon: Main anthropogenic sources (kt)

2019. CEDS database.

® Commercial and residential energy
@ Transport
® Industry
@ Energy industries and other
Agriculture
\(\Faste
Fossil fuel operations

® Other

€ Sources differ significantly
region to region. In Asia and
Africa residential solid fuels
contribute 60-80% of
emissions, whereas in Europe
and North America diesel
engines contribute about 70%
of emissions.



1.1 Major sources SIKILES

€ Natural levels of mercury exist in soil, air, and water around the world.

€ Mercury can enter the environment through human activities such as
the burning of coal, the extraction of metals from ore, the
manufacturing of cement, and the use and disposal of products
containing mercury, such as fluorescent lights and some types of
batteries. In certain regions of the world, small-scale gold mining
processes using mercury are also a significant source of mercury
pollution.

The mercury cycle




1.2 The deposition of atmospheric chemical components into the .
~ cryosphere and their main processes after deposition

Physical-Chemical-Biological processes
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1.2.1 Physical processes of cryospheric chemicals

Mainly including atmospheric dry and wet deposition, interface exchange,
snhow and ice melting and ion pulse, leaching process of permafrost
activelayer, seaice saltdischarge process, etc

€ Taking the example of dry and wet
deposition of atmospheric chemical
components entering the
cryosphere:

® Dry deposition refers to the
transport of atmospheric chemical
components to the surface of the
cryosphere medium in the absence
of precipitation, while wet
deposition refers to the process of
chemical components settling
together with precipitation when
precipitation occurs.

dry wet sedimentation and
interface exchange




1.2.1 Physical processes of cryospheric chemicals

The basic principles and influencing factors of snow air interface exchange:

€ Snow absorbs various gaseous and particulate
substances during its formation and snowfall
process. After settling into the snow,
temperature and radiation changes cause the
water vapor flux to vary with vertical depth,
determining the deformation and metamorphism
process of shnow.

€The density of surface snhow is between
approximately 0.01-0.5 g cm-3, therefore, most of
the snow space is filled with pore air that can
freely exchange with the atmosphere. The
chemical composition changes are controlled by
many physical processes, including absorption,
solid-state diffusion, and copolymerization, as
well as chemical processes such as
photochemical reactions and temperature
controlled reactions.




1.2.2 Chemical processes of cryospheric chemicals

Chemical processes mainly include isotope fractionation,
photochemical reactions, redox reactions, etc.

The chemical reaction process is a transfer phenomenon that
involves not only chemical phenomena but also physical
properties, including momentum, heat, and mass transfer.

Chemical reaction refers to the process in which molecules
break down into atoms, which then rearrange and combine to
form new molecules.

Chemical components undergo various chemical reaction
processes in the cryosphere, and the changes in the chemical
forms of each component in the cryosphere profoundly affect
the biogeochemical cycling processes, thereby having
important impacts on the climate and environment of the
cryosphere.



1.2.2 Chemical processes of cryospheric chemicals
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v Isotope fractionation:

v Photochemical

The
phenomenon in which the
isotopes of a certain chemical
element are distributed in
different proportions among
two or more substances
during physical, chemical, and
biological processes.

reaction: A
chemical reaction that occurs
when light energy is absorbed
under  visible light or
ultraviolet radiation.



1.2.3 Biological processes of cryospheric chemicals

Biological processes mainly include methane production and
oxidation, methylation, nitrification and denitrification, etc.

> The characteristic of organisms is metabolism, and the entire
metabolic process is the absorption and transformation of
environmental substances by organisms from a microscopic
perspective, all of which are chemical reactions and changes that
occur at the molecular level. Therefore, many macroscopic
manifestations of organisms are caused by microscopic chemical
changes within the body, and cryosphere chemistry is closely
related to microbial activity.

> Microbial activity profoundly affects the chemical cycling changes
in the cryosphere, and is one of the key processes that play an
important role in the chemical changes of glaciers, permafrost, and
seaice.




1.2.3 Biological processes of cryospheric chemicals

Methane production and oxidation:

> Methane is produced through hydrogen reduction of CO2
and acetic acid fermentation under anaerobic conditions by
methanogenic bacteria;

> Methane oxidizing bacteria oxidize and digest methane under
aerobic conditions.
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1.2.3 Biological processes of cryospheric chemicals

> Methylation: refers to the process of catalyzing the transfer of methyl
groups from active methyl compounds to other compounds, which can
form various methyl compounds, or chemically modify certain
proteins or nucleic acids to form methylation products.

> Nitrification and Denitrification: Nitrification refers to the processin
which organisms convert organic nitrogen intoammoniumions
through microbial decomposition and mineralization; Denitrification
refers to the anaerobic respiration process in which nitrate or nitrite is

reduced to N20-NO-NH3 by denitrifying bacteriaunder anaerobic
conditions.
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2. Climate and environmental effects
of cryospheric chemistry
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Climate and environmental effects of cryospheric chemistry

» Cryospheric chemistry can play important roles in the climate
system at different time scales (daily, seasonal, interannual, decadal,
and centennial).

> These effects are mainly achieved by affecting the Earth's surface
energy water cycle processes, such as influencing radiation balance
processes (such as snow ice albedo feedback mechanisms), and the
exchange of chemical components between the cryosphere and
other layers.

» The spatiotemporal changes of glaciers (ice sheets), snow cover,
river and lake ice, and sea ice significantly affect global energy
balance, water cycle, and environmental processes, which in turn
affect climate and environmental change.



- Climate and environmental effects of cryospheric chemistry

Mainly including the following climate and environmental effects:

- Climate effects ofice nuclei

- Climate and environmental effects of seaice
- Climate effects of carbonaceous aerosols

- Climate and environmental effects of dust

« Climate and environmental effects of carbon sources and

sinksin the cryosphere

- Environmental risks associated with rapid changesin the

cryosphere



2.1 Climate effects of ice nuclei

Ice nuclei refer to solid particles in the atmosphere that can
cause water vapor to condense or supercooled water droplets to
freeze and formice crystals.

€ Ice nuclei mainly come from atmospheric aerosol particles, but only a small
portion of aerosol particles can become ice nuclei. The ratio of ice nuclei to
aerosols is 10-3-10%, and the nucleation efficiency varies with temperature and
the supersaturation state of ice. Both natural and human activities can produce
ice nuclei, and the sources of atmospheric ice nuclei include dust particles,
mineral dust, industrial smoke, volcanic ash streams from volcanic eruptions,
and meteordust.

Ml ¢ Ice nuclei may have significant
i impacts on the macroscopic and
microscopic  structure, radiation
characteristics, and physical
properties of clouds. Ice nuclei play
an important role in many physical
processes, and are equally important
as cloud condensation nuclei.




2.1 Climate effects of ice nuclei SKIO;
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¥hen sunlight hits clean snow or ice

most of it is reflected back into space. Black carbon pamc es make e he snow.

and ice slightly darker — s0 Iess is reflected.

Instead, the light is absorbed and turns into
heat so snow and ice warm up and so melt faster,

Ice nuclei (such as SO,?- aerosol particles, black carbon, etc.)
have a profound impact on global climate change.
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2.2 Climate effects of carbonaceous and dustaerosols

€ Carbonaceous aerosols are an important component of atmospheric
aerosols, which can affect global climate change, atmospheric

visibility, regional air quality, and human health

Black Carbon (BC) Aerosol Processes in the Climate System
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& If carbonates are not
considered, carbon in
aerosols can be divided
into two categories:
organic carbon (OC) and
elemental carbon (EC),
which are important
components of
atmospheric aerosols.

Bond et al., 2013



2.2 Climate effects of carbonaceous and dustaerosols
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Black carbon can substantially
enhance snow and glacier melting.




2.3 Environmental risks due to rapid cryospheric change

Cryosphereis a pool for atmospheric
mercury pollutants
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2.4 Climate and environmental effects of carbon sources and sinks © O

> Feedback effect of permafrost carbon cycle and climate warming

Thelong-term accumulation of organic carbon storage in soils of
permafrostregions in the northern hemisphere reaches 1466~1672GtC
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2.4 Climate and environmental effects of carbon sources and sinks

The rapid degradation of
permafrost regions, the melting
of underground ice, and the
significant changes in carbon
release caused by permafrost
thermal karst landforms have led
to the loss of carbon reservoirs.

Climate
warming

h

Increasing
GHGs

GHGs
emissions




2.5 Climate and environmental effects of seaice | C

v O Atmospheric O ﬁ l“l

O BO deposition

Melt ponds and slush communities
Light transw i
CaCO, dissolution
Sympagic algae,
bacteria grazers

Remineralization

Fig. 1| Schematic of seasonal sea-ice biogeochemical processes in the Arctic Ocean. Black arrows represent the directionality of biogeochemical
exchanges; for example, across an interface (such as CO, efflux from the ocean to the atmosphere and release of reactive halogen species from the ice
surface) or throughout an interval (such as brine drainage and convection along the ice-water interface, and heterotrophic remineralization of organic
material throughout the brine network). Dashed lines illustrate diffusive gradients, such as that of dissolved inorganic carbon (DIC). Yellow arrows indicate
solar radiation. Ice-associated and pelagic microalgal communities and their grazers are represented by orange shading and symbols. The biological
carbon pump links carbon exchange processes in the surface to sequestration at depth through POC and dissolved organic carbon (DOC) export,
illustrated by arrows penetrating below the mixed layer (darker shading). Surface processes further impact climate active gases, such as DMS and CH, as
well as volatile organic compounds (VOC), which can contribute to the formation of cloud condensation nuclei (CCN). Figure adapted from ref, .

Lannuzel et al., 2020, NCC

Rapidretreatof seaice:

€ Seasonal primary productivity
advances, leading to an increase
in the abundance of ice algae and
plankton;

€ The release of dimethyl sulfide
DMS increases, and the capture
of CO2increases;

€ The reduction of sea ice animal
communities, endemic fish and
animals in the region;

¢ CH4 release increases, halogen
components decrease, and ozone
depletion decreases

Mar 17,2018
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3. Glacier chemistry




Research framework for snow and ice recording of
atmospheric components
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3.1 Inorganic chemicals

Main sources:

v

v
v

Crustal chemical
composition

Seasalt

Natural events (volcanic
eruptions, forestfires)
Human activity emissions

To determine the contribution of
different sources of chemical ions,
it is usually assumed that all Na+ in
snow and ice comes from the ocean.
The contribution of sea salt (ss) and
non sea salt (nss) can be
distinguished based on the ratio of
snow and ice ions to Na+ in
standard seawater:

nssA= A - Na (ssA/ssNa)

“"| @ 50 ng/g Fay - "™ @ 50 ng/g Féw

Major ions in snowpit of west China
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3.1 Inorganic chemicals

% nland ice sheet Arctic: Na+ fromsea € There are significant
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“ globalsnow andice.

Whitlow et al.)
E K X £

) \n\{g_
= Alps  mw
: 5 64 Wca2+
5 INO3-

fll lL
&5 g ﬁk P

z / Maupetit et al., 1995

Dust

. . Alps: Terrestrial sourced
Mo, mg Antarctica: High values Capz + peaks in summer
' \ / of Na+ fromsea salt P
Whitlgw etal,,

R S sources during winter

S
)



3.1 Inorganic chemicals
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3.1 Inorganic chemicals

» Conductivity and pH value: Conductivity is a comprehensive indicator of the
total ions contained in snow and ice, mainly reflecting the chemical
characteristics and components of snow and ice. The relationship between
different ions in snow and ice and conductivity reflects the dominant factor

affecting conductivity. The correlation between conductivity and acidity pH also
indicates the dominantionsin snowandice.
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3.1 Inorganic chemicals Elements
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3.1 Inorganic chemicals
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> The seasonal distribution of mercury is generally characterized by high
non monsoon periods and low monsoon periods, and this pattern is more

significantin the South Asian summer monsoon a\ffgctlgc_liaﬁl;ea{“ TR
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3.1 Inorganic chemicals

» The spatial distribution of total mercury in snow and ice is
generally controlled by atmospheric dust
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3.1 Inorganic chemicals
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3.2 Organic matters

Organic matter: Compounds containing carbon elements refer to
compounds containing carbon elements other than carbon oxides,
carbonates (hydrogen) salts, and metal carbides.

The concentration of organic matter in glaciers is extremely low, but
their research can not only provide information on climate change and
biological activity, but also be used to indicate environmental change
processes.

The research on trace organic matter in glaciers mainly includes: By
analyzing the composition, carbon number distribution, and odd even
advantages of fatty acids of organic compounds mainly derived from
natural sources, we can understand the sources and evolution of such
organic compounds; Mainly organic pollutants generated by human
activities, such as persistent organic pollutants (POPs) that are of
global concern, including PAHs, PCBs, DDT, and HCH.



3.2 Organic matters
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The distribution of organic carbon in global snow and ice (mainly including primary organic
carbon directly emitted into the atmosphere from the combustion of fossil fuels and biomass, and
low volatility products generated from the oxidation reaction of volatile organic compounds or
secondary organic carbon generated from heterogeneous atmospheric reactions). Organic
carbon in the atmosphere can alter solar radiation forcing, atmospheric visibility, and other
factors through various physical and chemical changes, thereby affecting global climate change
and also having significantimpacts on human health.



3.2 Organic matters
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The role of glaciers and ice sheets in
the global carbon cycle

Sunlight

Ice caps store a large amount of organic carbon and are a component of
the global carbon cycle.
The estimated organic carbon storage in mountain glaciers and ice sheets
is 75.97 + 8.77 Tg C, with mountain glaciers containing approximately
14.37+ 3.96Tg C.



3.2 Organic matters

>

The differences in dominant microbial communities and quantitiesin glaciers
reflectthe impactof differentglacier environments on the structure and
distribution of microbial communities.

In the primary glacier ecosystem dominated by cold tolerant microorganisms,
algae and fungi play the role of major producers. Theyrely on dust as nutrients
and encapsulate dust particles for massive reproduction, ultimately forming
cryoconite.

Algae enriched on glaciers can produce a large amount of colored substances,
which can significantly reduce the albedo of glacier surfaces and accelerate the
melting process of glacier surfaces.

LIU Yongqin



3.2 Organic matters

» The glaciers on the Qinghai Tibet Plateau are natural reservoirs for microorganisms,
storing microorganisms from different historical periods. Microorganisms, as the main life
group of glaciers, drive the carbon and nitrogen cycling of ecosystems and release
downstream with glacier meltwater during glacier melting.

> Extreme environmental conditions such as low temperature and strong ultraviolet
radiation have shaped the unique species types of glaciers. However, global warming has
led to rapid melting of glaciers, reduced diversity of microorganisms adapted to glacier
environments, and loss of glacier specific microbial resources.
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microorganisms scattered on glacier
surfaces) on the surface of glaciers
on the Qinghai Tibet Plateau were
revealed, and the first Qinghai Tibet
Plateau glacier microbial genome and
gene dataset (TG2G) was constructed.

-iuetal., 2022



3.3 Microparticles

d Vidlogd

» Crustal dust: Originating from arid and semi-arid regions, it changes the

energy and material balance of glaciers by reducing their surface albedo, and
has a significant impact on accelerating glacier melting. The study of dust in
glaciers mainly involves the spatiotemporal patterns, physical and chemical
properties (particle size, morphology, chemical composition), and sources of
dust concentration and fluxin snow andice.

The dust in the glacier area of western China has a large particle size
distribution and a single distribution mode, which is significantly different from
the particle size characteristics of show and ice particles in the North and
South Poles. For example, the particle size distribution range of particles in
the glacier area of the Tibetan Plateau is 3~25 p m, showing a unimodal
distribution pattern; In the snow and ice of the North and South Poles, the
particle size of dustis generally1~2 u m.
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3.3 Microparticles

The morphology and energy spectrum of kaolinite, illite, and chlorite
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3.3 Microparticles
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3.3 Microparticles

@

> Thevariation of dust concentrationin Tibetan Plateauis mainly

controlled by distance from arid areas and altitude.
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3.4 Black carbon (BC)

Black carbon:
€4 mainly derived from
incomplete
combustion of fossil
fuels and biomass;
4 Not only does it
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3.4 Black carbon (BC)
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3.4 Black carbon (BC)
Distribution map of black carbon contentin glaciers, snowandicein
the Qinghai Tibet Plateau and surroundmg areas
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3.4 Black carbon (BC) SKIG;

Distribution of BC from Xiaodongkemadi Glacier in the central
Tibetan Plateau
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3.4 Black carbon (BC)

Radiative forcing of BC in
global surface snow
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3.4 Black carbon (BC)
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3.4 Black carbon (BC) O
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3.4 Black carbon (BC)

The contribution of BC to glacier melting on the Tibetan Plateau

Golubin i ﬂi j Urumgi glacier No.1 € The contribution of black
MU N354 . N
ﬂ o j carbon to glacier meltingis
Abramo¥l - 3 2
; fff“ k- SYee Zapadnly’ Laohugou glacier No.12 about15-20%.

T
35°

- ﬂ Xiaodongkemadivglacier € Thelossof water caused by

| pn » _ . Demulaglacier | the meltingof snowandice
ot oo S 0 m dueto blackcarbonis
0% Béishui glacier No.1., approximately 4.6 Gt/year.
- H Percentage
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4 Deepening our understanding of the rapid melting mechanism of plateau
glaciers, it is proposed that snow ice black carbon is an important factor in

accelerating glacier melting on the Qinghai Tibet Plateau.

Zhang et al., 2017 JGR
Zhang et al., 2018 TC



3.4 Black carbon (BC) ©

About 14% of the Arctic warming and 20%
of Arctic snow and ice loss due to BC albedo
effect during 20th century. (Koch et al., 2011)

Glacier melting increased in July
by 10-18 mm w.e. /d
(Nagorski et al., 2019)

1. BC and other impurities lead to 6% albedo reduction,
regional surface waming of 0.84 C, and snowpack
reduction by 11 mm w.e. in springtime. (Oaida et al., 2015

2. Increasing Hoh river discharge. (Kaspari et al., 2015) 8 dura duction by 3.6 d
. Snow cover duration reduction by 3-6 days.

(Zhang et al., 2018)
2. Snow depth decrease by 5-25 mm w.e.
(Ji, 2016)
3. Glacier melt enhanced by 5-20% in summer,
equally to about 100-350 mm w.e.
(Zhang et al., 2017a)

July-September mean Arctic sea ice
coverages reduced by 3% and 1%
due to BC effect in 1998 and 2001.
(Flanner et al., 2007)

o
=l
o :,

Greenland mass loss increased
by 6.8% due to BC deposition.
(Li and Flanner, 2018)

[J Summer seaice

Glacier mass balance reduced by 280-490 mm w.e.,
D bscontions pemafost : o g resulting to increase in discharge of 2.5-21.4%.
Sea ice 30 yr average extent (Gabb| et al’ 2015)

[C] continuous permafrost

Kang et al., 2020



3.5 Microplastics

€ Plastic is widely used due to its excellent properties. However, due
to improper management, a large amount of plastic waste continues
to accumulate in the environment, endangering the ecosystem.
Plastic weatheringin the environment forms microplastics.

Fragmentation and release of chemicals

Plastic particles Microplastic Nanoplastic Oligomers Soluble or volatile chemicals

Increasing
complexity,
exposure,
mobility

Integration
into natural
organic
matter
Eco-corona Biofilm Mechanical and oxidative Aggregates Fecal pellets
breakdown

Biofouling and oxidation MacLeod et al., 2021 Science



3.5 Microplastics

€ Definition: Microplastics generally refer to plastic fragments, fibers, films, and
pelletslessthan 5 mm.

€ According to different sources, microplastics are divided into primary
microplastics and secondary microplastics.

v Primary microplastics: Small particle industrial plastic products produced during industrial
production processes, often used in frosted skincare and pharmaceutical products.

v Secondary microplastics: Small particle plastics formed by the decomposition and rupture
of plastic products through physical, chemical, and biological processes.

(Weithmann etal., 2018, Science)



3.5 Microplastics

€ Microplastics, including various types such as PC, PE, PP, etc.,
have been detected in the snowand ice of glaciers on the Tibetan

Plateau. Fibers plastics dominate, with over 80% being smaller
than 50 pm.

Laohugou glacier No.12

MPs size distributions
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Zhang et al., 2021 SOTE
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3.5 Microplastics

Microplastics in glaciers exhibit distinct seasonal variations
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Wang, Zhang* et al., 2022 EP
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8.5 Microplastics

€ Distributions of microplastics in glaciers

G N Lo N
(EEEREE. . e A ORIH®H .. A
G - S e

EER
«50-100 pm
. ~100-200 pm
.0 % L1200-500 pm
~500-1000 pm
=abundance =>1000 pm
B Average abundance:~360 N L mSmall sized microplastics dominated

For the first time, the spatial distribution characteristics of glacier
microplastics with “High in the south & Low in the north" have been

systematically revealed.
Zhang et al., 2021 SOTE

Wang&Zhang* et al., 2022 EP



3.5 Microplastics

o
Arctic Ocean

; O O Svalbard and Fram Strait
(Kanhai et al., 2020)

(Bergmann et al., 2019)
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3.6 Stable isotopes

Traditional Stable Isotope Ratio

€ When water evaporates from the ocean surface, lighter water molecules
composed of %0 and H are more likely to leave the water surface and enter
the atmosphere. When water vapor in the atmosphere condenses, heavy
water molecules composed of 20 and D preferentially descend, resulting
in differences in the spatial and temporal distribution of stable isotope
ratios in natural water bodies (including snow and ice). The isotope ratio is
generally expressed as the difference between the heavy isotope
concentration and the light isotope concentration ratio (R,) in the "standard
average ocean water":

O = R=Rq —09%1000

0

€ The main factors affecting the stable isotope ratios in show and ice include
temperature effects, water vapor sources, latitude effects, altitude effects,
and continental degree effects.



3.6 Stable isotopes
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3.6 Stable isotopes

Non-traditional stable isotopes

Mercury isotope fractionation

Mass dependent fractionation (MDF)

MIF

> Using the mass fractionation (MDF Hg) and non-mass fractionation
(MIF Hg) signals of mercury isotopes to characterize the changes

Mass independent fractionation (MIF)
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~ 3.6 Stable isotopes radioactive isotopes

4 The contributions of carbonaceous aerosols from different sources in
glaciers in western China is determined by radioactive carbon
isotopes (14C) calibration.
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3.7 Historical reconstruction majorions

€ Since the Industrial Revolution, the historical changes of chemical
substances in snow and ice have been mainly controlled by the dual
effects of global and local human activity emissions
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3.7 Historical reconstruction Heavy metals

€ Since the Industrial Revolution, the historical changes of chemical
substances in show and ice have been mainly controlled by the dual
effects of global and local human activity emissions
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3.7 Historical reconstruction Heavy metals

> Since the Industrial Revolution, the historical changes of chemical
substances in show and ice have been mainly controlled by the dual
effects of global and local human activity emissions
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4. Permafrost chemistry
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4.1 Chemical processes of permafrost

» The chemical composition and processes (reactions) of permafrost: Similar
to soil, chemical reactions in permafrostinclude dissolution reactions,
hydration reactions, substitution reactions, redox reactions, and ion exchange,
butthe chemical processes that occurin permafrost have unique
characteristics.

» The dissolution rate of some salts is slower under low temperature conditions.
Due to the low-temperature environment of permafrost, a large amount of
chemical products such as hydrates and crystalline hydrates are produced
through the reaction between soluble substances and water molecules.

> Dueto the factthat unfrozen wateris equivalent to a concentrated solution,
itsions can quicklyinteract withions on mineral surfaces, easily forming sol
condensation and colloidal compounds. These processes are determined by
the phase transition of water (freezing or melting), which can lead to soil
dehydration and cause organic-inorganic compound condensation (reaching
the threshold for condensation).

> Freewateronly has a significantimpacton seasonally frozen soil during
warmseasons, and an importantrole of combined water (unfrozen state)is
its reaction withice and soil, maintaining dynamic balance.



4.1 Chemical processes of permafrost

forcing parameters

e lemperature
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Schematic diagram of the processes
affecting the formation, migration, and
release of trace gasesrelatedin permatfrost

» *¢* — (o) > Trace gases from permafrost

ecosystems are influenced by
many biotic and abiotic
parameters. The decomposition of
soil organic matter and the
production of greenhouse gases
are caused by microbial activity,
which is influenced by habitat and
climate related characteristics.
The transport process of trace
gases determines the ratio of
methane and CO2 emissions.
However, the carbon release
process, spatial pattern
characteristics, and dependence
on climate change related to
permafrost have not yet been fully
understood.



i ‘4.?1 »Chqmicalﬂprocesses of permafrost

€ Thermokarst lakes are one of the important characteristics of permafrost
degradation over the years. They are formed by the melting of underground ice
and surface subsidence due to rising temperatures. More organic carbon enters
the lakes. The formation of thermokarst lakes transforms terrestrial ecosystems
into aquatic ecosystems, which has a significant impact on carbon cycling

processes.

CH,

Schematic diagram of greenhouse gas emissions affected

by thermokarst lakes in the Arctic permafrost region

v Trace gas exchange at the water-gas

interface in permafrost regions
mainly occurs in rivers and lakes.
There are numerous rivers flowing
into the sea in the entire Arctic region,
all of which pass through vast
permafrost areas and carry a large
amount of organic carbon. This
organic carbon will decompose in the
water and be released into the
atmosphere during transport, with
methane being the most important
gas. The methane emissions from
newly formed thermokarst lakes are
about 130~430 times higher than
before the formation.



4.1 Chemical processes of permafrost

€4 The mineral soil at the bottom of the gully formed by permafrost collapse
contains abundant dissolved organic carbon, which can provide electron
acceptors for denitrification processes and increase N,O release. At the same
time, thermal melting landslides and gullies develop in permafrost regions rich
in ice, where the moist and acidic soil contains a large amount of inorganic
nitrogen, which can serve as substrates for microbial nitrification.

CO, CH, N,O

CO, CH; N,

T
o 1110

Schematic diagram of the carbon and nitrogen release
process of permafrost thermokarst (mu et al., 2017)

v" The nitrification process refers to

the process in which organisms
convert organic nitrogen into NH,*
through microbial decomposition
and mineralization. Most of the
NH4+in the soil is oxidized into
nitrite and nitrate under the action
of nitrifying bacteria and aerobic
conditions.

Biological denitrification refers to
the microbial process in which
denitrifying bacteria reduce NO; or
NO, to NH; under oxygen deficient
conditions.



4.1 Chemical processes of permafrost

¢ There are three main modes of methane transport from anaerobic soil layers to the
atmosphere in permafrost: diffusion (slow), bubbling (fast), and plant mediated transport (by
passing aerobic soil layers). Vegetation is an important factor in microbial activity and
methane transport, which can enhance or weaken methane emissions in different

environments.

€ Through the ventilation tissue of vascular plants, oxygen is transported from the atmosphere
to the rhizosphere, thereby promoting methane oxidation in other hypoxic soil layers. On the
contrary, the aeration tissue is the main pathway for methane to be transported from the
anoxic layer to the atmosphere, by passing the anaerobic/aerobic interface where methane

oxidationis most prominentinthe soil.

co, CH,

et U

IKAL
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80 cm

Schematic diagram of methane production and oxidation

processes in permafrost regions (Wagner et al., 2009)

v Permafrost regions have low-

temperature climatic conditions, but the
abundance and composition of methane
producing populations are similar to
those of temperate soil ecosystems.
About 68% of the methane released
from humid permafrost environments is
transported through sedge plants such
as moss.

In addition, vegetation provides a
substrate for methane production, such
as decaying vegetation branches and
fallen leaves, and fresh root exudates,
thereby promoting methane production.
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4.2 Subsea permafrost

€ In general, the subsea permafrost is divided into five zones based on its
distance from the coast and whether it is in the sea ice zone, namely the
coastal zone (land area), the coastal zone, the area where the overlying
ocean is constantly affected by sea ice and the sea ice freezes to the seabed,
the area where the ocean currents at the bottom of the sea ice are restricted
and the salinity of the seawateris high, and the open oceanzone.
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Schematic diagram of subsea permafrost zoning

v The basic principles of biogeochemical

processes in subsea permafrost are the
same as those in terrestrial permafrost.

v" The carbon cycle process of subsea

permafrost is an international scientific
hotspot under climate warming
conditions. Currently, there is a lack of
in-depth understanding of the
distribution, mechanism, transformation,
and estimation of subsea permafrost,
which in turn affects the study of
biogeochemical processes of subsea
permafrost.



5. Sea ice chemistry
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5.1 Overview of Sealce Chemistry

Sea ice accounts for about 7% of the Earth's surface, and its chemical characteristics are
largely a reflection of seawater chemistry, influenced by physical, chemical, and biological
processes between water and ice, as well as river inputs. Sea ice salinity, major ions,
nutrients, trace metals, dissolved gases, and organic matter are all research topics in sea
ice chemistry, with sea ice salinity being the most extensively studied.




5.1 Overview of Sealce Chemistry

> lonic changes in sea ice: During the freezing process of seawater, the ion
composition changes, and there are differences in the temperature at which
different salts precipitate in sea ice. The salinity in the ice changes in a "C" shape
with depth throughout the year, and the surface salinity of sea ice decreases
significantly during the melting season. At present, most large-scale sea ice
models assume constant sea ice salinity, which cannot reflect the response of
sea ice to atmospheric or oceanic boundary conditions. Temperature and salinity
have a significantimpacton ice porosity and pore microstructure.
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The evolution of sea ice salinity profiles in the Arctic during winter and the melting season: processes
such as ice water salt separation, gravity excretion, and brine expulsion lead to a "C" — shaped salinity
profile of newly formed ice. (Thomas and Dieckmann, 2003)



5.1 Overview of Sealce Chemistry

€ Organic matter in sea ice: Algae that inhabit and grow in large
numbers within the ice. The abundance of seaweed, bacteria, and
other substances in sea ice has a significant impact on its chemistry
through photosynthesis and anaerobic respiration. The absorption of
carbon in photosynthesis leads to the biological isotope effect of
stable isotopes, resulting in the enrichment of 12C in organisms.

€ Reactive bromine released by sea ice algae: The high concentration
of short-term BrO in the troposphere is due to the self catalysis of
Br2 released by sea ice and sea salt. Arctic and Antarctic sea ice
algae can also produce large amounts of brominated halogenated
compounds such as bromoform, dibromomethane,
bromochloromethane, methyl bromide, etc. These substances can be
converted into active bromine through photochemistry, which is of
great significance for the chemistry of polar regions.



5.2 Processes of Sea lce Chemistry 2/

» During the formation and growth of sea ice, pollutants mainly enter the sea ice
through freezing precipitation and particulate matter capture processes from
lower seawater and sediments, or from overlying snow and atmospheric dry and

wet deposition.
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5.2 Processes of Sea lce Chemistry

» Mercury can significantly increase its flux during atmospheric mercury depletion events in
spring. Only a small portion of pollutants cleared by snowfall directly enter the ocean
through ice channels or ice lakes, while the vast majority of pollutants settle and remain on
the surface of sea ice, and undergo post deposition transport and transformation
processes to enter the interior of sea ice and seawater, or evaporate into the atmosphere.
Dry deposition of pollutants can occur on snow cover, sea ice surface, ice channels, and
meltpools.
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A simplistic schematic of mercury cycling in the Arctic sea ice environment. Colours denote
approximate concentrations. HgT, total mercury; MeHg, methylmercury; MDE, mercury depletion
events; BrOx, reactive bromine species (x= 0, 1); FYI, first-year ice; MYl, multi-yearice; Vb, brine

volume fraction. (Wangetal., 2017)



5.3 _Argtic sea-ice biogeochemistry

€ The Arctic sea-ice-scape is rapidly transforming. Increasing light enetration will
initiate earlier seasonal primary production. This earlier growing season may be
accompanied by an increase in ice algae and phytoplankton biomass, augmenting
the emission of dimethylsulfide and capture of carbon dioxide. Secondary
production may also increase on the shelves, although the loss of sea ice
exacerbates the demise of sea-ice fauna, endemic fish and megafauna. Sea-ice
loss may also deliver more methane to the atmosphere, but warmer ice may release
fewer halogens, resulting in fewer ozone depletion events. The net changes in
carbon drawdown are still highly uncertain. Despite large uncertainties in these
assessments, we expect disruptive changes that warrant intensified long-term
observations and modelling efforts.
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5.3 Arctic sea-ice biogeochemistry SKILE

The future of Arctic sea-ice biogeochemistry and ice-associated ecosystems
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The climatic and environmental effects o
cryospheric chemistry




6.1 Glacier retreat significantly alters carbon and nitrogen cycling
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Impacts on hydrology, eco-systems and biogeochemical cycles
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carbon mineralization in permafrost,
resultinginincreased carbon loss.



6.1 Glacier retreat significantly alters carbon and nitrogen cycling C

Distributions
of BC and OC

-

. % g - % 7 b
Foja i ruel e ,f., . bW T s -
A A AN sl S €

Atmosphere L . . .
il - - Estimation of

DOC/POC
export

TN or ON?

Greenhouse
gases
emissions
Any
biological Biological
. processes?
process ???




6.1 Glacier retreat significantly alters carbon and nitrogen cycling

Greenhouse gas release mechanism in glacier areas: lacking
O Cryoconite holes
O Subglacial environment
O Glacial foreland
O

Biological process




6.2 The degradation of permafrost significantly alters carbonand
nitrogen cycling, as well as pollutant release
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The impact of cryosphere retreat on carbon cycle SKILES
W‘Atmospheric Glacier carbon storage
warming DOC: 3.80-6.25 Tg
: N POC: 245854 Tg

BC: 1.27-561Tg

Cryosphere — GHGs emissions
changes & ?cn transport

Glacial Lakes CH, emission:

Downstream hydrology 0.05-49.0 mg C m-2d
& environment il Glacial Lakes CO, consumption:
389Gg Cyr!

Upper river (1-7 order waterways) :
0.37-1.23 Tg CH, yr?

Lake GHGs emissions:
211 Gg C-CH, yr' & 1.565 Tg-CO, yr!

Permafrost C release:
1.86-3.80 Pg C by 2100

Thermokarst lake C emissions:
83.18 t CH, yr!

smms Carbon lateral transport to
aquatic environment

-Riveiin'e DOC transport : Permafrost SOC: 14.4-40.9 Pg C (0-3m)
0.14-114Tg yr! Sedimentary SOC in thermokarst lakes: 52.62 Tg C
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Shrinkage of the cryosphere leads to the release of pollutants

>

The melting of the cryosphere leads to the release of previously
stored pollutants such as microplastics, indicating that the

cryosphere is a temporary sink and possible source of release for
microplastics and other pollutants

Discharge flux of MPs: ~1.65x10° to 9.35x10° items/s
Riverine MPs export to Arctic ocean: MPs deposition flux: ~(4.9-14.26)x10° items km? yr' MPs storage: ~6.1x 10 items

~8 ton yr* (14 billion items/day) by Kolyma river MPs storage in land snow cover: ~(0.2-1.14)x10'¢ items yr' MPs export to Arctic ocean: ~5.1x 10" items yr*
~48 ton yr' (81 billion items/day) by Yenisey

A

O
Snow cover/glaciers
(~1.4x10° items L)

MPs buried in
sediments?

Zhang et al., 2023 GSF




Shrinkage of the cryosphere leads to the release of pollutants

> There are a large number of hibernating halogenated
organic compounds in permafrost regions, indicating that
these substances pose significant environmental risks in the
context of climate warming.
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Messages taking home:

1. What are the main sources of chemical components in
glaciers?

2. What is the feedback effect of carbon cycle in permafrost
regions on climate?

3. What are the microbial processes and their impacts
caused by rapid shrinkage of the cryosphere?



THANKS!



Cryospheric hazards
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