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HIGHLIGHTS

e We present morphology and chemical composition of cryoconite in the Tibetan Plateau.
e Mineral dust particles was dominant (>50%) in the cryoconite at all locations.

e More BC and fly ash particles were found in YL (38%) and ZD (22%).

e A large amount of biological, NaCl and MCS particles were observed.
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Article history: Cryoconite deposited on mountain glacier surfaces is significant for understanding regional atmo-
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gel\c,[ewezdo;% revised form maintain the glacial microbiology system. Field observations were conducted on the glaciers of
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western China, including Laohugou Glacier No.12 (LHG), Tanggula Dongkemadi Glacier (TGL), Zhadang
Glacier (ZD), and Baishui Glacier No.1 in the Yulong Mountains (YL), as well as Urumgqi Glacier No.1 in
the Tianshan Mountains (TS) for comparison with locations in the Tibetan Plateau, in addition to
laboratory TEM-EDX analysis of the individual cryoconite particles filtered on lacey carbon (LC) and
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lc(ii,/gvc%rgist'e calcium-coated carbon (Ca-C) TEM grids. This work provided information on the morphology and
TEM-EDX chemical composition, as well as a unique record of the particle’s physical state, of cryoconite
Light absorbing impurities deposition on the Tibetan Plateau. The result showed that there is a large difference in the cryoconite
Tibetan Plateau particle composition between various locations on the Tibetan Plateau. In total, mineral dust particles

were dominant (>50%) in the cryoconite at all locations. However, more anthropogenic particles (e.g.,
black carbon (BC) and fly ash) were found in YL (38%) and ZD (22%) in the Ca-C grids in the southern
locations. In TGL, many NaCl and MCS particles (>10%), as well as few BC and biological particles
(<5%), were found in cryoconite in addition to mineral dust. In TS, the cryoconite is composed pri-
marily of mineral dust, as well as BC (<5%). Compared with other sites, the LHG cryoconite shows a
more complex composition of atmospheric deposition with sufficient NaCl, BC, fly ash and biological
particles (6% in LC grid). The higher ratio of anthropogenic particles in the southern Tibetan Plateau is
likely caused by atmospheric pollutant transport from the south Asia to the Tibetan Plateau. Cry-
oconite in the northern locations (e.g., TGL, LHG, and TS) with higher dust and salt particle ratio are
influenced by large deserts in central Asia. Therefore, the transport and deposition of cryoconite is of
great significance for understanding regional atmospheric environment and circulation. Large
amounts of biological, NaCl and MCS particles were observed in the cryoconite, implying that in
addition to dust and BC, many types of light absorbing impurities (LAI) together could influence the
glacier albedo change and induce ice melting in the mountain glaciers of the Tibetan Plateau.
Moreover, a high BC concentration in the south (e.g., YL and ZD) could significantly change the albedo
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of snow and ice, at a greater rate than dust, causing significant melting of the glaciers under global

warming.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Cryoconite deposited on the mountain glacier surfaces is sig-
nificant for understanding regional atmospheric environments,
which could influence the albedo and energy balance of the glacier
regions and maintain the glacial microbiology system. Research has
indicated that cryoconite originates from the atmospheric deposi-
tion of various light absorbing impurities (LAI) in the snowpack and
ice surfaces on high mountains (Stibal et al., 2012). With increased
glacier ablation, the impurities melted and subsequently accumu-
lated on the glacier surface (Wharton et al., 1985). Cryoconite has a
dark color and generally consists of mineral dust, black carbon (BC)
and biological particles (Takeuchi and Li, 2008; Grzesiak et al.,
2015), which reduces the energy balance of the glaciers and ac-
celerates glacier melting (Fujita, 2002; Oerlemans et al., 2009;
Wientjes et al., 2011; Naegeli et al., 2015). Each component of LAI
has different radiative forcing in the atmosphere and cryoconite
(IPCC ARS5). Therefore, studying the cryoconite deposition under
recent dramatic glacier change when water resources might be
impacted is important.

Previous studies have characterized the biological composition
of cryoconite and its climate effects in the Arctic and Asian regions
(e.g. Takeuchi et al., 2001, 2003; Margesin et al., 2002; Anesio et al.,
2009; Singh et al.,, 2015; Grzesiak et al., 2015). In addition, some
studies have provided the mineralogical and geochemical infor-
mation for cryoconite in central Asia (Nagatsuka et al., 2014), and
biological processes that occur on the surface cryoconite of glaciers
and ice sheets can affect the physical behavior of glaciers by
changing surface reflectivity (Stibal et al., 2012). Moreover, trans-
mission electron microscope (TEM) is a good method to learn the
particle morphology and physicochemical composition (Semeniuk
et al., 2014). For example, study based on observation and TEM
analysis has found that dust and biological aerosols from the Sahara
and Asia may influence precipitation in the Western U.S. (Creamean
et al., 2013). However, few studies have been conducted on the
morphology, chemical composition and the particle’s physical state
of cryoconite deposition on the alpine glaciers in the Tibetan
Plateau and central Asia.

The Tibetan Plateau is called as “The Third Pole” of the earth,
with a large number of glaciers existing in the high mountains.
However, limited study of cryoconite on the glaciers in the Tibetan
Plateau has been conducted, due to its high altitude and remote
location. As a result, information on the physiochemical composi-
tion and sources of cryoconite is still lacking; e.g., BC, dust, and
biological particles deposited on the glacier surface over the
different locations of the Tibetan Plateau, which could provide
regional atmospheric environment information at a large scale, as
well as its transport route with atmospheric circulation. Therefore,
field observations were conducted on the glaciers of western China,
including Laohugou Glacier No.12 (LHG), Tanggula Dongkemadi
Glacier (TGL), Zhadang Glacier (ZD), and Baishui Glacier No.1 in the
Yulong Mountains (YL), as well as Urumgqi Glacier No.1 in the
Tianshan Mountains (TS) for comparison with locations in the Ti-
betan Plateau, in addition to laboratory TEM-EDX analysis of the
individual cryoconite particles filtered on lacey carbon (LC) and
calcium-coated carbon (Ca-C) TEM grids. This work provided in-
formation on the morphology and chemical composition, as well as

a unique record of the particle’s physical state of cryoconite
deposition on the Tibetan Plateau, to determine its source and
transport route under the influence of regional atmospheric
circulation.

2. Data and methods

From July to September in 2014, we collected cryoconite sam-
ples on the glaciers at five different locations in the Tibetan Plateau,
including Laohugou Glacier No.12 (LHG), Tanggula Dongkemadi
Glacier (TGL), Zhadang Glacier (ZD), and Baishui Glacier No.1 in the
Yulong Mountains (YL), as well as Urumgqi Glacier No.1 (43°05'N,
86°48'E) in the Tianshan Mountains (TS) for comparison with lo-
cations in the Tibetan Plateau (Fig. 1). Among these glaciers, the
LHG Glacier No.12 (39°20'N, 96°34'E) and HLG Shiyi Glacier
(33°13'N, 99°53’E) are located in the northeast Tibetan Plateau on
the northern slope of the Qilian Mountains with typical continental
climatic conditions (Dong et al, 2014). Dongkemadi Glacier
(33°04'N, 92°04'E) is located in the Tanggula Mountains of the
central Tibetan Plateau. While Zhadang Glacier (30°28’N, 90°38'E)
is located on the western Nyainqentanglha in the southern Tibetan
Plateau, and Baishui Glacier No.1 (27°18'N, 100°08’E) in the Yulong
Mountains is located in the southeast Tibetan Plateau, with typical
Monsoon climatic conditions (Fig. 1). Therefore, these locations
could represent the large scale deposition of cryoconite on the
glaciers in the Tibetan Plateau. The information on sampling loca-
tion, time period and snow depth are shown in Table 1. Cryoconite
samples were collected at different elevations along the glacier
surface of the study. Pre-cleaned low-density polyethylene (LDPE)
bottles (Thermo scientific) were used for the sample collection. All
samples were kept frozen until they were transported to the lab for
analysis.

Analyses of the individual cryoconite particles were conducted
using a JEM-2100F (JEOL) transmission electron microscope (TEM)
operated at 200 kV. The analyses involved conventional and high-
resolution imaging using bright field mode, electron diffraction
(Zinatloo-Ajabshir et al., 2015, 2016; Salavati-Niasari, 2005), and
energy-dispersive X-ray spectrometry (EDX). A qualitative survey of
grids was undertaken to assess the size and compositional range of
particles and to select areas for more detailed quantitative work
that were representative of the entire sample. This selection
ensured that despite the small percentage of particles analyzed
quantitatively, our results were consistent with the qualitative
survey of the larger particle population on each grid. Quantitative
information on size, shape, composition, speciation, mixing state,
and physical state was collected for a limited set of stable particles.
Volatile particles, including nitrate, nitrite, and ammonium sulfate,
are not stable under the electron beam and could not be measured
accurately in this study, although they can often be detected on EDX
at low beam intensity. All stable particles with sizes 20 nm to 35 pm
were analyzed within representative grid mesh squares located
near the center of the grid. Grid squares with moderate particle
loadings were selected for study to preclude the possibility of
overlap or aggregation of particles on the grid after sampling. In
general, 100 particles were analyzed per grid, yielding totals of
~300 particles per sample (from the three grid fractions). The use of
LC and Ca-C grids resulted in clear and unprecedented physical and
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Fig. 1. Map showing the locations of the cryoconite sampling glaciers in western Ch

ina, including Laohugou GlacierNo.12 (LHG), Tanggula Dongkemadi Glacier (TGL), Zhadang

Glacier (ZD), and Baishui Glacier No.1 in the Yulong Mountains (YL), as well as Urumgqi Glacier No.1 in the Tianshan Mountains (TS).

Table 1
Information on sampling location, altitude, time and snow depth for TEM-EDX
analysis.

Sample Locations  Altitude (m a.s.l.)  Date Snow depth (cm)
LHG29-1 LHG 4590 2014-7-29 5
LHG29-3 LHG 4386 2014-7-29 5
LHG30-4 LHG 4698 2014-7-30 5
LHG8-4 LHG 4850 2014-8-8 5
TGL18-9 TGL 5464 2014-8-19 5
TGL18-10 TGL 5466 2014-8-19 5
TGL18-18  TGL 5604 2014-8-19 5
TGL18-19  TGL 5603 2014-8-19 5
TS-31-5 TS 3871 2014-8-31 5
TS-31-9 TS 3798 2014-8-31 5
TS-1-2 TS 3939 2014-9-1 5
TS-1-4 TS 4000 2014-9-1 5
YL-17-5 YL 4750 2014-8-17 5
YL-17-1 YL 4775 2014-8-17 5
YL-19-4 YL 4636 2014-8-19 5
YL-19-2 YL 4601 2014-8-19 5
ZD-1 ZD 5579 2014-9-13 5
ZD-2 ZD 5639 2014-9-13 5
ZD-3 ZD 5727 2014-9-13 5
ZD-4 ZD 5605 2014-9-13 5

chemical information for the individual particle types.
3. Results and discussion

3.1. Morphology, chemical composition and particle’s physical state
of cryoconite

Using TEM analysis, we easily observed the morphology of
various components of the cryoconite in the samples, and, com-
bined with EDX analysis, we obtained the chemical composition

and mineralogy of individual particles. The “transmission” feature
of TEM also makes the analysis possible to obtain the “inside”
morphology of the cryoconite particles. As shown in Fig. 2, we
obtained the bright image of individual cryoconite particles with
different physical state in the samples on the LC grids at the LHG
Glacier. During the analysis, we should firstly find out the different
particles of natural and anthropogenic sources through the
morphology and EDX analysis (Fig. 2). Generally, mineral dust
particles often show the irregular shape and sharp margin that
originates from the earth’s crustal surface and long range transport
in the atmosphere, which often contain significant Si-, Al-, Ca-, K-,
and Fe-rich materials (Dong et al., 2014, 2015). For example, in
Fig. 2g, the quartz particle exhibited a chemical composition of SiO,
and attached Al-, Na-rich materials on the surface in the cryoconite
(Fig. 2g and h). However, we also observed many individual parti-
cles with a morphology that was cotton-shaped and black in color,
which appears to originate from burning soot (Fig. 2a). Combined
with the chemistry analysis, we determined these particles were
mainly composed of a Carbon-element, and thus were defined as
black carbon (BC) particles. Such BC particles were observed in a
large amount (high ratio) in the glacier cryoconite at five different
locations in this study. The particles with similar anthropogenic
sources as fusel materials burning with high temperature were fly
ash and soot particles. In addition to mineral and anthropogenic
particles, many particles with a regular shape and smooth edges,
such as biological tissue, were present (Fig. 2¢, e). The EDX analysis
showed that the chemical constitutes were mainly composed of C
and O, in addition to other trace elements (see Fig. 2d, f). We
defined these particles as biological particles, showing the chemical
constitutes of biological tissue, always aggregated with mineral
particles (Fig. 2c, e). From the above analysis, we determined that
the individual particles of cryoconite were composed primarily of
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Fig. 2. (a) BC particles; (c) biological/mineral aggregate particles; (e) mineral-biological particles; (g) mineral particles (SiO,), and EDX analysis of chemical composition (b, d, f, h)
for various individual particle types derived from the LHG cryoconite.
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mineral particles, BC-fly ash-soot particles and biological particles.
Fig. 3 shows the TEM bright-field images of the typical indi-
vidual particles from the LC grids for the cryoconite samples at the
different locations of the Tibetan Plateau. LC grids have many
filtration pores in the surface, which could filter out some finer
cryoconite particles and make the large particles clearly visible for
observation. In total, the particles were composed frequently of
silicate, sulfate minerals (Fig. 3a) and NaCl particles (Fig. 3c, f), in
addition to BC, fly ash and soot from anthropogenic sources
(Fig. 3b—e). Biological particles were also found in these glaciers of
the Tibetan Plateau (Fig. 3f), and in particularly large amounts in the
LHG Glacier cryoconite samples (accounting for approximately 6%
of the LHG cryoconite). These individual particles composed the
total physical state of the cryoconite deposited on the mountains
glaciers in the Tibetan Plateau, which often appeared as either in-
dividual particles or aggregated particles, as shown in Fig. 3b and f.
The physical types of the individual particles and their aggregated
style of cryoconite on the LC grids were shown in Table 2, while
Table 3 shows the particle types amalgamated for Figs. 2 and 3.
Compared with the LC grid, the Ca-C grid has no filtration pores
in the surface, which thus could absorb the majority of the fine-

0.5pm &,
==l o

ultrafine particles during filtration. This feature makes the obser-
vation easier to determine and study the fine cryoconite particles,
particularly for particles with a diameter of 20—500 nm. Therefore,
we also used Ca-C grid filter to process the cryoconite samples
derived from the mountains glaciers in the Tibetan Plateau for TEM
analysis (Fig. 4). We observed a clear difference between the LC grid
and Ca-C grid results. A greater number of fine particles were
observed on the Ca-C grid, among which a large amount of
anthropogenic particles (e.g., BC, fly ash and soot) were observed,
more than on the LC grid (Fig. 44, ¢, e). Meanwhile, we observed
many fine particles of mixed cation sulfate (MCS, see Fig. 4a, d) and
NaCl droplet (Fig. 4b), which originated from the atmospheric Light
Absorbing Impurities deposition to the glacier surface and may
cause the snow and ice albedo to change significantly. In total, these
anthropogenic particles generally appeared as aggregated particles.
The BC, fly ash, and soot particles generally aggregated together,
which may be due to their similar transport route and sources. In
addition, BC and fly ash generally found aggregated with mineral
dust particles (Fig. 4a and f) in the cryoconite of the different lo-
cations, indicating the effect of mineral dust on anthropogenic
particles during transport. During long range transport, the dust

Fig. 3. Bright-field images of typical individual particles from the LC grids: (a) Silicate aggregate particles with additional mixed cation sulfate (MCS) components; (b) BC/Silicate
and soot mixed aggregate particles; (c)a NaCl single grain; (d) a fly ash/Silicate aggregate particle; (e) a BC aggregate particle; and (f) a NaCl single grain and biological/Silicate

aggregate particle.
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The individual particles identified on the LC Grids for cryoconite deposited on the glaciers of the Tibetan Plateau.

Particle type

Chemical composition of particles in effloresced state (LC grids)

Single particles

Internally mixed particles

. Silicate

. Carbonate

. Salt (NaCl)

. Soot (ns)

. Organic

. Black carbon

. Fly ash

. sulfate salts

9. Quartz

10. Aluminate®

11. Albite

12. Silicate/silicate aggregate
13. Silicate/carbonate aggregate
14. Silicate/Fe-oxide aggregate
15. Silicate/soot (ns) aggregate
16. Silicate/NaCl aggregate

17. Silicate/MCS

18. Soot (ns)/MCS

19. Carbonate/MCS

20. Mixed cation sulfate salts (MCS)

ONOUhA WN =

119

2 Particle type is present at less than 1% frequency.

Table 3
Table showing the particle types amalgamated for Fig. 3.

Categories shown in Fig. 3

Categories amalgamated from Table 2

Mineral grain

NaCl single grain

Mineral aggregate not containing NaCl
Mineral aggregate containing NaCl

BC single grain

Mineral aggregate containing BC

Soot (ns) or Soot (ns)-containing particle

Fly ash single grain

Mineral aggregate containing Fly ash and soot
Organic single grain

1,2,8
3
11, 12,13

particle could absorb and transport anthropogenic particles in the
free troposphere to the glacier basins in the Tibetan Plateau. When
resisted by the high mountains during transport, these atmospheric
aggregated particles will deposit on the glacier surface with snow
fall to the cryoconite particles together with biological particles.
Therefore, based on the LC grid and Ca-C grid of TEM analysis, we
easily obtain the components of the cryoconite, and subsequently
evaluated its physicochemical composition and source.

Upon finishing the analysis of the composition and physical
state of cryoconite, we needed to evaluate the composition ratio of
each components (e.g., mineral dust, BC, fly ash and soot, and
biological particles), as their radiative forcing is extremely different,
e.g. BC showing larger radiative forcing than dust (IPCC AR5).
Because of the long range distribution of the sampling locations in
this work, the surrounding environment of each location was very
different from each other. For example, Urumgqi Glacier No.1 (TS) is
located in central Tianshan Mountains, and the atmospheric envi-
ronment of the glacier basin was significantly influenced by both
nearby anthropogenic industries emission (e.g., BC) and dust ac-
tivities in central Asia (Xinjiang province of China). Differently, the
glacier basins in Tibetan Plateau are located in more remote areas,
with long range distributed and different atmospheric environ-
ment between the north and the south of “The Third Pole”.

By analyzing the TEM image, we obtained the relative compo-
sition ratio of cryoconite on the LC and Ca-C grids for samples from
different locations of the Tibetan Plateau (Fig. 5). Due of the dif-
ference in filter grid, a difference in the composition ratio of cry-
oconite components between the LC grid and Ca-C grid exists.

However, the result is still similar for spatial comparison based on
the two types of grid, which could reflect the spatial difference for
distinct cryoconite deposition (Fig. 5). On the Ca-C grid, the
anthropogenic particles (e.g. BC, soot and fly ash) showed an
increased composition ratio in cryoconite, which was reflected in
all glaciers. In total, mineral dust particles were dominant in the
cryoconite deposited in different locations on the Tibetan Plateau
(all greater than 50%), while the other compositions (e.g., BC) also
exhibited a difference between cryoconite in each glacier area. We
observed that more anthropogenic particles (e.g., BC and fly ash)
were found in YL (38%) and ZD (22%) in Ca-C grids in the south of
the Tibetan Plateau (Fig. 5). In TGL, many NaCl and MCS particles
(>10%), as well as BC and biological particles (<5%), were observed
in the cryoconite, in addition to mineral dust. In TS, the cryoconite is
composed primarily of mineral dust, in addition to BC (<5%).
Compared with other sites, the LHG cryoconite exhibited a more
complex composition of atmospheric deposition (Fig. 5), with suf-
ficient NaCl, BC, fly ash and biological particles (6% in LC grid). The
higher ratio of anthropogenic particles in the southern Tibetan
Plateau is likely caused by atmospheric pollutant transport from
southern Asia to the Tibetan Plateau. Cryoconite in the northern
locations (e.g., TGL, LHG, and TS) with a higher dust and salt particle
ratio are likely influenced by large deserts in central Asia.
Furthermore, a large amount of biological particles and NaCl and
MCS salt particles were observed, implying that the cryoconite was
composed of complex constitutes acting as light absorbing impu-
rities, which together could impact the radiative forcing on the
glacier and thus cause accelerated glacier melting. Moreover, a high
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Fig. 4. Bright-field images of typical individual particles from the Ca-C grids: (a) a Silicate/Fly ash aggregate particle with additional mixed cation sulfate (MCS) components; (b) a
NaCl-rich droplet; (c) a silicate/Soot/Fly ash aggregate particle; (d) a Ca-rich sulfate droplet; (e) a soot (ns)/mixed Black carbon aggregate particle; and (f) a silicate/soot aggregate

particle.

BC concentration in the south (e.g., YL and ZD) could significantly
change the albedo of snow and ice, at a greater rate than dust,
which may cause significant melting of the glaciers.

3.2. Source of the cryoconite components deposition in Tibetan
Plateau

Based on the TEM-EDX analysis, we obtained the physico-
chemical composition of cryoconite on the glaciers of the Tibetan
Plateau, which need to be further analyzed and to determine the
sources and atmospheric transport route, combined with the
regional atmospheric circulation and individual cryoconite parti-
cles. From the above discussion, we have defined the possible
sources for cryoconite particles, including: (i) mineral dust from
natural source, (i) anthropogenic particles (e.g., BC, fly ash, and
soot) from pollutants emissions, such as metal production and
combustion of fossil fuels (Pacyna and Pacyna, 2001), and (jii) bio-
logical particles, together with other particles, such as NaCl and
MCS particles from atmospheric deposition. The cryoconite depo-
sition was obviously influenced by the regional atmospheric envi-
ronment in a large geographic range surrounding the Tibetan

Plateau. Therefore, we needed to determine the possible sources
and transport route of these individual particles.

In this study, the sampling locations were distributed across a
long range and large scale, and the atmospheric environment was
different in each glacier area (Fig. 1). YL and ZD basins are located in
the south of the Tibetan Plateau, with a high ratio BC and fly ash
particles deposition in cryoconite (accounting for 38% and 22%,
respectively, Fig. 5), which is much higher than the other sites. As
the Tibetan Plateau is extremely high and remote, the population is
small and human industrial activity is limited, and thus the regional
anthropogenic emissions are extremely low. However, as the YL
and ZD basins are located near southern Asia, we can infer that the
high concentration of BC and fly ash particles in cryoconite was
likely caused by pollutants transported from South Asia. While at
the other sites in the north (e.g., LHG, TGL and TS), the cryoconite
was composed primarily of mineral dust, and the concentration of
BC and soot was obviously lower than that of the YL and ZD basin,
although there were also many BC and fly ash found in LHG. NaCl
and MCS salt particles and their aggregated particles were also
extremely different between sites. TS and LHG exhibited a higher
concentration of NaCl and MCS particles, which could relate to the
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Ca-C grid analysis.
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regional emission of salt lake and anthropogenic emission in cen-
tral Asia transported by the Westerlies.

The BC concentration in the LHG basin (northeastern Tibetan
Plateau) was influenced by the regional industrial emissions, as
LHG is near the Hexi Corridor in Gansu province with many large
cities and many petroleum, iron and steel industries, which caused
the higher ratio of BC in LHG cryoconite than TGL (the central Ti-
betan Plateau). In the TS glacier basin, the atmospheric environ-
ment was influenced primarily by large deserts in central Asia (e.g.,
Taklimakan and Gobi deserts), resulting in the higher concentra-
tions of mineral dust in the cryoconite. Moreover, biological parti-
cles were also found with a large amount in TS.

The above inference also could be demonstrated from the
regional atmospheric circulation and aerosol transport data. Fig. 6
shows the wind stream in the Tibetan Plateau and surrounding
regions based on the NOAA/NCAR wind distribution and velocity
data, showing the atmospheric circulation surrounding the Tibetan
Plateau. Moreover, data from the Cloud Aerosol Lidar and Infrared
Pathfinder Satellite Observation (CALIPSO) mission (http://www-
calipso.larc.nasa.gov) were used to characterize the vertical distri-
bution of the atmospheric pollution transportation around the Ti-
betan Plateau. Attenuated backscatter (reflectivity) profiles at
532 nm were provided by the Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP) installed on CALIPSO (Kutuzov et al., 2013;
Winker et al., 2003) with vertical and horizontal resolutions of
60 m and 12 km, respectively. CALIOP/CALIPSO transact (Fig. 7) also
clearly indicated the significant influence of atmospheric pollutant
transportation from southern Asia to the southern Tibetan Plateau,
and many pollutants were found also over the Qilian Mountains
(LHG area). Combined with atmospheric circulation and CALIOP/
CALIPSO transact, we determined that the southern location (YL
and ZD) basins were impacted by the atmospheric pollutant from
south Asia (both occurred in summer and winter) under the control
of the Indian Summer Monsoon (ISM); while the northern locations
(TGL and LHG) were influenced primarily by the Westerlies
(particularly in the summer). Moreover, TS was impacted primarily

NCEP/NCAR Reanalysis
700mb Vector Wind (m/s) Composite Mean

NOAA/ESRL Physical Sciences Division

Westerli

70E 75E B80E B85E 90E 95E 100E 105E 110E 115E 120E

Feb to Jun: 2012-2014

NOAA/ESRL Physical Sciences Division

70E 75E 80E 85E 90E 95E 100E 105E 110E 1‘15E 120E

Julto Nov: 2012-2014

Fig. 6. The wind stream in the Tibetan Plateau and surrounding regions based on NCEP/NCAR reanalysis during 2012—2014 (a) winter and springtime, and (b) summer and autumn.

ISM means Indian Summer Monsoon.
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indicating aerosols at low, medium and high concentrations, respectively. The TP in the figure indicates Tibetan Plateau, and The QL Mt. Means Qilian Mountains; (b)cloud-aerosol
output, with 1 clear air, 2 cloud, 3 aerosol, 4 stratospheric layer, 5 surface, 6 subsurface and 7 totally attenuated; and(c)aerosol subtype profiles with 1 clean marine, 2 dust, 3
polluted continental,4 clean continental, 5 polluted dust and 6 smoke. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

by the dust transport from arid deserts (Taklimakan deserts). These atmospheric environment and large-scale circulation.

results also indicated that the deposition of light absorbing impu- Table 4 shows the TEM-EDX particle type and their chemical
rities in cryoconite was influenced primarily by the regional compositions of mineral dust particles in the cryoconite, using the

Table 4

The TEM-EDX particle type and the chemical composition of mineral dust particles in the cryoconite on the TGL Dongkemadi Glacier.
Type Ratio (%) Percentage of mass of various chemical elements (%)

Na Mg Al Si Cl K Ca Ti Fe P S

Si-rich 53.2 32 13 115 571 3.1 0.6 17.6 1.2 0.5 03 0.4
Ca-rich 18.5 2.6 6.2 6.5 9.8 41 5.4 53.5 25 0.8 3.5 2.1
Al-rich 12.9 8.8 2.5 485 13.5 10.1 04 8.0 0.5 5.5 — 0.8
Na-rich 55 41.5 8.3 8.5 24 20.5 0.8 23 43 6.5 - —
Fe-rich 4.2 3.5 23 11 16.5 3.1 0.2 54 2.0 38 10.6 6.5

Bold numbers signifies the dominant element for mineral particles.
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Fig. 8. TEM-EDX particle type and the chemical composition ratio (%) of mineral
cryoconite on the glaciers of the Tibetan Plateau.

TGL Dongkemadi Glacier as an example, and Fig. 8 shows the TEM-
EDX particle type and their chemical composition ratio of mineral
cryoconite on the glaciers of the Tibetan Plateau. TEM-EDX revealed
that the mineral particles in the cryoconite contained Si-, Al-, Ca-,
Na-, and Fe-rich materials (Fig. 8), such as quartz, albite, and
aluminate, This particle composition is similar to the chemical
composition of Asian dust from the arid deserts in the central Asian
region (Sun, 2005; Dong et al., 2014), which also could demonstrate
the origin of regional mineral dust transport to the glacier cry-
oconite deposition on the Tibetan Plateau and TS glacier basins.

4. Conclusions

Cryoconite deposited on mountain glacier surfaces is significant
for understanding regional atmospheric environments, which
could influence the albedo and energy balance of glacier areas and
maintain the glacial microbiology system. Field observations were
conducted on the glaciers of western China, including LHG, TGL, ZD
and YL, as well as TS for comparison with locations in the Tibetan
Plateau, in addition to laboratory TEM-EDX analysis of the indi-
vidual cryoconite particles filtered on LC and Ca-C TEM grids. This
work provided information on the morphology and chemical
composition, as well as a unique record of the particle’s physical
state, of cryoconite deposition on the Tibetan Plateau. The results
revealed that cryoconite particle composition varied between
different locations on the Tibetan plateau. In total, mineral dust
particles were dominant (>50%) in the cryoconite at all locations.
However, more anthropogenic particles (e.g., BC and fly ash), were
found in YL (38%) and ZD (22%) in the southern locations. In TGL,
many NaCl and MCS particles (>10%), as well as few BC and bio-
logical particles (<5%), were observed in cryoconite, in addition to
mineral dust. In TS, the cryoconite was composed primarily of
mineral dust with some BC (<5%). Compared with other sites, the
LHG cryoconite exhibited a more complex composition of atmo-
spheric deposition, with sufficient NaCl, BC, fly ash and biological
particles (6% in the LC grid).

The higher ratio of anthropogenic particles in the southern Ti-
betan Plateau is likely caused by atmospheric pollutant transport
from southern Asia to the Tibetan Plateau. Cryoconite in the
northern locations (e.g., TGL, LHG and TS), containing higher dust
and salt particle ratio, is influenced by the large deserts in central
Asia. Therefore, the transport and deposition of cryoconite is

significant for understanding the regional atmospheric environ-
ment and circulation. A large amount of biological, NaCl, and MCS
particles were also found in the cryoconite, implying that, in
addition to dust and BC, many types of light absorbing impurities
combined could influence the glacier albedo change and induce ice
melting in the mountain glaciers of the Tibetan Plateau. The TEM-
EDX analysis showed that mineral particles in cryoconite contain
primarily Si-, Al-, Ca-, Na- and Fe-rich materials, such as quartz,
albite, and aluminate. This particle composition is similar to the
composition of Asian dust from arid deserts in the central Asian
region, which could also demonstrate the origin of regional mineral
dust transport to the glacier cryoconite. A high BC concentration in
the south (e.g., YL and ZD) could significantly change the albedo of
snow and ice, at a greater rate than dust, which may cause signif-
icant melting of glaciers under global warming.
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