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[. Title
The influence on topographic change in polar regions by the increase of impurities in ice

[l. Purpose and Necessity of R&D

1. Purpose of R&D
* Measurement of changes in physical properties according to impurity contents in ice
* Polar ice tography modelling in a factor of physical properties of ice

* Development of equipment to understand the physical properties of ice

2. Necessity of R&D

* The use and disposal of plastic has increased dramatically over the past few decades, not
only in mountainous northern hemisphere, but also in Antarctic snow and ice.

* The content of impurities increases in the ice deformation behavior, the gradient of the
strain-stress relationship becomes urgent. This means that it can cause a lot of deformation
with little stress, so the foreign substance content in accordance with the flow law can be
affected by the impurity content.

* Due to the recent rapid increase in plastic consumption, a study is needed on the change of

polar ice togography when microplastics are contained as impurities in polar ice.

[Il. Contents and Extent of R&D

1. Changes in the physical properties of synthetic ice
* Investigation of the type and content of impurities produced in polar seas and ice
* Investigation of synthetic ice with various types and contents of impurities
* A deformation experiment using synthetic ice containing various contents of impurities
* Test variations under different conditions
* Analysis of Physical Characteristics of Synthetic Ice Data
* Polar ice topography modeling using the physical properties of synthetic ice



2. Development of equipment to understand the physical properties of ice

Installation of EBSD equipment and operation of basic functions

Preparation of basic data for the development of synthetic ice devices

Installation of two types of synthetic ice equipment

Operation of synthetic ice equipment

Investigate Requirements for Cryo-system Installation

Create cryo-system basic data

IV. R&D Results

1. Changes in the physical properties of synthetic ice

(1) Determining the type and content of impurities to be used in the deformation experiment

The types and contents of impurities produced in polar seas and ice were investigated
using existing papers

It has been confirmed that polyamide, polyethylene, and rubber are most present in
alpine ice caps, polar seas, and ice

It is decided to wuse artificially processed polyethylene samples for deformation

experiments

(2) Manufacture of synthetic ice with various types and contents of impurities

Two types of polyethylene 20 ym and 150 pm are mixed with 100 um ice seeds and
manufactured using hot-pressing method
Pure ice is also synthesized to test the data of the deformation experiment equipment

used for the first time since fabrication

(3) Deformation experiment using synthetic ice containing various contents of impurities

rate stepping deformation experiment was conducted by increasing the strain of
synthetic ice containing various contents of impurities to 10-6.5 s-1, 10-6.0 s-1, 10-5.5 s-1,
and 10-5.0 s-1 at -10°C

Mechanical data shows that the weight has entered a steady state where the weight does
not increase at each stage of strain, and the calculated stress index (n) value is about
1.8-2, indicating that the grain boundary sliding (GBS) worked as a major deformation

mechanism

(4) Polar ice topography modeling using the physical properties of synthetic ice

Since GBS is the main deformation mechanism that caused the deformation experiment,
the modeling is conducted focusing on physical properties rather than the flow of ice
Based on the values of n, ice fluidity parameter (A) obtained by ice deformation

modeling, it is shown that the higher the stress index, the higher the viscosity

2. Development of equipment to understand the physical properties of ice



(1) Installation of EBSD equipment and operation of basic functions
* The field emission scanning electron microscope installed in the polar research center has
a low vacuum mode, so there is no need to coat the sample surface, and it is judged
that EBSD installation is appropriate because it uses electrons generated in field emission
cases
* As part of the preliminary work for the analysis of ice samples in the future, EBSD
equipment has been installed and is currently being used for rock sample analysis
(2) Installation of two types of ice synthesis devices
* A standard ice synthesis device was previously planned to be installed, and an additional
hot-pressing synthesis device was also installed because the second-year goal of
deformation experiment was not conducted
* Standard ice synthesis devices are manufactured in Korea by referring to devices installed
at the University of Pennsylvania and the Chinese Academy of Sciences
* The high-temperature compression synthesis device is manufactured by purchasing a
cylindrical mold and compressing it using a hydraulic press
(3) Creating Basic Materials for Cryo-system Installation
* Methods of maintaining cryogenic temperatures to observe ice samples under an electron
microscope include installing a liquid nitrogen chamber, making a sample holder and
connecting it to the liquid nitrogen chamber, polishing and moving samples using liquid
nitrogen, and direct contact with samples
* To prevent frost on the surface of the ice sample, there are methods such as installing a
transfer box, direct contact of liquid nitrogen, and vaporizing by releasing the electron

microscope vacuum

V. Application Plans of R&D Results

R&D results are beining organized by reinforcing modelling and they will be sumbitted to an
international academic journal as soon as modelling and organizing are completed

Interest in microplastics, a representative environmental pollutant that has increased
particularly significantly due to the increase in delivery food through COVID-19

The results of the first experiment in Korea in the field of study on the physical properties of
ice, a new research topic, provide an opportunity for multidisciplinary research on deformation

experiments and modeling
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(a) standard ice (b) coarse-grained ice
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Ice floe in the Arctic
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Microplastics in glaciers of the Tibetan Plateau
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a5 Lo s
A E AE A
HYE A= A =t S
BE A& Z o] L
(%) 7] 7] T (%)
(mm) (mm) (°C)
(um) (um)
WHI-005 12.7 25.4 -10 9 100 - 0
WHI-019 12.7 254 -10 20 100 - 0
WHI-025 12.7 25.4 -10 9 100 20 1
WHI-006 12.7 254 -10 9 100 20 2
WHI-027 12.7 25.4 -10 9 100 20 35
WHI-007 12.7 254 -10 9 100 20 5
WHI-022 12.7 254 -10 20 100 20 5
WHI-021 12.7 254 -10 9 100 20 8
WHI-023 12.7 25.4 -10 20 100 20 8
WHI-015 12.7 254 -10 9 100 20 10
WHI-024 12.7 25.4 -10 20 100 20 10
WHI-016 12.7 254 -10 9 100 20 20
WHI-026 12.7 254 -10 9 100 20 20
WHI-014 12.7 25.4 -10 9 100 150 2
WHI-013 12.7 254 -10 9 100 150 5
WHI-017 12.7 254 -10 9 100 150 10
WHI-018 12.7 25.4 -10 9 100 150 20
%, A"z dgolE
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TEST_HEA|Data sour Date Time Specimen TEST_HEAISPECIMEN Specimen Diameter Length (inCorrectior Area (sq it Axi

TEST_INFC39-2023-05/1/2023 16:12:11 39 TEST_INFCSPECIMEN Cylinder 05 1 1 0.19635
Time Load (Ib) Position (i AxialStrain Transvers¢ TemperatiRotation ( Torque2 ( Angle2 (diControl O Control O Stress (MPa)
0 -0.0063 0 0 NaN -101 0 -0.02276 0 -0.047'6.10E-04 -2.21E-04
0.0045 -0.0063 0 -6.68E-05 NaN -10.1 0 -0.02222 0 -130446.10E-04 -221E-04
0.5045 0.848868 '8.1 8E-05 0.003072 NaN -10 0 -0.00596 0 -4.51749 'E\.'I OE-04 0.029808
1.0045 2.3596011.65E-04  0.00728 NaN -10 0 0.01084 0 -4097546.10E-04 0.082857
1.5045 3.317732.03E-04 0.010553 NaN -10 0 -0.00163 0 0.047'6.10E-04  0.116501
45045 3.252594 '2.03E-04 0.071087 NaN -10 0 -0.00488 0 -1.67674 '€5.10E-04 0.114214
7.5045 3.4648112.04E-04 0.010753 NaN -10 0 0.01084 0 -2.23585%6.10E-04 0.121666
10.5045 3.5887792.05E-04  0.01229 NaN -10 0 0.015176 0 -1.8623%6.10E-04 0.126019
13.5045 3.529947 '2.07E-0£3- 0.012223 NaN -10 0 0.012466 0 -0.65251 '6.1OE-04 0.123953
16.5045 3.4879242.07E-04  0.01269 NaN -10 0 0.009756 0 -107123'6.10E-04 0.122477
19.5045 3.458507 2.08E-04 0.012757 NaN -10 0 0.01355 0 -1769526.10E-04 0.121444
22.5045 3.441698 VZ.OBE-OAI 0.012356 NaN -10 0 -0.00705 0 -2.5618'6.10E-04 0.120854
25.5045 3.4059782.09E-04 0.010887 NaN -10 -0.00244 -0.01626 0 -2.84014'6.10E-04 0.1196
28.5045 3.4963282.10E-04 0.012624 NaN -10 0 -0.0065 0 -2.235856.10E-04 0.122773
31.5045 3.466912%.12E-0d 0.012757 NaN -10 0 -0.01463 0 -1.67674 'E\.'IOE-D4 0.12174
34,5045 3.44800272.13E-04  0.01269 NaN -10 0 -0.02547 0 -0.83806'6.10E-04 0.121076
37.5045 3.4332942.14E-04  0.01269 NaN -10 0 -0.02168 0 -1.30446.10E-04 0.120559
40.5045 3.424889 '2.14E-04 0.0713158 NaN -10 0 -0.02493 0 -1.90991 '6.1 OE-04 0.120264
435045 3.43329472.15E-04 0.012557 NaN -9.9 0 -0.02602 0 -25618'6.10E-04 0.120559
46.5045 3.4669122.16E-04 0.013158 NaN -9.9 0 -0.02927 0 -3.02692'6.10E-04 012174
495045 3.277808 '2.17E-0£3- 0.01456 NaN -9.9 0 0.015176 0 -24678 '6.1OE-04 0.115099
52.5045 3.368158'2.18E-04 0.014026 NaN -9.9 0 0.026016 0 -1815916.10E-04 0.118272
55.5045 3.4143832.20E-04  0.01436 NaN -9.9 0 0.02168 0 -069896.10E-04 0.119895
58.5045 3.433294 '2.21 E-04 0.014293 NaN -10 0 0.019512 0 -0.97845 '6.10E-04 0.120559
61.5045 3.429091221E-04  0.01456 NaN -10 0 0.009756 0 -1443576.10E-04 0.120412
64.5045 3.4017762.22E-04 0.014427 NaN -10 0 0.005962 0 -2.04908'6.10E-04 0.119452
67.5045 3.37236 '2.23E-0d 0.015562 NaN -9.9 0 -0.00108 0 -2.74736 'E\.'I OE-04 0.118419
70.5045 3.3492472.23E-04 0.015696 NaN -9.9 0 -0.0103 0 -2.980536.10E-04 0.117608
73.5045 3.3576522.25E-04 0.014961 NaN -9.9 0 -0.0206 0 -2.235856.10E-04 0.117903
76.5045 3.35345 '2.Z7E-04 0.074828 NaN -10 0 -0.03794 0 -0.6049 '6.1 OE-04 0.117755
79.5045 3.3324382.27E-04 0.015095 NaN -10 0 -0.02981 0 -0.79167'6.10E-04 0.117018
82.5045 3.3219322.28E-04 0.014494 NaN -10 0 -0.03848 0 -1.350796.10E-04 0.116649
85.5045 3.4438 VZ.ZQE-Od- 0.0714627 NaN -10 0 -0.03794 0 -1.90991 '6.1OE-04 0.120928
88.5045 3.2231782.29E-04 0.015829 NaN -9.9 0 0.011924 0 -24678'6.10E-04 0.113181
91.5045 3.275707 2.30E-04 0.015429 NaN -9.9 0 0.019512 0 -2.934146.10E-04 0.115026
94.5045 3.332438 VZ.SZE-OAI 0.015963 NaN -9.9 0 0.022222 0 -1.8623 '6.10E-04 0.117018
97.5045 3.3408432.33E-04 0.016097 NaN -10 0 0.006504 0 -1.397186.10E-04 0.117313
100.5045 3.326134 2.34E-04 0.015829 NaN -10 0 -0.00542 0 -06989%6.10E-04 0.116796
103.5045 3.311426 '2.35E-0d 0.016097 NaN -10 0 -0.02873 0 -1.11762 'E\.'IOE-D4 0.11628
106.5045 3.387068 2.35E-04 0.016364 NaN -9.9 0 -0.05257 0 -1.815916.10E-04 0.118936
109.5045 3176952 TZBGE-OA 0016431 NaN 99 0 -00206 0 -237502 '6,1OE-O4 0.111558
A=

<ETFds AE(WHI-005)9] AddeoledA I58 & A= Az

5]
A=)
a5, A, FHIE, 2%, &9 59 HolE>
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EW Ao A &% (stress exponent) n S oA T

o714 ¢ W E(strain rate), A¥x A EAS(material parameter), o= AE3Y

.

-

(differential stress), d¥ YA+=7](grain size), p= YA=Z7] A4 (grain size parameter)ES 1}
Bt &8 AF n e bR o= b el A 3, d59 A5 3-5 Abolol i E(Goldsby
and Kohlstedt, 2001)3}+= Ao =2 LAy A Qo ofx =A Fof Ar}. A3 A= H-28h
22 5orte 9o mng-3E PFs WESII o] TAdelHy AHEE wEH

trend_line°] 2t= 7|55 o] &34 AASA T

S

3

2k Data Points with Trend Line

5.2 -

-56

58

6.2

Bl

Y =155x+-5.63

.6_6 | L | L 1
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4

<wlE A trend line 7]5S ©]&3 7|AldlolHE T3 o A>

el g @RES olfd Add n e ofzl meh 2l
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20 um 150 um
n error impurity n error
WHI-005 1.55 0.072 0 1.55 0.072 WHI-005
WHI-025 1.35 0.132 1
WHI-006 1.65 0.128 2 1.28 0.160 WHI-014
WHI-027 1.36 0.156 3.5
WHI-007 2.10 0.173 5 1.59 0.218 WHI-013
WHI-015 1.52 0.100 10 1.79 0.153 WHI-017
WHI-016 1.67 0.224 20 1.45 0.271 WHI-018
<dl e HAE(105 s 1050 571 10°° 571 1070 571 )& o] &3
Akgt SE€ A4 n gh>
SEAIEE 9] dHlolE W &£FdS9 n o]l 155= 7]Eo] 4 A 1.82] ZH(Goldsby and
Kohlstedt, 2001) 3= ztol7} Aot 9 ~E 9] mliigl-313 g5o] 53] v W golA & o
od & UdSS Zorel 10%0 s 10°° 7L 1070 s Al e P EN o] &3] n 7S ANE
Ashi obel Et 2ok
20 um 150 um
n error Impurity n error
WHI-005 1.76 0.122 0 1.76 0.122 WHI-005
WHI-025 1.70 0.185 1
WHI-006 1.87 0.173 2 1.74 0.273 WHI-014
WHI-027 1.91 0.224 35
WHI-007 1.90 0.245 5 1.83 0.414 WHI-013
WHI-015 1.62 0.131 10 1.87 0.220 WHI-017
WHI-016 1.97 0.300 20 1.94 0.652 WHI-018
<Al e WFEA0D s, 1077 s 1070 s )S ol 8] A
SEAT n #>
A A AFEL ol AT £5AS) n RS LI6OE 189 A9 FAST
ETES 73 d28ZE9 n #% 184 AA "oy gt A ETES TH
Ao Mo M5 AAYJA v 1L (grain boundary sliding) 7] 2o & ek o),

_45_



dg WgAds Axs gdetr] 9, HA dHl 2 S-#H XS (stress exponent) n

=
of el wskeh dwrHom el FEY

o= Aol J)Ee] B ALAF mA
e obele} o] wAAT
W —Q
€= A—po‘ (—T)

o714 ¢ W E(strain rate), Ax A B4 (material parameter), o+
(differential stress), n< &2 X|4(stress exponent), d&= YA 7|(grain size), pt

4} (grain size parameter)S eI

o] A& g9 B8 EA F gl X (viscosity) 9t AT A G,
77:2,114,1/”6-21—11)/71
o714 n& F% SL#EAF(power stress exponent), AE d&

fluidity parameter)E YWEFHTH(Lim et al., 2023).
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Log, iviscosity [Pas]) at center

15 4 5

1 1 16
Log, (viscosity [Pa-s])

10 15 20
Mumber of iterations

<SHAF(n) 7] Wsle] W& d&o HXE(viscosity) ¥3}. Baek et al.
(2023)°ll A1 =3 &>

WA+ 8 (ice sheet dynamics)ol] #3F QZ A AT ESo]E= Fr|d oz s g F
E&ksk o = Ice Sheet System Model(ISSM; Larour et al., 2021a, b), Parallel Ice Sheet
Model (PISM; Bueler and Brown, 2009), Elmer/Ice(Gagliardini et al., 2013)2. 2 w4k A~
o] ZZ 3P (mass balance)ol dldl] FxH o2 AF& %o gk}, 3, COMSOL Multiphysics
e ATEOR AT, T ZokllA =d B B, A7) sl tig vgd F4
S AT ToH(Krenk and Hededal, 1995, Trim et al, 2021). °]ol COMPSOL ujellA
SSA(Shallow Shelf Approximation) 7]%¥(MacAyeal, 1989, 1992)S tidste] mdlalS 2 A &}
AT

(a) Simplified model

Friction boundary hydrostatic pressure boundary
—— Grounded part
3004 Upper free surface | —— Floating part
200- Ice sheet
(grounded part)
§1 00- :
> Lower free surface \ :
. e —— ‘ Ice shelf (floating part)
Bedrock - — =
55 Initial grounding line : :
0 200 400 600 800 1000 1200 1400 1600 1800 2000

X [km]

<reratE £ 22 2 (slope model). Lim et al. (2023)0l A -3 &>
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SHA4(n) ghol 1.8, 20, 25, 40 & 4719 S T 239 WA £x 2y WIS &
ettt 17F 0.3 m9 wol 10,000 < 1800 km x 0.1 kme] ¢F& o] #olm=x sttt
SEAT Fhol A2 AF Al ew o] giA B AL, SFHAF ol F AF FAN T

FWol ¥+ 3(grounding line)2l ¢1x7} 809 km (n = 1.8), 851
km (n = 2), 962 km (n = 25), 1078 km (n = 492 FAK oz <oz Y= AS HojFH,
ol d s HEvt molA e AS Yuistt). AFelA F53 dHolHE o]&

Qatel, ewel gl WE ALAY wAY ARG 27 0 4
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d5WF P s 5SS AFsy] HaiA HIAAIAES A AES AXAW A st A

Aotk 53] 99l EBSD S d5387] A= A4 2007 AR
(grain)®] ®lolE]7} Hasty] wZol Ato]=7t & AME9 FH|/EA o] dastt. 7]Eo EAst
+ QuorumAte] =AW (cryo-chamber)= &2 stupnrom AFe] Fu] 9 FA o] 7hsd}
ARE AEAbol =7 4 omm @9 E AFdHoH, Ade] Mg A wjEe] SAA|AH

(cryo-system)®] 7)&o] & Q 3t}

BFsE Aol 5
]_

<FA Tl 7y 78 QuorumAte] = A 2 ¥ (cryo-chamber). 7124 ©]
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FE(grain)ol A HlolHE g 5afof k= EBSD 898 A 3shA] 5>

FAAE QB tfstus] cryo-EBSD AL9e AA4ANA U A4S AL0s §44
2 5 Qo] Agd vTE B A7 AAHR AgHe NAES PFwergddt (Craw

et al, 2018; Fan et al., 2020, 2021, Kim et al., 2020; Qi et al.,, 2019; Thomas et al., 2021).
B oHuAdE Qeta thetwo] A AH cryo-EBSDE A& A EHED 7|&S bligow =
Ae Alzw AN AR,
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