AR EA 1

K
N

(B £418)

(HH) =H ()
T

t%l
& 7cm
2l
ot I
gl
ot
o | UERIO YSBOARS AHB=RAS S5
Al dAUD = =3
= (20 ZQIE ZDOEH)
9
2
& |Reconstruction of past large-scale atmospheric circulation
2t |by reconstruction of snow accumulation rate from ice cores
=2 in Victoria land
& (16 ZQIE HXAH)
s
St
ni;
A
CH

z 9 |
CH
e
=
_Cé_j

Tcm

oo Adoe




OH

Al

1o

-t

RO
X

&l
1l

PIEAT "HIELIOIHE YD HAIZ

E4RE” LM<

S|
=

LICt.

b

S
=

=
=

DML SAHAEDMZ H

el

==
— —/

<H

30

1.

2023.

"l
30
o)

ol

. O304 XHCH

80
Al

)

wr
ok

0p)
RO

ol
Rl

&

-

wr

Ok

| &
(=}

- A
. o

W
Ll
oll
all

ol

Kk

-

n0



HAH- A 3

CEREEE MEoAE WaRANRY FHUFEAL B AAN N B
i . 3l g A A

AgAFA A o|gF Aol o) 2 473 A7) 180,000,000

778y 2 FARNIL AFDET o

&R AT ATHEHAF

A EEAT L A=A A

oK LATE =A O A) HIA
B AT 95 ARWNA FH BEoH A T VeXoR HxE I53 WIAEE o83
o of A9 FUFS BUFL olF Fal BA /FARE H1A = Aol ATRHY, o F 3}
A z2w93s Anysiael Ane BHASAAAE AT o8 HRoR duSHe ARage.
FAE duSAE vEo R HEAYY FAFS FHPoH, olE T3 WA HFAEE F
g A2 AP BHe Frksa Qow, o FHFel A% Fol S AFS WELl AY
e BHo FAE. E3 1705 o839 AA AFAY FHY 55 F4317] AT A7 digh
Fed e ANNLE. HEFAL UF BARAE T YHAT A ANRAL. FAFH
A vFLda7F olds di7ledd oAud PaFs B olst vFHALI JA diV|eFe ZEAY}
g s A tF AFE FH8AS. oFFA AYT sAAS FHAAM ARYSIAEE EET T}
542 tulste] ofRAl Y FuolA] A5 2= ol§de] APAGY FHTl W ESL
AN

g 2 | HEoAY, 5994, FAYW s, A, ofo] 230

49l o

(4 570 ©19) Victoria Land, Stable water isotopes, past atmospheric large scale circulation, ice

o o ’ pes, p p g ,
core




tof

of

=

=

SN

Al

HEA 4

il

A

tol JAYIg&8S 54

)

UFALE A

BK

“
oul
oF

A

],

°
Lad

B35
o

Ko
=

o

A

o)

qlxteto]

S
-

A 7]

al
=

2HSAM, ASL)S3to] Ao

A

=4
o

tol 37 oi7ichedt 29

9

o

Qlxje} wlgajole ol of|r)
2

F%
ECNEERY

T

[

o

1

-]
o

gi7idi&
- o]y

ol

1o
&O

._A_I

s

B

9‘]

Jup!

g Zgatol 25

stol et

9

tas 7ksgol of

ul=
115

- 1709‘]

ol
i
o

ol

olo.
P =]

TEAY

71 9

&

ol ti7| 2=

o

FAl2 2o} "]

A
o

1 9

[

Adtg 3% 7]

A
a1

sl

6

A
Al

F2.0]9] melting layer

ul=
115

°

o
N

B
o)

B

A}
K

o
o



o



HAAEA 5

SUMMARY

(3 B 8 o 5

. Title

Reconstruction of past large-scale atmospheric circulation by reconstruction of

snow accumulation rate from ice cores in Victoria land

[l. Purpose and Necessity of R&D

The scope of this research is related to the approach to reconstruct the past
climate changes in regions near Victoria Land, Antarctica based on the ice core
records, and the technique to recontruct the large-scale climate circulation by
analysing the water stable isotopes and trace elements in the ice cores obtained

by Korea Polar Research Institute

[ll. Contents and Extent of R&D
Reconstruction of past large-scale atmospheric circulation in Victoria Land based
on the relationship between snow accumulation rate reconstructed from ice core
and past climate factors

- Age dating of shallow ice core based on water stable isotopes

- Estimation of snow accumulation rate based on the age scale

- Identification of the potential relationships for snow accumulation rate, trace
element records in ice core with climate factors

- Retrieval of correlations between climate factors and indicators of large-scale
atmospheric circulation (e.g., SAM, ASL) near Victoria Land

- Reconstruction of large-scale atmospheric circulation using ice core records

IV. R&D Results

- Water stable isotopes and trace elements have been analyzed in the Styx firn
core

- The age of the Styx firn cor (Styx-B) was estimated to be approximately 25-year
based on the water isotopes, major ions, and firn densification modelling

- The age dating allow the estimation of snow accumulation rate which further



corrlelated the sea ice extent near the study area

- The variation of water isotopes and the decreasing snow accumualtion in the
Styx snowpit indicate the relation to the sea ice extent and lowering of air
temperature in the study area

- The application of the 170 isotopes to the ice core studies have been reviewed
and examined

- The monthly mean water isotopic values in the Styx snowpit show similar trend
with air temperature

- Trace elements have been analyzed in the portion of Styx ice core to compare

with relevant climate factors

- Ice melting experiments have been performed to improve the interpretation of

melt layers in ice cores

V. Application Plans of R&D Results

- The reconstruction method for snow accumulation rate from a snowpit and ice core can
be a basic technology of analysis from a potential ice core samples

- The reconstructed snow accumulation rate can be used as a proxy for climate change
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SAAF LM E = FRIAVIAZ FH S EZold s 4719 WEtIAAARE RS
JTH2d). = HFHlEgold= GV7 (2013-14 A&, 80 m), Styx (2014-15 A<, 210 m),
Hercules Neve (2015-16 A]<, 80 m), Tourmaline plateau (2018-19 Al<&, 65 m)olA] HF-H
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Figure 1. (a) Location of all ice cores and the regional boundaries used in this study. EAP (blue), WL (cyan), WS (green), AP (yellow).
WAIS (orange), VL (red). and DML (brown). Stars denote sites where correlation between ice core snow accumulation and RACMO2.3p2
SMB is significant at p <0.05. (h) RACMO2.3p2 SMB (1979-2016) overlain with ice core SMB since 1979 at each location.
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Figure 6. Regional SMB composites (1800-2010 AD) shown as
annual averages (thin lines) and 5-year means (thick lines) for (a—
@) the Fast Antarctic Plateau (EAP. dark blue); Wilkes Land coast
(WL. cyan). Weddell Sea coast (WS, green). Antarctic Peninsula
(AP, yellow), West Antarctic Tee Sheet (WAIS, orange). Vicloria
Land (VL, red), and Dronning Maud Land (DML, brown). Panel (h)
represents the total number of records (solid grey) and the number
of records by region.
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Figure 7. Regional SMB composites (10{0-2010 AD} shown as
annual averages (thin lines) and 10-year running means (thick lines)
for (a—g) the East Antarctic Plateau (EAP. dark blue); Wilkes Land
coast (WL, cyan), Weddell Sea coast (WS, green). Antarctic Penin-
sula (AP, yellow), West Antarctic Ice Sheet (WAIS, orange). Vic-
toria Land (VL. red). and Dronning Maud Land (DML, brown).
Panel (h) represents the total number of records (solid grey) and
the number of records by region.
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Figure 7. A schematic diagram of three mechanisms of
snow delivery to the western margin of the Ross Sea and
ice core sites. SKS and EPG: (1) low-pressure systems
(Lg) that track around the margin of the continent bringing
moist marine air; (2) low-pressure systems that sweep across
the Ross Ice Shelf and are constrained by the inland topog-
raphy, bringing high accumulation to inland sites and less
snow at more northern sites; and (3) mesocyclones (L)
bringing short-duration pulses of snow particularly near
the Byrd Glacier and in the Terra Nova Bay region.
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Figure 1. Map of surface wind pattern in Antarctica
(modified after King and Turner, 1997). Grey arrows indicate
wind flow direction. Triangles represent Transantarctic
Mountain range. Top inset: McMurdo Sound region and
location of the McMurdo Dry Valleys; Marble Point
(MP), Victoria Lower Glacier (VL(G), and Lake Vida
(LV). Bottom inset: typical position of Amundsen Sea Low
(Lag) during La Nifia and El Nifio events (modified after
Cullather et al., 1996). Red arrows indicates relatively
warm airmasses (even warmer during El Nifio) and blue
arrow indicates cold airmasses. The size of *Lyg’ indicates
its strength.
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ol A o]t}(Legrand and Mayewski, 1997; Traversi and others, 2004; Sinclair and others,
2010; Furukawa and others, 2017). Wb, £ AFAAE HAY 7T 9 tir|z=0E& &
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Table 3.1.1. Summary of statistics of water stable isotopes in %o (2 = 227) and chemical species

in uyg L~ (& =197) in the firn core.

Media Std. Std. Mean nss
Min Max Range Mean n error deviation %
§®0  -4313 - 26.70 16.43 -3492  -34.85 0.21 3.13 -
- 340.6 -2731 - 2729 -
§D 3 -205.17  135.46 1 9 1.68 25.32
MSA 134 53.71 52.37 8.12 5.25 0.51 717 -
Cl™ 658  16394.61 16388.03 339.42 15198  88.34 1239.98 25.1
SO 65.5
1338 250658 249320  91.63 65.80 13.43 188.53
Na* 120 880232  8301.12  171.07  64.45 4781 671.04 @
K" 0.43 373.13 372.70 7.38 2.61 2.04 28.60 19.2
Mg* 1.07 1042.42 104135  20.86 10.01 553 7767 19.1
Ca* 2.73 362.57 359.83 26.97 991 3.64 51.08 740

(a) assumed to be solely sourced from sea spray

Table 3.1.2. Loadings of 11 variables for first three principal components (PC) in the firn core

with larger values highlighted in bold.

PC 1 PC 2 PC 3
§%0 -0.12 0.92 -0.24
5D -0.12 0.93 -0.17
d-excess -0.03 0.33 0.92
MSA 0.15 0.60 0.09



Cl 0.99 -0.01 0.02

$sSO,2" 0.99 -0.01 0.02
nssSO,2 0.33 0.60 0.01
Na' 0.99 -0.01 0.02
K’ 0.99 -0.02 -0.01
Mg? 0.99 0.00 0.02
Cal 0.62 -0.03 -0.19
Variance explained (%) 49.52 23.14 8.86
Cumulative percent (%) 49.52 72.66 81.52
Number of variables 197 197 197
e £ E & % £ § & £ i 2
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Fig 3.1.1. Annual layer counting of the isotopic and ionic species with PC 1 and PC 2 score,
starting from the year of drilling (2014). The Cl , Mg®*, K are not shown in the figure because
those are similar to Na“ (r > 0.99), but the ratio of Cl /Na" shown. Non-sea-salt portions are
indicated for Ca’®". The raw values (wide line) of §°0, 6D, and MSA shown with standardized
profile in thin line. Enrichment factor (EF) of nssSO.>~ was shown in black line and horizontal red
line indicate the average nssSO4* . Brown shading represent depth range to increased nssSO,*

which indicate the period of Pinatubo and Cerro Hudson volcanic signals.
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2010
2008
2006
2004
2002
2000
1998
1996
1994

1992 000 Layer counting

Model 1 (Herron and Langway, 1980)

slope T p
Layer counting -964.39  0.99 <0.0001
Model 1 -1024.22 0,99 <0.0001
Model 2 -1039.59 099 <0.0001

Year

1990 Model 2 (Morris, 2018)
1988
M1 et ot et |
Depth (m)

Fig 3.1.2. The comparison of the depth-age relationship of the annual layer counting and the firn

densification models.

Table 3.1.3. Mean accumulation rates estimated near to the Styx glacier for comparison to the firn
core

Accumulation
Locations rate, k_g1 m ? Time period Reference
Yy

Styx Glacier 146 £ 60 1990 - 2014 This study
ERA-I i 174 + 1 -2014

R nter%m 0 57 990 =20 Dee and others, 2011
ERA-Interim 150 £ 36 1979 - 2014
Hercules Neve 160 1971 - 1992 Udisti, 1996
Styx Glacier 203 (111-335) 1971-1990 Stenni and others, 2000
Talos Dome 86.6 1965 - 2007 Stenni and others, 2002
Styx Glacier 226 2009 - 2012 Kwak and others, 2015
Styx-M (densification
model for 130 71360 - 2014 Han and others, 2015

Styx-M-core)
GV7 242 £ 71 2008 - 2013 Caiazzo and others, 2017
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Abstract

Heceivad: 30 November 2013 Under the potential to reconstruct the past climatic and atmospheric conditions from a deep ice
Revised: 25 Juna 2020

Accepted: 26 June 2020 core in the coastal Antarctic site (Styx Glacier), an 8.84 m long fimm core (73°50.975" §, 163°
First publiched online: 26 August 2020 41.640° E; 1623 m a.s.1.) was initially studied to propose a reliable age scale for the local estimation
of snow accumulation rate, The seasonal variations of 5'*0, methanesulfonic acid (MSA) and
non-sea-salt sulfate (nssSO;") were used for the firn core dating and revealed 25 annual peaks
(from 1990 to 2014) with volcanic sulfate signal. The observed declining trend in annual accu-

Key words:
Annual layer counting; lonic species; snow
accumulation; stable water isotopes; Styx

Glacier mulation rate with a mean value of 146 + 60 kg m™ a™ is likely to be linked to the changes of sea-

ice extent in the Ross Sea region. Moreover, the temporal variation of the annual mean §'%0, an

?“"‘“;{::’ ﬂL:ﬂHmndmﬂ: annual flux of MSA and nssSO;™ also likely to be under the influence of ice-covered and open
eonghoon Lee,

water area. This study suggests a potential to recover past changes in an oceanic environment

E-mail: jeonghoon.d.lee@gmail.com - . " 2 7 A
E o and will be useful for the interpretation of the long ice core drilled at the same site.
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Polar snowpits or ice cores preserve valuable information derived from atmosphere on
past climate and environment changes. Due to the significant spatial and temporal
variabilities in Antarctic snowfall and temperature (Ingélfsson et al. 2003; Anschiitz et
al. 2007, Frezzotti et al. 2007, Masson-Delmotte et al. 2008; Yang et al. 2018) and the
sparse collection of weather stations (Stenni et al. 2000; Tuohy et al. 2015), there are
still limitations on the interpretation of paleoclimate records. Caiazzo et al. (2016) stated
that the temporal variability is more directly correspond to the real environmental
changes rather than spatial variability of the site. Thus, a site-based information and
evaluation of isotopic and chemical compositions are required to investigate the
present-day snow compositions and its differences at regional and/or local scales, and
application to the interpretation of the paleoclimate records (Stenni et al. 2000;
Ingolfsson et al. 2003; Tuohy et al. 2015, Stenni et al. 2017).

A 157 m snowpit recovered from the coastal site (Styx Glacier) in Eastern
Antarctica during the 2014/2015 Antarctic expedition by the KOPRI and was discussed

and compared with meteorological variables. The purpose of this study is to evaluate



the isotopic (6®0 and 8D) and ionic composition (Na', K, Mg?", Ca®’, MSA, Cl~, NO;~
and SO,°) of the snowpit by comparing with instrumental meteorological variables in
the seasonal scale. It is beneficial to understand the seasonality in potential and
dominant climate factors, which alter the snowpit record in this location. This work
reports the most recent and high-resolution snowpit record in the Styx Glacier. Our
results will support the previous records reported (Udisti et al. 1998; Stenni et al. 2000;
Traversi et al. 2004, Kwak et al. 2015) and further interpretation of long cores from
this site.

The range of isotopic and ionic values were shown and compared in table 2.1
and figure 2.1. The correlation matrix shown in table 2.2. Comparison of linear
regression values of ions in the snowpit and reference seawater data shown in table
2.3. Figure 2.2. and table 2.4. represent the comparison of the snowpit records with
climate variables. Dominant contribution of sea salt aerosols deposition due to the
proximity of the site to the ocean and processes of sea ice formation was revealed in
the ionic concentrations. Consistent seasonal peaks in 6%0, 6D, MSA, nssSO.", and
NO;~
sea salt ions (Na', K', Mg®, Ca*, Cl° and totSO,° ) exhibit a different distribution.

indicate the strong enhancement of their source during warm period, while the

Monthly mean &%0 positively correlates with the air temperature record from AWS
located in the main wind direction. Despite the shortness of the record, we suspect that
the slight depletion of the isotopic composition and lowering of the snow accumulation
could have related to the cooler air temperature with decreasing of open sea area.
Consistency with previous studies and the positive correlation of sea salt ions in the
snowpit indicate the relatively well preservation of snow layers with noticeable climate
and environmental signals (e.g. changes in SIE or sea surface temperature). We report
a new snowpit record which would be comparative and supportive to understand

similar signals preserved in deeper ice cores in this location.

Table 3.2.1 Statistics of the isotopes and ions from different studies in northern Victoria Land

S -
Stenni et Gragnani This Nyamgerel Stenni et Stenni et eetVZIH
al. 2000 et al. 1998 study et al. 2020 al. 2000 al. 2000 2009’
Time period 1980 - 1987 1986 - 1994  2010-2014 1990 - 2014 1971 - 1990 1973 - 1992
I
Type of record Firn core Firn core Snowpit Firn core Firn core Firn core cgfe
A lati te, 77.4
kgciﬂ“;fon TS 130 - 426 140 - 180 14371 146 111 - 335 83 - 265
Altitude, m a.s.l 650 1560 1630 1630 1800 3000 2316
Dist. f t, 250
krl; ance from - coas 40 ~70 ~60 ~60 50 75
. McCarthy Campbell Styx . Styx Hercules Talos
Locat Styx Gl
ocation Ridge Glacier C Glacier yX hader Glacier Neve Dome
5180 (%) Mean =255 -33.5 -36.16 -34.92 -32.9 -33.6 -
©7SD 4.4 5.02 3.13 3.2 2.4 -



Max -17.1 -27.2 -24.90 -26.70 -23.7 -27.0 -
Min -37 -40.8 -43.91 -43.13 -39.2 -42.0 -
Mean 26.7 16.17 14.12 8.12 13.6 94 5.36
MSA (ug/h) SP 24.4 12.36 15.78 717 10.1 6.9 6.61
Wgl Max 143.0 71.32 66.08 53.71 57.3 118.3 40.49
Min 2.0 3.80 2.03 1.34 2.5 12.7 0.42
~ Mean 1316 62.44 44.36 49.87 575 46.2 42
nssSOy SD 92.8 76.85 37.82 49.22 36.0 27.8 27.47
(ng/) Max 405.9 408.27 163.28 523.03 270.4 178.6 100.2
Min 5.2 -273.78 5.00 410 17 0.8 6.59
Mearn = 485.07 59.23 171.07 = = 21.79
SD - 625.30 1480.14 671.04 - - 16.14
Na™ (gl oy . 462079 6706.94 8802.32 - - 84.87
Min - 20.69 1.16 1.20 - - 2.52
Mean - 82.16 24.56 26.97 - - 2.80
e (gl SD - 54.11 52.04 51.08 - - 1.88
a
MY Max - 402.78 236.13 362.57 - - 20.71
Min - 18.04 2.77 2.73 - - 0.76
Mean - 144.66 20.47 7.38 - - -
SD - 191.58 57.15 28.60 - - -
K' (ug/)  Max - 1266.78 275.63 373.13 - - -
Min - 19.55 0.84 0.43 - - -
Mean - 44.96 61.58 20.86 - - 231
Mg? (ug/l) SD - 60.76 165.31 77.67 - - 1.63
Max - 466.66 768.47 1042.42 - - 10.56
Min - 8.51 1.49 1.07 - - 0.36
Mean - 808.33 1018.27 339.42 - - 46.73
o ey P A 1052.95 2672.45 1239.98 - - 30.72
.
& Max - 6377.88 12205.73 16394.61 - - 184.1
Min = 88.63 7.30 6.58 - - 6.54
Mean - 182.52 178.20 91.63 - - 47.52
SO& SD - 158.50 373.67 188.53 - - 21.47
(ug/) Max - 979.84 1732.80 2506.58 - - 139.6
Min - 43.23 14.08 13.38 - - 12.42
Mean - 60.14 49.28 42.46 - - 47.38
NOy™ Sh) - 26.04 24.42 19.15 - - 13.49
(ug/D) Max - 189.73 130.7 118.91 - - 100.2
Min - 12.40 12.68 10.09 - - 21.59




Table 3.2.2. Correlation matrix for the isotopic and ionic species in the snowpit. The correlation
coefficient values larger than 0.4 were highlighted in bold (7 = 32)

50 8D d::s‘c MSA CI'  nssSO2 SO NOy  Na'  K' Mg» Ca*
570 1.00
8D 1.00  1.00
d-excess —-0.19 -0.11 1.00
MSA 041 045 035 1.00
L 011 012 002 -015 100
nssSO° 056 057 002 063 005 1.00
totSO,2  0.17 0.18  0.02 —0.08 099 0.15 1.00
NO; 031 028 -043 -0.02 003 042 0.07  1.00
Na* 012 0.2 002 -0.14 1.00 004 099 003  1.00
+ 035 0.2 002 -0.14 1.00 0.05 .00 003  1.00 1.00
Mg 011 0.2 003 -0.14 100 0.06 .00 002  1.00 1.00 1.00
Ca*’ 014 015 000 014 099 0.11 099 007 099 0.99 099 1.00

Table 3.2.3. Linear regression of Na® versus K', Mg%, Ca? and ClI” with comparison to their theoretical
ratios in seawater (Pilson, 2013)

CI” $sSO4~ Mg~ K* Ca”
Sea water ratio 1.794 0.252 0.119 0.037 0.038
Slope 1.805 0.251 0.112 0.038 0.035
Intercept 44.734 42.87 1.444 -0.346 5.75
R 0.999 0.989 0.997 0.999 0.983
n 32 32 32 32 32
D <0.001 <0.001 <0.001 <0.001 <0.001
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Fig 3.2.1. Concentration vs. the depth profiles of isotopic composition and ionic species with 3-point
running average (red lines). ClI'/Na" ratio was shown with their typical seawater ratio of 1.794 (red
line). The shaded area represents the summer peak from January 2011 to January 2015. Dashed lines
(black) are the sea salt EF for SO, and Ca®" and crustal EF for Sr which are highlights the sharp
increase in January 2013.
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Fig 3.2.2. Comparison of monthly mean SIE in the Ross Sea, ¢ %0 of the snowpit and IsoOGSM2
simulation, and daily temperature from Lola (bold black), Alessandra (black), and Eneide (grey).

Table 3.2.4. Annual mean values of &0, temperatures (temp) from AWS (Lola, Eneide, Alessandra)
and ERA-Interim reanalysis data, SIE, snow accumulation rate (SA) from the snowpit and ERA-Interim
reanalysis data (the largest values are highlighted in bold).

SIE
18 Temp Temp Temp Temp SA
Year 870 (lola)  (Eneide) (Alessandra)  (ERA) > ERA T (qnowpin 6
(10° km?)
2004 3605 2230  -1332  -10.19 2007 13788 129.85 3.01
2013 3649 2262 -13.62  -15.16 2896 159.84 129.85 3.10
2012 -3516 2254 -1360  -15.33 2853 16215 148.40 278

2011 -37.16 -21.44 -12.48 -14.04 -27.14 203.74 166.95 2.74
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Snow-Pit Record from a Coastal Antarctic Site and Its Preservation of Meteorological Features

Y ALALT NYAMGEREL,™® SANG-BUM HonG.” YEONGCHEOL HAN.? SoNGy! KiM*P JEONGHOON LEE?
AND SooN Do HurP

® Department of Science Education, Ewha Womans University, Seoul, South Korea
® Division of Glacial Environment Research, Korea Polar Research Institute, Incheon, South Korea

(Manuscript received 22 September 2020, in final form 19 May 2021)

ABSTRACT: Polar snow pits or ice cores preserve valuable information derived from the atmosphere on past climate and
environment changes. A 1.57-m snow-pit record from the coastal site (Styx Glacier) in eastern Antarctica covering the
period from January 2011 to January 2015 was discussed and compared with meteorological variables. The dominant
contribution of the deposition of sea-salt aerosols due to the proximity of the site to the ocean and processes of sea ice
formation was revealed in the ionic concentrations. Consistent seasonal peaks in 5'%0, 5D, MSA, nssSOi_, and NO7
indicate the strong enhancement of their source during warm periods, whereas the sea-salt ions (Na™, K™, Mgz+, Ca®*,
and totS037) exhibit a distinct distribution. Monthly mean §'®0 positively correlates with the air temperature record from
an automatic weather station (AWS) located in the main wind direction. Despite the shortness of the record, we suspect that
the slight depletion of the isotopic composition and lowering of the snow accumulation could be related to the cooler air
temperature with the decrease of open sea area. Consistency with previous studies and the positive correlation of sea-salt
ions in the snow pit indicate the relatively good preservation of snow layers with noticeable climate and environmental
signals [e.g., changes in sea ice extent (SIE) or sea surface temperature|. We report a new snow-pit record, which would be
comparative and supportive to understand similar signals preserved in deeper ice cores in this location.

KEYWORDS: Antarctica; Sea ice; Smow
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Information on the spatial and temporal variabilities of snow chemistry is crucial in glaciochemical
studies (Dansgaard 1964; Jouzel and Masson-Delmotte 2010). However, obtaining reliable relationships
between chemical and isotopic data and atmospheric composition is strongly dependent on the
understanding of how changes in source intensity and transport efficiency can be stored in snow in
different climatic conditions and how changes in the chemical and physical features of snow deposition,
varying the depositional and post-depositional processes, affect the snow layer composition (Udisti ef al
1999; Stenni et al 2000; Rhodes et al 2012).

This study examined the four surface snow samples and 1.95-m-deep snowpit in the vicinity
of the Jang Bogo Station in Antarctica. Seasonal variations of the isotopic and chemical compositions of
snowpits can provide useful tools for dating the age of the snowpit and examining the sources of

aerosol.

The isotopic and ionic compositions of the surface snow and snowpit were shown in table 3.1

and the vertical profiles shown in the figures 3.3-3.5. Distinct seasonal variations of stable water
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isotopes of the snowpit were observed, with a slope of 8.2 from the linear isotopic relationship (figure
3.2) between oxygen and hydrogen, which indicates that the snow accumulated during three years
without a significant post-depositional process. Based on the seasonal layers with dD and d**O maxima
and minima, it was determined that the snowpit contained snow deposited over a three-year period
(2008-2010). The positive correlations (r > 0.85) between sea-salt ions and the values of the MSA and

nssSO42~ warm period indicate the contribution of an oceanic source. This study will support further

investigations in this region.

74°45°

Fig 3.3.1. Location of the snowpit (red star) near the Korean Jang Bogo Station (blue star) in Terra

Nova Bay, East Antarctica.

Table 3.3.1. The isotopic and chemical compositions of four snow samples (JBG-01, JBG-01, JBG-03,

JBG-04) and snowpit.

Snowpit Snowpit
JBG-01 JBG-02 JBG-03 JBG-04

mean SD*

‘ 5371?34 3?3?2‘2 S74° 37.0977 S74° 37.2497 S74° 37.4897 S74° 95344

Location 6/ ) El164° 12.239’ E164° 11.644’ E164° 12.894’ E164° 1(') 499

North of JBS Northwest of JBS | Northwest of JBS | Southwest of JBS ’

MSA 47.88 522.62 494.68 504.28 36.59 32.54
ClI” 759.21 15,329.19 10,997.50 20,394.78 493.51 546.08
SO, 212.73 2614.34 2085.81 3166.07 205.70 116,18
NO3~ 189.08 1582.84 1469.41 1587.28 64.24 78.81
Na* 412.45 8674.51 6406.89 11,635.68 298.32 312.94
K* 70.43 582.13 565.36 376.85 22.32 18.95
Mg2+ 175.86 2160.94 1916.33 2495.20 56.05 68.89
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Ca* 74.94 3262.69 3078.66 3248.20 51.64 71.95
d®o —13.88 —14.86 —18.15 —16.77 —24.34 484
dD —99.48 —117.88 —146.55 —130.79 —186.50 39.82
d-excess 11.57 0.98 —1.36 3.35 8.22 516
Note: SD: standard deviation.
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Fig 3.3.2. The linear regression line between dD and d"®O. The regression line is similar to that of the
GMWL (grey line) and LMWL.
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Fig 3.3.3. Vertical profiles of stable water isotopes. Summer and winter in the snowpit were defined
from the maximum and minimum values of the stable water isotopes, respectively.
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Fig 3.3.4. Vertical profiles of Cl°, Na’, and the CI/Na" ratio. The dashed line represents the CI"/Na*
ratio in the Sea Water Ratio (SWR, 1.18).
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The triple oxygen isotopes (10, 0, and '®0) are very useful in hydrological and climatological studies
because of their sensitivity to environmental conditions. This review presents an overview of the
published literature on the potential applications of O in hydrological studies which provides
information on atmospheric conditions at the moisture source and isotopic fractionations during
transport and deposition processes. This study summarized the range of 20, A . and "O-excess in
the published studies (table 4.1).

The variations of 470 from the developed global meteoric water line, with a slope of 0.528,
indicate the importance of regional or local effects on the O distribution. In polar regions, factors
such as the supersaturation effect, intrusion of stratospheric vapor, post-depositional processes (local
moisture recycling through sublimation), regional circulation patterns, sea ice concentration and local
meteorological conditions determine the distribution of "O-excess. Numerous studies have used these
isotopes to detect the changes in the moisture source, mixing of different water vapor, evaporative
loss in dry regions, re-evaporation of rain drops during warm precipitation and convective storms in
low and mid-latitude waters. Owing to the large variation of the spatial scale of hydrological processes
with their extent (i.e., whether the processes are local or regional), more studies based on isotopic
composition of surface and subsurface water, convective precipitation, and water vapor, are required.
In particular, in situ measurements are important for accurate simulations of atmospheric hydrological

cycles by isotope-enabled general circulation models.
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Table 3.4.1. Summary of published %0, A and O-excess in different samples. All values are
averaged from published values. We note that the sampling location, period, and sampling numbers are

distinct depending on the studies; thus, values are representative of local scale variations

"O-Excess Mean

5180 Analytical .
Sample Type Range or R?rrllegge) (per A rer Method Time Scale Reference
Low- and mid-latitude Precipitation
Vapor _ _ Surma et
(Mt Zugspitze. Germany) (-34.4 to -20.4) (30 to 82) 0.5265 IRMS 2016 (Feb to May) al.. 2021
Cave water -9.69 0.05 IRMS Luz et al.,
(Canada and USA) (-17.67 to -6.39  (0.03 to 0.07) 0.530 2005 (Feb, Ju) 2010
Cave drip waters _87 19 ~ Picarro 2010 (Nov) to 2014 Affolter et
(Northwest Switzerland) ) CRDS (Jun) al., 2015
Fluid inclusions _83 10 ~ Picarro 2012 (Mar) to 2014 Affolter et
(Northwest(Switzerland) ] CRDS (Jun) al., 2015
Leaf water (Mpala central 7.84 -0.06 _ Li et al,
. Ke?va)l (027 fo 1610 (-0.16 10 0.00 IRMS 2012 Uun=Jub 2017
tem water (Mpala centra 2.4 . Li et al,
- IRM 2012 =-Jul
Kenya) (471 19059 (.01 o 0.0 S 012 Uun=Jub 2007
. . 5. -144.4 urma et
p I - IRM -
ond (Sistan Oasis, Iran) 4 ¢) §00629.07) (-1720 to -56) 5 ., 2015
-8. . Luz et al,,
Lake and pond (-16.03 to 419) (=002 to 0,04 028 TRMS 2002, 2008 2010
-8.88 -46.4 to 55.67 Aron et
_ Surface water (2031 t0 9.56) (mostly 14 to 33 020 RMS Global scale 1 2020
T emEE N m a0 sme
pring, irrigatic (-6.84 to 14.03 (=59 to 25) al,, 2015
(Sistan Oasis, Iran)
Lake and river (western -9.58 5.28 B RMS ~ Passey et
U(SA) (-19.11 to -0.34) (-39 to 46) al., 2019
Dam water (Mpala central -1.08 0.01 R Li et al,,
Kenya) (-3.98 to 2.26) (-0.004 to 0.02) RMS 2012 Qun=ub o5
. -4.99 0.04 Luz et al.,
Tap, spring water (Israel) (=574 to -4.24)  (0.03 o 0.05) 0.515  IRMS 2008 2010
0.526 )
. -8 + 4.7 17 = 11 Li et al,
Tap water (continental USA) (=207 10 ~0.7) (=6 1o 43) 01:5?2 : IRMS 2006 to 2011 9015
Tap and puddle water (Mpala 3.36 -0.01 ._ R Li et al,
central Kenya) (2.33 to 4.39)  (=0.01 to -0.003) IRMS 2012 (un-Jub
Precipitation 99 18 ~ Picarro 2012 (Mar) to 2014 Affolter et
(Northwest Switzerland) ' CRDS (Jun) al., 2015
Precipitation (Okinawa Island, -4.81 25.26 ) Pé‘;f];go 2011 (Jan) to 2012 Uechi et
Japan) (-9.88 to -1.05) (4 to 54) (Dec) al., 2019
L 2014 (Jun) to 2018 Tian et
Precipitation (central USA) 6.25 31 0.5275 OA-ICOS (May) al.. 2019
Rain (Indonesia, India, and -5.45 0.04 0.522 RMS 200250;1;4?2 tg)o(gov) Luz et al,
Israel) (-9.03 to -2.53) (0.02 to 0.06) 2008 (Feb to Aug) 2010
Water vapor (south Indian -15.45 13.51 0.532 IRMS 2005 (Dec) to 2006 Uemura et
and Southern Ocean)  (=23.41 to -11.65) (=6 to 46) ' (Jan) al., 2010
e o s T T e
’ ’ (-0.42 to 2.43) (-0.01 to 0.0038) 2010
Northern Red Sea)
Snow Surma et
(Mt.Zugspitze. Germany) (-21.7 to -8.3) 17 to 62) - IRMS - Al 2021

37



Snow, ice -17.34 0.02 Luz et al.,
(Canada, Montenegro) (-26.11 to -5.44) (-0.01 to 0.04) 0.529 IRMS 2009, 2010 2010
High-latitude precipitation
-41.77 32.33 Landais et
Vapor (NEEM, Greenland) (4463 to -38.33) (15 to 48) 0.528  IRMS 2008 (Aug) al. 20122
Snow precipitation -29.60 35.67 Landais et
(NEEM, Greenland)  (-35.53 to -24.33) (23 to 43) IRMS 2008 (Aug) 1 on12a
Firn core -32.17 49.70 ~ IRMS 2003 (Jan) to 2005 Landais et
(NEEM, Greenland) (-38.80 to -26.70) (30 to 73) (Aug) al., 2012a
Snow pit (Vostok) -57.13 (_367 fj o - RS 1949 to 2008 W;llnklzeorlgt
(-61.20 to —51.39) N
Sgégiceshj;o‘:tgjgetfﬁ)ggren -34.30 34.95 Ry 2009 (Deo) to 2010 Pang et
B N (-58.69 to -17.60) (9 to 51) (Jan) al., 2015
Snow (transect from Syowa -47.26 24.82 B RMS B T;}Jzaelm]
to Dome Fuji) (-56.69 to —-30.20) (6.1 to 43.8) 2016"
-58 Landais et
Ice core (Vostok) (=50.74 to -62.05) 2431 (-6 to 54) - IRMS 150ka years AL, 2008
44.5
Surface snow -41.27 Landais et
(Vostok, Antarctica) (-28.23 to —-51.03) (25 to 62) 0.528 IRMS B al., 2008
Snow or ice Luz et al.,
(Dome F, Antarctica) 0842 0.006 j IRMS j 2010
Ice core 9.15 to 33.78 ka Winkler et
(Talos Dome, Antarctica) 41.67 to ~36.52 j 05278 IRMS age al., 2012
Schoenem
. -35.44 25.22
Ice core (WAIS, Antarctica) (~42.68 to -31.61) (2.9 to 38.46) - IRMS 25 ka ann2 Oeltgal.,
-39.56 Schoenem
Ice core 14.28
: (-42.92 to 0.5313 IRMS - ann et al.,
(Taylor Dome, Antarctica) _3736) (-1 to 28) 9019
Ice core -31.31 19 R ) SSEOS?ZT
(Siple Dome Antarctica) (-36.21 to -24.02) (8 to 27) 9019 h
Snow precipitation _ _ B 2000 Landais et
(Vostok, Antarctica) 6847 to =50.51 27 1o 29 05308 IRMS (Feb-Oct) a%, ZOIU%]b
L ouze
Snow prec1p1tat1.on 585 to ~52.6 B 05260 IRMS 1999 (Dec) to 2000 et al.
(Vostok, Antarctica) (Jun) 2016
Ice core Winkler et
(Dome C. Antarctica) 56.48 to —46.639 - 0.5294 IRMS 7.61-24.8 ka age al.. 2012
Snow precipitation ~55.58 18.43 05087 RS 2010 Tgfijﬂ
(Dome C, Antarctica) (-69.63 to -38.89) (-11 to 47) ' (Sep—Nov) 2016’
Snow ~54.25 31.64 sosr g 2010 Do) o 2011 Tgtuzf
(Dome C, Antarctica) (-61.35 to -48.19) (14 to 47) ' (Deo) 2016”
Snow pit ~51.14 3168 0528 RS ) T:t“ijuq
(Dome C, Antarctica) (-55.31 to -46.06) (17 to 51) ' 2016"
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Abstract: The triple oxygen isotopes ('°0, 70, and 0} are very useful in hydrological and elima-
tological studies because of their sensitivity to environmental conditions. This review presents an
overview of the published literature on the potential applications of 70 in hydrelogical studies.
Dual-inlet isotope ratio mass spectrometry and laser absorption spectroscopy have been used to
measure 7O, which provides information on atmospheric conditions at the moisture source and
isotopic fractionations during transport and deposition processes. The variations of 5170 from the de-
veloped global meteoric water line, with a slope of 0.528, indicate the importance of regional or local
effects on the 170 distribution. In polar regions, factors such as the supersaturation effect, intrusion
of stratospheric vapor, post-depositional processes (lecal moisture recycling through sublimation),
regional circulation patterns, sea ice concentration and local meteorological conditions determine the
distribution of 170-excess. Numerous studies have used these isotopes to detect the changes in the
moisture source, mixing of different water vapor, evaporative loss in dry regions, re-evaporation of
rain drops during warm precipitation and convective storms in low and mid-latitude waters. Owing
:cnr::ilc:tf:?; to the large variation of the spatial scale of hydrological processes with their extent (i.e., whether the

Ctabboare T ek il processes are local or regional), more studies based on isotopic composition of surface and subsurface
: Myamgerel, Y % A

Kim, M ; Koh, ID;; Leg, |. Review on
Applications of ¥ (Vin Hydrological
Cycle. Molecules 2021, 26, 4465, circulation models.

water, convective precipitation, and water vapor, are required. In particular, in situ measurements
are important for accurate simulations of atmospheric hydrological cycles by isotope-enabled general

https:/ / doi.org/ 10.3390y/
mobecules26154468 Keywords: 17 O-excess; kinetic fractionation; stable water 1sotopes
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x50 oa WatAdrd HEFALE GA Ak webd, Wadde] HERAse] 54
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Several publications concerned with rare earth element behavior and /or distribution have
been reviewed in order to determine geochemical processes that likely exert controls on the
REE concentrations and fractionation patterns in groundwaters and to test whether these
elements can be useful tracers of groundwater-rock interaction and groundwater flow paths
in small size catchments. An ICP-MS (Inductively Coupled Plasma Mass Spectrometry),
equipped with an ultrasonic nebulizer and active-film multiplier detector, has been used to
attempt to determine rare earth elements directly in groundwater. As a consequence there
have now been an increasing number of studies dedicated to the geochemistry of dissolved
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REE. This review focuses on distribution of rare earth elements in groundwater and rare
earth elements as groundwater geochemistry tracers. In the end, REE is depicted as a

geochemical tool for ice core study to track source regions of particles.

1. Korean Ezth Sci. Soc, v. 42, no. 4, p.

JE3-389, Augst 2021 IS5 1225-6692 {printed edition )
hitps:{doborg/ 105467/ JKESS 2021 42 4383

IS5 2287-4518 (electronic adition)

Distribution of Rare Earth Elements and Their Applications as Tracers for
Groundwater Geochemistry - A Review

Heejin Hwang', Yalalt Nyamgerel, and Jeonghoon Lee®*

_ Korea Polar Research Indifute, Incheon 21990, Korea
“Depatment of Science Education, Ewha Womans University, Seoul 03760, Koea

Absiroct: Several studies investigating the behavior and environmental distribution of rare earth clements: (REEs) have
been reviewed to determine the geochemical processes that may affect their concentrations and fractionation patterns n
groundwater and whether these elements can be wsed as tracers for groundwater-mck interactions and groundwater flow
paths in small catchments. Inductively coupled plasma-mass spectrometry (ICP-MS), equipped with an ultrasonic nebulizer
and activefiltm multiplier detector, is routinely used as an anabvtical technique to messwre REEs in groundwater,
facilitating the analysis of dissolved REE geochemistry, This review focuses on the distribution of REEs in groundwater
and their application as tacers for groundwater peochemistry, Our review of existing literature sugpests that REEs in ice
cores can he used as effective tacers for stmespheric particles, aiding the identification of source regions.

Feywords: rare earth element, groundwatersock interaction, grommdwater flow paths, ice core study
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Polar snow and its accumulation preserve valuable information derived from atmosphere on past
climate and environment changes in favorable resolution particularly in coastal sites. Amundsen Sea
sector of West Antarctica is known as a critical site related to the ice losing from coastal ice shelves
due to the intrusion of circumpolar deep water coupling with variabilities in regional winds (Dinniman
et al. 2012, Mouginot ef al 2014). Ice coring in coastal Antarctic areas have been rising in recent
years in the context of ice-ocean-atmospheric interaction (Mulvaney et al 2021, Neff, 2020).
Particularly, the region closer or center (coasts of Amundsen and Bellingshausen Sea) to the warming

and melting spot is recommended for additional records (Steig and Neff, 2018).

A site-based information and evaluation of isotopic and chemical compositions are significant
to examine the present-day snow compositions and its differences at regional and/or local scales and
applications to the interpretation of the paleoclimate records (Stenni ef al/ 2000; Tuohy et al 2015;
Stenni ef al. 2017). Thus, there is a need to improve site-based data to refine the interpretation of

paleoclimate record due to significant spatial and temporal variabilities in snow accumulation and air
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temperature (Masson-Delmotte et al 2008) and the sparse instrumental data (Stenni ef al 2000; Tuohy
et al. 2015). This study aims to characterize the isotopic and ionic compositions of snow deposited in
seashore near to Amundsen Sea. High snow accumulation in the coastal site allows more
high-resolution information in the chemical and isotopic compositions in the snowpit The statistical
summary and the correlation matrix for the snowpit shown in table 6.1 and 6.2. Decreasing trend in
the snow layer as depth increases (Figure 2) and the increasing depth (Figure 3) were shown. The
vertical profiles of the isotopes and ions were shown in figures 6.4, 6.6, and 6.7. Figure 6.5 show the

meteorological parameters in the period corresponding to the snowpit age.

A 2.5-m deep snowpit excavated from the coastal ice rise (Moore Dome) near Amundsen Sea
region in Feb 2012. THigh snow accumulation was detected in this site based on the seasonal
variations of the MSA, nssSOs together with d®0, dD, d-excess. Relatively warm and variated
meteorological condition in austral winter in 2011 was traceable in the variations of &'®0, 8D, and
d-excess. This study state that the high snow accumulation in this site would allow sub-annual

variations in climatological and environmental changes in longer ice cores from this location.

T

West Antarctica

West Antarctic Ice Sheet

f

Marie Byrd Land

Fig 3.6.1. Location of a snowpit (red rhombus symbol) at Moore Dome ice rise in Bear Peninsula, West
Antarctica. Ice rises (colored in yellow) are shown, and the map is generated by the Quantarctica GIS
package.

Table 3.6.1. Mean, standard deviation, minimum, maximum values of isotope (%) and ions (ueq/L).

Variables Mean Standard Deviation Minimum Maximum
oD -107.11 21.97 -156.65 -70.96
5'%0 -14.05 2.83 -20.85 -9.03
d-excess 5.27 3.05 0.25 11.76
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Na' 9.31 9.65 0.27 64.95
NH," 0.25 0.13 0.06 0.57
K" 0.21 0.25 0.00 1.57
Mg? 2.20 2.15 0.26 14.00
Ca* 0.52 0.43 0.07 2.40
MSA 0.40 0.45 0.01 1.68
Cl- 11.67 12.44 0.43 83.69
SO 1.88 1.61 0.19 7.69
nssSO4> 0.76 1.05 -0.43 3.53
NO; 0.47 0.37 0.07 1.86

Table 3.6.2. Correlation matrix for the isotopes and ions in the snowpit. Correlation coefficient values
larger than 0.4 are underlined.

D
oD 1.00
"0 0.99
d-excess -0.15
NO;™ 0.09
cr -0.22
S0/~ -0.26
MSA -0.26
Na* -0.21
NH, 0.18
K* -0.19
Mg** -0.23
Ca™* -0.21

"0

1.00

-0.28
0.02

-0.25
-0.31
-0.30
-0.24
0.12

-0.22
-0.26
-0.24

d-excess

1.00
0.51
0.26
0.45
0.38
0.27
0.45
0.27
0.28
0.30

NOs~

1.00
0.04
0.04
-0.10
0.05
0.50
0.08
0.05
0.05

cr

1.00
0.76
0.32
1.00
0.35
0.99
1.00
0.95

SO+
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MSA

1.00
0.32
0.42
0.30
0.34
0.37

Na*

1.00
0.36
0.99
1.00
0.95

NH,

1.00
0.39
0.37
0.43

K

Mg2+

Ca2+

1.00
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Fig 3.6.2. Vertical profiles of snow temperature
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Fig 3.6.3. d"*0-dD diagram of the snowpit with Global meteoric water line (Craig, 1961)
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Fig 3.6.5. Daily mean and 15-point running averaged (grey line is 60 day-averaged for air temperature
data only) meteorological data between Jan 2011 to Dec 2012 in Bear Peninsula AWS with monthly

mean SIE data.
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High snow accumulation observed by chemical and isotopic compositions

in a coastal ice rise in the Amundsen Sea, Antarctica
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Snowmelt is an important component in the hydrological cycle and water management, and is under
the influence of changing climate and meteorological events. In recent decades, a declining trend has
been reported in snow cover, glaciers, and permafrost in many regions due to climate change (Hock et
al.,, 2019), particularly, more significant for small glaciers such as European Alps (IPCC, 2019). Changing
snow and glaciers further affects the amount and seasonality of runoff in snow-covered and
glacier-fed basins, and induces challenges to water sources and agriculture (IPCC, 2019; Pan et al,
2018). In this context, water isotopes have been commonly used as tracers for hydrometeorological
studies. Hence, it is necessary to better understand the isotopic evolution of snowmelt during the
ablation period which further improve the quantification of hydrographic separation. Therefore, the
present study examines the temporal changes in the isotopic composition of meltwater from a

snowpack with isotopically distinct layers caused by meteorological conditions.

A one-dimensional model is used to simulate the isotopic variations of the meltwater by
varying the initial isotopic compositions of the snow layers and parameters such as the effectiveness

of exchange (¢), the ice-to-liquid ratio of the exchange system (f), and the water saturation (9.



Modelling and experimental parameters have been shown in table 7.1 and 7.2. The isotopic evolution
for both homogeneous and heterogeneous snow layers are shown in figure 7.1. Experimental data was
modelled in the figure 7.2. The parameter sensitivities are represented in the figure 7.3 and 7.4. Based
on the modelled data on sensitivity analysis, the slopes of 6D vs. &80 were shown in table 7.3. This
study also summarizes the isotopic variation in meltwater and its contribution to runoff reported in

field observations.

The isotopic evolution is shown to be sensitive to the initial layering of enriched or depleted
snow in the snowpack, and to the extent of isotopic difference of the layers. In addition, more distinct
patterns are observed in the isotopic evolution as the ¢ and f values are increased; particularly, a
significant modification is observed in the bottom layer that is altered by the enriched top layer,
thereby further affecting the pattern of isotopic evolution. The isotopic heterogeneity is suggested as a
significant factor in the isotopic evolution of meltwater, even, various other influencing factors are
considered in under natural conditions. Due to the close dependence of snow and glacial upon climate
change, the present study is expected to support for further hydrometeorological studies particularly in

snow-dominated regions.
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Table 3.7.1. The model parameters used in the present simulation

Parameter Value Source
Gravitational acceleration (g), m s 9.8 -

Viscosity (n), N s m? 1.793 Kestin et al, 1978
Intrinsic permeability (k), m™ 22 x 107 Colbeck, 1982
Density of ice, g cm* 0.917 -

Density of water, g cm™ 1.000 -

R (D/H)vsmow 1.5576 x 107 Hagemann et al, 1970
R ("*0/"°O)vsmow 2.0052 x 107 Baertschi, 1976
Equilibrium fractionation factor (a) for hydrogen 1.0195 O’Neil, 1968
Equilibrium fractionation factor (o) for oxygen 1.0031 O’Neil, 1968
Water saturation (S) 0.06 Taylor et al., 2002
Porosity (¢), % 0.57 Taylor et al., 2002
Irreducible water content (S;) 0.04 Jordan, 1991
Fraction of ice involved in isotopic exchange (f) 0.3 Taylor et al., 2002
Dimensionless rate constant of isotopic exchange (V) 3.0 Taylor et al., 2002
Initial 0D for the two layers, %o —87.7 and —114.9 Lee et al., 2010
Initial 8'°0 for the two layers, %o —12.6 and 16 Lee et al., 2010




Table 3.7.2. The calculated and experimental values obtained from Hermann et al. (1981) and Taylor et
al. (2002).

Parameter Value Source
Bulk density (average of two layers), g cm” 0.397 Herrmann et al., 1981
Snowpack height, cm 35 Herrmann et al., 1981
Specific discharge, cm h™' 0.2 Herrmann et al., 1981
Porosity 0.58 Calculated
Percolation velocity, cm h™' 3.53 Calculated
Water saturation (S) 0.06 Taylor et al., 2002
Initial 3D (top layer), %o -141.4 Herrmann et al., 1981
Initial 8D (bottom layer), %o —124.8 Herrmann et al., 1981
Mass of liquid (a), g cm™ 0.06 Calculated
Mass of ice (b), g cm™ 0.50 Calculated
f 0.3 Optimized
\ 3 Optimized
k, h' 0.30 Calculated
v 0.73 Calculated
Ea T o e
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Fig 3.7.1. The modelled isotopic evolution of the meltwater by varying the isotopic difference between
two layers: (a) o D; (b) o '0. The thick black lines represent the homogeneous layer with & D
(-114.9%,) or &0 (-16%); the thin lines are the simulations for an enriched top layer and depleted
bottom layer, and the dashed lines are the simulations for a depleted top layer and enriched bottom
layer.
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Fig 3.7.2. A comparison of the present model results (solid lines) with the experimental isotopic
composition of meltwater according to Herrmann et al.,, 1981 (red circles). The red line is the good fit
to the observed data. The grey circles represent outlying experimental data points that were excluded
from the model fitting.
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isotopically-enriched top layers and depleted bottom layers.
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Fig 3.7.4. The simulated evolution of the &0 value of meltwater as a function of the fraction (F) of
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Table 3.7.3. The slopes of 6D vs. &80 with various f, ¢, and S values (Dep = depleted, Enr

enriched).

Layer sequence f = 0.1 f=103 f=105 f=107 f=109

Dep-Enr 6.85 7.60 6.37 6.04 5.81

Enr-Dep 6.87 7.97 6.07 5.98 6.03

Laver sequence ¥ = 0.3 Y = Y = Y = Y =15 Y =30
Dep-Enr 6.85 7.66 7.20 6.79 6.80 6.82
Enr-Dep 6.87 8.37 8.26 6.77 6.79 6.82
Layer sequence S = 0.06 S = 0.09 S =0.1 S =05 S =08

Dep-Enr 6.85 6.90 6.92 7.35 7.52

Enr-Dep 6.87 6.99 7.03 7.92 8.05




Table 3.7.4. The isotopic variation in meltwater and its contribution to runoff reported in some studies

o Melting
Location Sample type $'*0 and/or D Contribution to season and Reference
runoff study period
Permafrost catchment, 184 _ o 10 . Carey &
0 ree esearc nowmelt o : uinton,
Wolf Creek R h S | 5°0 25.9%0 to 21% of total April to June Qui
Basin, Yukon, Canada —23.8%o0 freshet 2002 2005
Granger Basin within 184 _ . 32% based on . Boucher
Wolf Creek Research Snowmelt i 912;8 1_5;“18%0’ oD 5"%0; 23% ?(%;gl to July and Carey,
basin, Canada resoo based on 8D 2010
Western Mongolia Late June
- . 15.4-18.7% Pan et al.,
g;[s)ilile)r Khovd River Glacier melt - (2000-2016) aj‘ﬁ{iy early 2019
Changbai Mountain 380 = —18.83%o to .
area, semi-arid region Snowmelt 12.38%0; 6D = 14.4% to 59.8% ?&r(l)l to June, gggg et al,
in China ~134.5%0 to —85.34%o
: . . 3"%0 = ~18.3%o to 2011 to 2012
e s basin, - Glacer Py 5 T s 090 % mual dy QM
W ~136.0%0 to —126.8%o year) »
High and Mid Atlas 380 = —10.0%0 to Rhouiiati et
Mountain region, Snow —2.4%0; 8D = —72.6%0  47% - oL o091
Morocco to —11.6%o ”
0, 0,
isilnosvgﬁtﬁg}feR‘(’)Vjﬁ‘;rShed Snowmelt 30 = —18.27 + Zlg'rfné ﬁeﬁfﬁ‘; % Melting out  Millet et
Mountains, China (event) 0.52%o event by June al., 2021
Snowmelt: §'%0 =
—14%0 to —4%o0 (mean
Upper Ganea River = —11.4%0); 8D = Snowmelt: During
neI;I; snout gof the Snowmelt and  —103%o to —27%o 59.6% ; ablation Rai et al.,
. . . lacial melt (mean = —78.2%o) Glacial melt: eriod, 2004 2019
Gangotri Glacier, India & p
& ’ Glacial melt: 30 = 36.8% to 2005
—18.5%0; 6D =
—132.8%0
Forested (disturbed and Precipitation " "
. . 7 — 0, = 0,
undisturbed) mountain (Snow and ) 00 ‘ 14.1_60 to ) (?) . 29/3 to May to Vystavna et
catchment, Sumava rain) in the —8.1%0; 6D = 65 %; 6D = Ocfober al. 2018
National Park, Czech cold season —100.3%0 to —54.0%0 38% to 53% ”
Republic
Himalayan River Glacial, snow 30 = —9.6%o to 15-64% _ Maurya et
(Satluj), India melt —24.7%0 - al., 2018
Beas basin, western Snow/Glacial 5180 = —10.05% 50% to annual April to June, Ahluwalia
Himalaya, India melt 0700 runoff 2010-2011 et al., 2013
High elevation 3'%0 = —18.8%0 (early  35% (early melt . .
catchment of Snowmelt melt event) to —17.9%0 season) to 75% April to June  Schmieder
Rofenache stream, Alps (peak melt event) (peak season) 2014 et al, 2016
Bridge Creek . .
. . Snow/Glacial 8D = -26.1 to o March April Penna et
g‘ﬁggﬁgﬁ in Italian melt 202.0%o 58-72% 2011 to 2013 al, 2016
Tizinafu glacier river
in north Kunlun Ice meltwater — — 28.31-65.43% 2011-2012 12:31115“ al,
Mountains, China
. Snowmelt: §'%0 = . 170
Saldura river catehment g, molt and — —15.62% to —14.09%  onoWMelt 33% iy o guly  Engel et
in the Eastern Italian glacial melt Glacial melt: §'°0 = Gl(;amal melt: 2011-2013 al., 2016
Alps C1533% to —13.86%  0°7° ’
Wind River Range
watershed, American  Glacial melt ~ — 53-59% 20072008 Gable et

Rockies
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Styx ice core sections were decontaminated before the trace element analysis. Because of the
low concentration levels of trace elements in Antarctic snow and the vulnerability to contamination,
mechanical decontamination procedure is required before analysis (Hong et al., 2003). The internal part
of the ice cores considered to be less contaminated and restored the true concentration (Han et al.,
2020). The ice core section between the depth of 4.32 to 9.87 m were manually decontaminated by
removing the outer ~ 1 cm layer using cleaned ceramic knives (Kyocera, Japan). Decontamination
procedure was followed an ultraclean procedure (Han et al.,, 2020). Density of the ice core section was
ranged between 460 to 510 kg/m®. Average length of the ice core sections was 0.43 m, and the ice
core sections were cut into appropriate subsections to be held in plastic holder during decontamination.
Dimension of the ice core sections were 3.5 X 4.25 cm cross section, average 15.5 cm in length for
the ice core depth between 4.32 m to 7.07 m. For the depth between 7.17 m to 9.87 m, the ice cores
dimensions were 5.8 X 5.8 cm cross section, average 21.3 cm in length. Sample cutting resolution was

averagely 5.5+1 cm. Cutting resolution was varied depending on the conditions of the ice core section.

Decontamination, sample preparation, and analytical procedures were performed in the clean
facilities at KOPRI. All utensils used in the sample preparation was pre-cleaned and this procedure was
successfully used for trace element analysis in ice (Han et al.,, 2020). All analytical instruments were
placed within a Class 10 laminar flow clean booth inside a Class 1000 clean room at KOPRI. Ultrapure
water (18.2M 2 -cm resistivity) produced by a Millipore RO water purifier (Model Elix-3) with a Milli-Q
system (Milli-Q Academic, Millipore Corp, Darmstadt, German) was used in various steps in cleaning
procedures. Sub-boiling ultra-pure water (DuoPUR, Milestione, Sorisole, Italy) was used for preparation

of blank and standard solutions.

The ice core samples were melted at room temperature in the LDPE bottles (500 ml or 1000
ml bottle) inside the Class 10 clean bench. After melting, the samples were acidified to 1% using
ultrapure HNO;~ (Fisher Optima grade nitric acid). Concentrations of trace elements in total 81 samples
were analyzed by Inductively coupled plasma-sector field spectrometry (ICP-SF-MS, Element2, Thermo

Fischer Scientific, Germany) equipped with Apex high-sensitivity inlet system (Apex IR, Elemental
59



Scientific Incorporated Omaha, Nebraska, US) at KOPRI.

Multi standard calibration was used and Rh was used as an internal standard. A certified
reference material SLRS-6 (Certified Riverine Water Reference Material by National Research Council,
Ottawa, ON, Canada) were diluted and analyzed for analytical accuracy. The analysis on SLRS6 show a
good recovery within 19% except fo Sb, Tl, Th, U, Al, and Cr. Detection limits were calculated by
three times the standard deviation of eight blank samples (Tables 8.1 and 8.2). REEs and Rb, Sr, Mo,
Cd, Sb, Ba, TI, Pb, Bi, Th, and U were analyzed in low resolution mode. While Al, Sc, Ti, V, Ce, Mn,
Fe, Co, Ni, Cu, and Zn were measured in mid resolution mode. As was only measured in high

resolution mode.

To test the decontamination procedure. Three outside layers were collected, and the outermost
layer was compared to the 2" layer (middle). We note that the amount the third layer was very low
thus the concentration was not able to be compared with outer layer. Trace elements concentration in
the middle layer was lower by 1.03 (Ln) to 73.83 (Cr) times than those in the outermost layer in the
depth corresponding to 4.73 m to 4.97 m. For the depth interval between 7.17 m to 7.57 m, the
concentration decreases by 1.50 (Rb) and 147.54 (Cd) times. The middle layer in 7.82 m to 8.24 m also
show the concentrations 1.51 (Rb) to 32.67 (Bi) times lower than the outermost layer. While the U and
Mn show slightly high concentration (0.17 and 0.12 times high) in the middle layer corresponding the
depth ranges between 6.63 and 6.76 m. Also, at the depth of 7.67 to 7.73 m, some elements (Th, U,
Al, Ti, Fe) increasing concentration in the middle layer. Although it is usually accepted the lower
concentration in inner layers than outermost layer, we state that there can variation randomly due to
the mechanical handling (chiseling length may differ). Moreover, the inner sample corresponding to the
7.67 m depth had high concentration, thus it can be expected that more chisels from this depth
collected in middle layers. Age dating for the depths correspinding to the trace elemens samples were

interpolated based on the age scale estimated by water isotopes and ions.

9. 5cm

Fig 5.1. R1 and RO (half of it) section that used for trace element analysis
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Fig 5.2. Chiselling procedure of the portions of Styx-M ice core for trace elements analysis and the

class 100 clean bench in a cold room at KOPRI.

Fig 5.3. Inner layer with diameter of ~1-1.2 cm after chiselling for the depth sections between 4.2 to
6.2m

Fig 5.4. Inner layer with diameter of ~3 cm after chiselling for the depth sections between 6.2 to 9.8m

Table 5.1. Mean, standard deviation (SD), median, max, min, and DL in pg g™! of trace elements

Element Mean SD Max Min Range n DL
1 Rb 15.37 19.92 94.81 0.99 95.64 81 0.010
2 Sr 286.90 677.62 3609.80 1.80 2002.92 81 0.042
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3 Mo 4.04 15.55 129.90 0.07 1960.17 81 0.030
4 Cd 2.48 2.32 14.12 0.51 27.77 81 0.018
5 Sb 0.43 0.68 4.75 0.05 89.77 81 0.024
6 Ba 38.58 56.40 382.17 2.65 144.01 81 0.063
7 Tl 2.09 17.09 153.97 0.02 7810.11 81 0.009
8 Pb 52.41 120.07 901.22 1.85 487.32 81 0.342
9 Bi 0.08 0.08 0.43 0.01 55.48 75 0.005
10 Th 1.05 1.99 14.06 0.02 872.94 81 0.001
11 U 0.28 0.49 2.71 0.00 828.42 80 0.003
12 Al 3246.28 7777.26 60846.28 7.30 8330.47 80 0.755
13 Ti 261.15 475.95 2586.57 0.49 5273.71 81 0.148
14 \% 6.39 10.12 46.59 0.01 4689.26 78 0.013
15 Cr 10.25 33.63 262.41 0.14 1839.56 62 0.073
16 Mn 125.39 212.02 1534.14 1.02 1503.91 81 0.020
17 Fe 2757.99 4950.40 30529.82 3.14 9730.39 81 0.861
18 Co 5.06 9.61 78.81 0.06 1378.03 81 0.014
19 Ni 1139.35 2723.20 15699.84 3.96 3963.45 81 0.522
20 Cu 164.07 505.95 4156.93 1.12 3700.62 81 0.194
21 Zn 1336.42 1161.55 6088.50 23.38 260.36 81 1.101
22 As 4.98 3.89 29.89 0.78 38.33 73 0.322
Table 5.2. Mean, SD, median, max, min, and DL in pg g ! of rare earth elements
n

Element Mean SD Max Min Range DL

1 Sc 0.69 1.01 5.52 0.03 218.29 64 0.024

2 La 3.98 8.16 53.40 0.03 1861.90 81 0.002

3 Ce 8.59 18.63 104.65 0.06 1614.49 81 0.003

4 Pr 0.87 1.79 11.53 0.01 1972.20 81 0.002

5 Nd 3.37 7.26 47.34 0.03 1585.25 80 0.037

6 Sm 0.58 1.25 7.17 0.01 1095.65 81 0.005

7 Eu 0.13 0.31 2.03 0.00 468.47 75 0.004

8 Gd 0.54 1.14 6.56 0.01 487.95 75 0.012

9 Tb 0.07 0.15 0.89 0.00 635.25 76 0.001

10 Dy 0.39 0.86 5.06 0.01 818.32 78 0.003

11 Ho 0.07 0.14 0.88 0.00 458.44 79 0.001

12 Er 0.17 0.36 2.26 0.00 1026.70 81 0.001

13 Yb 0.17 0.31 1.91 0.00 715.46 65 0.006

14 Lu 0.02 0.04 0.26 0.00 224.28 75 0.001
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