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SUMMARY

. Title

O Reconstruction of past climate and environmental changes using high

resolution ice core records in Victoria Land, Antarctica

[I. Purpose and Necessity of R&D

O Reconstruction of past climate and environmental changes using high

resolution ice records in Victoria Land

- Victoria Land, near Jangbogo Station, is located at the boundary of
East/West Antarctica. Air is flowing from the Pacific Ocean and Atlantic
Ocean and is also affected by the Amundsen Sea Low (ASL) developing
around the Amundsen Sea. The area is sensitive to climate change
caused by recent global warming. Reconstruction of climate and
environmental changes using the ice cores of this region is necessary.

- The spatial variations of the reconstructed ice records, from the
different regions, are also required to understand the regional
variations of climate and environmental changes in Victoria Land.

- The reconstructed records of past 2000 years include both natural and
anthropogenic (artificial) factors, e.g., the correlation between
temperature and snowfall, an increase in air pollutants flow into the
Antarctica due to the industrialization. Thus, the high-resolution

reconstruction studies for the ice cores are required.
O Reconstruction of past sea ice changes
- Changes in the sea ice area in Amundsen/Bellingshausen Sea and the

Ross Sea are strongly correlated with the Amundsen Sea Low(ASL),

_Xi_



which is reinforced with the increase of the west wind. The recent
increase in sea ice area in Antarctica, which was analyzed based on
satellite measurements, is quite unusual considering global warming,
which is the opposite of the reduction trend in the Arctic sea. These
results should be interpreted in consideration of data before the time
of satellite observation.

- The sea ice area records reconstructed from the Antarctic ice cores
seem to decrease during the 20th century, but the point at which the
sea-ice-area reduction begins varies regionally. The sea ice area
changes before the satellite observation are necessary to improve the
predictability of climate models and understand their relevance to
climate change.

- The aerosol particles captured in the glaciers are variously composed
of naturally and anthropogenically induced particles such as
sedimentary mineral dust, sea salt, volcanic eruptions. They can be
used to reconstruct the record of climate and environmental changes
in the past. However, previous studies had difficulties in interpreting
the reconstructed records because of the lack of knowledge about the
properties of aerosol particles. Probing the characteristics of aerosol
particles and reconstructing the data of regional climate and
environmental changes would improve our understanding of the

atmospheric changes in the Northern Victoria Land.

O Reconstruction of past meteorological variables

- Various studies are attempting to reconstruct the precise temperature
variations from the high-resolution ice core records. For this, the
contributions of various factors (e.g., temperature and humidity at the
regional origin, water vapor pathways), which affect the stable isotope

ratio of water in the ice cores, should be analyzed quantitatively.
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O Developing analytical techniques for the new proxy

- Developing new proxies not used in previous studies is necessary to
improve the competitiveness with the world leaders of ice core
research. For example, the ice cores stored in KOPRI were sampled
from the coastal regions. Thus, the development of a new proxy,
regarding the characteristics of marine aerosol, would be helpful for
the reconstruction of high-resolution climate and environmental

records.

O Quantitative analysis for the behavior of trace gases in the shallow

ice cores

- Recently, many studies have tried to reconstruct the high-resolution
records of greenhouse and trace gases from the ice cores. Thus,
accurate measurements for gas concentrations and age dating are
becoming more critical.

- A precise understanding of the diffusion and the capturing process of
trace gas in the firn layer (50-100m) is required in order to
accurately utilize the trace gas concentrations in the ice cores for the

analysis of paleoclimate changes.

[II. Contents and Extent of R&D

O Reconstruction of high-resolution records of climate and environmental

changes in Victoria Land, Antarctica for the past 2000 years

Age dating of the ice core

* Measuring the water stable isotope ratio (Styx 85-170m, Hercules
Neve 0-80m), then applying to the annual layer counting method

* Establishing and improving the depth-age model by combining ion

concentration, gas age, and tephra age data

* Reconstructing meteorological variables
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Studying the possibility of reconstruct past meteorological variables
(e.g., temperature, snowfall rate)
Understanding the regional meteorological characteristics of Victoria

Land

Reconstruction of marine environment around Victoria Land, Antarctica
Reconstruction of past marine and atmospheric environments using
Na+ and MSA ions in the GV7 firn core
Explaining the presence of F- ion in the GV7 firn core
Reconstructing the high-resolution records of the Styx ice core (e.g.,
insoluble dust, electro-conductivity of melted liquid, ion concentration)
by applying the continuous flow measurement system with a melting
device
Investigation of the marine and atmospheric environments around the
Ross sea, and reconstruction of past records using Na+ and MSA ion
concentrations in the Styx firn core

Cutting the Hercules Neve ice core samples

Studying the changes in atmospheric environment of Victoria Land in
Antartica due to the natural and anthropogenic factors

Analyzing the chemical properties of atmospheric environment in
Victoria Land

Probing the characteristics of mineral dust
Developing analysis technics for new proxies
Development of a analysis method for halogen elements in trace

levels

Antarctic field program

2018/19 summer season Tourmaline Plateau field program
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O Reconstruction of meteorological changes after the maximum

interglacial period using Greenland ice cores

Reconstruction of the high-resolution records of the post-Eemian

climate and environmental changes using Greenland ice cores

* Decontamination of the NEEM deep ice cores through physical cutting

* Analysis of Pb and St isotopes using the thermal ionization mass
spectrometer (TIMS)

* Probing the regional origins of atmospheric aerosols after the

post-Eemian from the NEEM deep ice cores

Probing the regional variation of the amount of trace element influx

* Reconstruction of changes in the past 300 years of the atmospheric
aerosol flux in the northwestern Greenland (NEEM ice core)

* Probing the seasonal variations of the atmospheric aerosol flux in the

northeastern Greenland (EastGRIP)

[V. R&D Results

O Reconstruction of high-resolution records of climate and environmental

changes in Victoria Land, Antarctica for the past 2000 years

- Age dating of the ice core

* Improving the depth-age model of the GV7 ice core (78m) with the
volcanic record. Performing the annual layer counting (ALC) for the
water stable isotope ratio data from the Styx ice core(170m).
Reconstructed records from the Styx ice cores present a significant
regional variation locally and the annual layers are not well preserved
mainly due to the influence of downhill winds. Thinning, due to the

glacier flow, seems to occur bottom of the ice core. Thus, the
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depth-age model for the Styx ice cores should be improved based on
the chronological indicators such as volcanic activity.

Water stable isotope ration analysis for the Hercules Neve ice core
(80m) was completed, and the depth-age model is established by ALC.

The annual layers seem to be relatively well preserved.

Reconstruction of meteorological factors

Estimate the path of air flux into the drilling sites using the
meteorological reanalysis data and the back-trajectory analysis

If comparing the meteorological variable (temperature) of the
reanalysis data and the AWS observation, the observed values are
higher but well reproduce the temporal variations in case of the Styx
ice cores.

The variations of water stable isotope ratio of the Styx ice cores do
not present a strong correlation with the temperature fluctuations.
This result might be due to either the poor retention of surface snow
or the relatively strong contributions of other factors (e.g.,
temperature) to the water stable isotope ratio.

The amount of snowfall in the Hercules Neve region is estimated to

be 18.8+4.7cm y' (water equivalent).

Reconstruction of marine environment around Victoria Land, Antarctica
The variation of MSA ion concentration in the GV7 firn core presents
a significant correlation with those of the sea ice in Ross Sea, Indian
Ocean, and the western Pacific boundary regions at the spring season.
The possibility of reconstructing the volcanic eruption events from the
F- ion concentrations of the GV7 firn cores was confirmed, and the
characteristics of F- ion concentration decrease was investigated.
These results were compared with the F- ion concentration data from

the Styx firn core.
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* Continuous flow analysis method was applied to reconstruct the
high-resolution environmental records (e.g., insoluble dust
concentration, electric conductivity of melted liquid), the
semi-continuous on line measurement system was used to measure
the ion concentration.

* The MSA ion concentration of the Styc firn cores can be used as a
proxy to indicate the changes in sea ice area of Ross Sea and the
changes of polynya in Ross Sea and Terra Nova Bay as well. The Na+
ion records are closely related with the Antarctic oscillation and the
past climate changes of Amundsen Sea Low (ASL).

* (Cutting the Hercules Neve ice core samples (2015/16)

Studying the changes in atmospheric environment of Victoria Land in

Antartica due to the natural and anthropogenic factors

* Reconstructions for the rare earth element concentrations from the
snow pit samples of the Styx, GV7, and Hercules Neve regions were
carried out.

* The reconstructed record of rare earth element concentrations
revealed that their regional origins were similar and significantly
affected by nearby regions during 2010 to 2014.

* The rare earth element concentration records were reconstructed
from the Styx and GV7 ice cores.

* Reconstructed records of ion concentrations in the Styx and GV7 ice
cores, which indicate volcanic activities, were used to the age dating
of them.

e Reconstructed Pu concentrations in the 1950-1060, obtained from the
Styx and GV7 ice cores, present that the clear evidence of nuclear
experiments can be confirmed even in Antarctica.

* The single particle analysis method using the microscopy and

spectroscopy was developed to establish the analyzing method for
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volcanic particles in the ice cores.

Developing analysis technics for new proxies
* The analysis method for trace level ions using ICP-SFMS was
established, and it was used to reconstruct the halogen ion

concentrations from the GV7 ice cores.

Antarctic field program
* Sampling the surface snow and firn core samples, shallow ice core
drilling, and atmospheric water vapor measurement were carried out

in 2018/19 summer season Tourmaline Plateau field program.

Antarctic field program
* Sampling the surface snow and firn core samples, shallow ice core

drilling, and atmospheric

O Reconstruction of meteorological changes after the maximum

interglacial period using Greenland ice cores

Reconstruction of the high-resolution records of the post-Eemian

climate and environmental changes using Greenland ice cores

* Decontamination process of the NEEM deep ice cores through physical
cutting is completed. Fractionation of the instrument was not verified
from the analysis results of Pb and Sr isotope standard samples.

* Variations in Br, Pb, and Sr concentrations in the NEEM deep ice
cores are consistent with the climate change patterns (repetitive
stadial-interstadial) over the last 100,000 years.

* The effects of China's Taclimakan Desert and North Africa's Sahara

Desert were verified from the the changes in regional origins of

aerosols reconstructed from the Pb and Sr isotopes of the NEEM ice

cores.
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Probing the regional variation of the amount of trace element influx

* Reconstruction of As, Cr, Mn, Mo, Rb, Sr, and V records over the past
300 years from the Greenland NEEM shallow ice cores.

* Decrease of Al concentration and the strong correlation between As
and Cu production after the little ice age (LIA) were confirmed.

* The water stable isotope ratio, ion and halogen concentrations, and
trace metal analysis from the snow pit sample obtained from the
EastGRIP camp show the rapid increase in the proxy concentration of
crust dust in the spring season. On the other hand, the
concentrations of MSA and halogen elements (Br, I), which indicate
ocean productivity, increase in autumn and summer, respectively.

* Anthropogenically induced disturbance in the geochemical cycle was

verified from the changes in the enrichment factor (EF) of the trace

metals.

V. Application Plans of R&D Results

O Reconstruction of high-resolution records of climate and environmental

changes in Victoria Land, Antarctica for the past 2000 years

* Comparison with the latest research result, Antarctic2ZK of PAGES2K,
and searching for the utility of data merging

* Identify the intervals where large-scale environmental fluctuations
were found during the reconstructed period (e.g., 1750-1850), and
probing the cause of large-scale environmental fluctuations and
discovery of new research topics based on the general circulation
model and chemical transport model.

* Research of the Antarctic and Ross Sea dipole phenomena based on

the reconstructed records of the sea ice area
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O Reconstruction of meteorological changes after the maximum

interglacial period using Greenland ice cores

Explain why the high-resolution studies of the ice cores of the
Greenland Summit region are necessary

Provide the fundamental data for the past atmospheric circulation
models

Precise reconstruction of the climate change records from the ice

cores using lately developed proxies
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19 3.1.5 Sea ice concentration
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nssSO~ (non-sea salt sulfate) = SO (S04 /Na)seawaer*Na', (S04 /Na seawater
=0.251

nssCa®’ (non-sea salt calcium) = Ca® -(Ca”/Na)sawaer*Na',(Ca®’/Na" )seawater=0.038
EFSO, (Sulfate  enrichment  factor  with  respect to sea  water
composition)=(SOs* /Na )sampie/(SOs* /Na")scawater

EFCa® (Calcium  enrichment  factor  with  respect to sea  water
composition)=(Ca*/Na")sumpie/(Ca®’/Na")seawater

Theo-H'=Anions sum (equivalent concentration) - Cations sum (equivalent
concentration)

Blue and red dot lines: Austral summer season
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19 3.1.6 Concentration variations of oxygen isotope, Na+, nssSO,*, nssCa”’,
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firn core (5-10 m)

19 3.1.9 Variations of hydrogen isotope, Na+, nssSO.*, MSA from GV7 (C)
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19 3.1.17 Mineral dust records in GV7 (C) core (S2 Section)
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Plasma-Sector Field Mass Spectrometer, Element 2, Thermo Fisher
SCIENTIFIC, Germany)=Z = 43}% Ala =YL AsAE FY7] (SC-4DX,

ESI, USA)¢} PC3 (Cyclonic Peltier-cooled spray chamber, ESI, USA)Z o] Fo] 4]
HHEZES SHA fAI8k7] 918, 24 AlA"E 2% ZA

Fqsho]

S|

4 A

o

9ltH(Table.l). A& &
(HNOy), 299 SHTMilli-Q)&

Hatnd st 925¢ 2

il

1

R

SHA
Bri= 4774 pg g, 19| A&3AE 0011 pg g '& Helth
3 3.1.1 Instrumental conditions and measurement parameters for the ICP-SFMS

and the cyclonic Peltier-cooled spray chamber.

Element2-PC3

conditions/parameters

Sampler/skimmer cones
Sample injector

Spray chamber

Ni sampler/skimmer cone (X type)
Sapphire injector
PFA Teflon/Cyclonic spray chamber

Nebulizer PFA microflow nebulizer (400 pL-min™)
RF Power (w) 1450
Gas flow rates
ICP-SFMS Cool (L min™) 16.00
Auxiliary argon (L min™) 0.85-0.95
Sample argon flow (L 09-1.0
min’)
Rinse out time (s) 30
Take-up time (s) 40

Resolution

medium (m/Am) ~ 4000

Oxide rate

Runs and Passes

Isotopes

U238016/U238 < ~ 2.0 %
3x3

23Na, 79BI‘, 1271, 129Xe
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3 3.1.2 Comparative determination of halogen in Certified Reference Material

(BCR-611)
Detection limit This study Certified values Recovery
Element 1 1 1
(pg g7) (pg g7) (g g) (%0)
Br 47.7 89761.8 + 374 107000 83.9
I 3.1 8723.7 + 5.41 9300 93.8

19 3.1.19 ICP-SF-MS and PC3
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(3) A4
GV7 C #ojol Al Na®l Hitw %t 2558 ng g 'olm, 267 - 42695 ng g*‘sﬂ 5

T HYolt} oleaznEIghI(C)R A3 Na 0|29 =29 n1E3% &
St et ~ul A ZRA 7 (ICP-SFMS)E 2413 Nad 5%+ R} 0882 =& A3

WAZF vER T
GV7 C Watzolol A Bro #HytsXEE 1229 pg g-1°1M, 262 - 7459 pg g <]
T Wslolth 9] WitEis 309 pg g o™, 99 - 400 pg g 'l F: Wl

Brat 1o] sl x=dHlol dg sS4 [2bshd el ko] ofd thE wiEdl e
FEFS 7t F AT Brewr = (Br/Na)/(Br/Na)sy ¢ Len=(1/Na)/(I/Na)s©] Al4F]
BE s5Ags olvl &=, 5= iyt sy vde] dva &
B4tk Bre Nadt 22 sl fAAIANE sidolo=E 7oles AT o
™A nssBr = [Br] - (Br/Na)s* [Na] A4t & o]&38te] W83tk Bre, o 3
Ak 124801, 0.37 - 97.949] #S Bt L9 H g2 64399 o™, 40.68
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19 3.1.20 Relationship between Na + (IC) and Na (ICP) and Br and I in GV7C
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3t 3.1.3 Instrumental conditions and measurement parameters for

ICP-SFMS and the desolvation system

the

Element2-Apex HF

Sampler/skimmer cones
Sample injector
Spray chamber

Nebulizer

Ni sampler/skimmer cone (X type)
Sapphire injector
PFA Teflon/Cyclonic spray chamber
PFA microflow nebulizer (100 pL-min™)

RF Power (w) 1250
Gas flow rates
ICP-SFMS
Cool (L min™) 16.00
Auxiliary argon (L min™) 0.8-0.9
Sample argon flow (L min™) 0.8-0.9
Apex_HF
Nitrogen flow (mL min™) 8-10
Rinse out time (s) 30
Take-up time (s) 60

Resolution

Low (m/Am) ~ 300

Oxide rate
Runs and Passes

Isotopes

Calibration

U238016/U238 < ~ 2.0 %
15x3

103Rh, 238U, 238U1H, 240Pu, 242Pu,
U single standard with Rh as internal

standard

*Optimized daily to obtain a maximal intensity (~1.5%10° cps for 100 ng L' indium solution)
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g5 BuEdodsg fdHE dojzzel 94 A= 9% HEpdr

(REE)E W] 53t 3ot AR} A4 A7 94 5 F 2009 vH#F5U40E &
ARtk EE Alg 19 542 9F9 o9s HAs e fE FAATFAY
Class 1000 FHEo] A X% Class 10 FHF2 QoA AA AT 4o =AHE

Jet InterfaceE 23 ICP-SFMS (Inductively Coupled Plasma-Sector Field
Mass Spectrometer, Element 2, Thermo Fisher SCIENTIFIC, Germany)E& ©]-&3}

A fEow selgel Wl )7)e AR FANA AFAAS FFOoRA Ao

Apex-Omegas T4 &7 @A AF, gevHE Fsta 2A Alsdd 283}
710 oA, FFEAS AR TR FFOE A4St HEIAL g, AEE &
AatAch FuH sEo = WA ARE giA & ¢ e BTAEEA AU
7}E A B2l(the National Research Council of Canada, NRCC, river water
reference material) SLRS-5, SLRS-65 AF&3}3th. SLRS-52] ©@F 22 SLRS-6
of tjF-Ee] dad digr xFghe] FAZ SLRS-59F st wap 24, HFs)
il SLRS-6°1 W3 s=gts FAsdd. 77184 =d3 2 d3E # 314,
3.1.5, 3.1.691 Bt} Bi, Tl Sh, Y, REE, Ba, Th, U &&= 1-20% o|ule] 4] <]
QA5 Kl
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3t 3.1.4 Instrumental conditions and measurement parameters for the ICP-SFMS

and the desolvation system

Element2-Apex Q

Sampler/skimmer cones Ni sampler/skimmer cone (X type)
Sample injector Sapphire injector
Spray chamber PFA Teflon/Cyclonic spray chamber
Nebulizer PFA microflow nebulizer (100 pL-min™)
RF Power (w) 1250
Gas flow rates
ICP-SFMS
Cool (L min™) 16.00
Auxiliary argon (L min™) 0.6-0.7
Sample argon flow (L min™) 0.8-0.9
Apex_£
Nitrogen flow (mL min™) 8-10
Rinse out time (s) 30
Take-up time (s) 60
Resolution Low (m/Am) ~ 300
Oxide rate U238016/U238 < ~ 2.0 %
Runs and Passes 3x3
89Y, IZISb, 137Ba, 139La, 14OCG 141Pr, 144Nd,
ISOtOpeS 147Sm’ ISIEU, 159Tb, IGOGd, 164Dy, 165H0, l“Er,
169Tm, ]72Yb, 175L11, ZOSTL 209Bi, 232Th, 238U
Calibration Multi-elemental with In as internal standard

*Optimized daily to obtain a maximal intensity (~2.8x10° cps for 100 ng L' indium solution)
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¥ 3.1.5 analytical result (pg g-1) of certified reference material SLRS-5

This Certified/ | Recovery This Certified/ | Recovery
Element Element
study complied (%) study complied (%)
Y P2 | 10+10 | 1209 Dy 198 = 1 ig2 225 | 1072
+
Sb 2 300 1198 Ho [32+019| 3605 | 1125
12460 = | 14000 = 9.65 +
Ba 3580 <00 1124 Er 0o 105+ 10| 1088
La 0050 1196 =11 | 977 Tm B L i3z03 | o072
Ce LI | 236216 | 868 Yb P 19307 | 1024
Pr B30 1469225 | 1034 Lu 0% | 1s+02 | 108
+ +
Nd 1035 | 185220 | 1154 4| 0 la2z07 | s0a
0.86 =
Sm 03 % 1324233 1067 Bi 0.96 + 0 90
: 0.16
Eu O | s6x14 | 877 Th 12605 | 11x4 86.9
b 2RE | 32206 | 1164 U AT | e 95.3
Gd B 24023 | 1075

¥ 3.1.6 analytical result (pg g!) of certified reference material SLRS-6

Element This | Certified/ | Recovery | _ This | Certified/ | Recovery

study complied (%) study complied %)
Y 085 = 16+ 11 | a4 Dy Biet |0 x125 | 976
Sb ML 337258 | 809 Ho s |37+028 ] 1068
Ba 13490 & | 14280 + 945 Er Bl im=oss | 1035
La 28205+ ) 2 95.9 Tm BI85 |14+ 018 1060
o 30884+ | 3P 91.1 Yb S | 96=073| o83
Pr 0151 % | 594378 | 1043 Lu T 1S 02| 1140
Nd 201<)3.§()94i 21%‘135i 90.8 Tl 845 £0 | 9.1 %02 92.9
Sm 300, 1382203 | 966 Bi 030" 12024 | 1114
Eu ST 612063 | 1159 Th B0E 21| 1083
T 2 1351028 | 1148 U Togs | ©98+34 | 1014
Gd 8% | 32442 86.1
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of Al E= i Fa 22 54 oWlEES H5 = drlo] Wasi=Ao] &<l
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2)o® B AXA RN SAT d4LES Al FA% A3 2765 cm,
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3 3.1.7 Information of the Styx ice core samples for the water isotope analysis

510] 7 Styx-A
Al FA17] 2014. 12-2015. 1 &= s}A
AlFZo] (o] #Aol) 0 - 21051 m (21051 m), A4} 7+ 0 - 170.24 m
3 = 2.2 cm
A& ok 70007}
FAAd 660 - 2015 CE (°F 1350 yr)

RO: Archive

anem R1: Gas & Metal (5.8x5.8)
R2: Water Stable Isotopes (3.3x2.6)
Cl: CFA (3.3x3.2)
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19 3.1.30 Water isotope ratios of the 2014-5 Styx shallow ice core

(th) dFHstsio] AhS74

obt] ¥ Styx WetelAd ¥ HFYskao](Styx-A)ot Ao (Styx-B), =4
A 5 (Styx-Pit) o] - AFE Hwgk Aol 9% 2tz didte] ALCE 4§
3 Aojal EBZEL 9lolg Styx-BE Styx-Acl] U3 LAXSALE 1YPZE olF
(wiggle matching)A|Z1 Aolt}. o}l ZAijorx & 4= 9l&o] Styx Wl 2 o
Be e Ado] ME HE Zolo AAE e, ol v dFeE HF
Aol AEMEAA Z51 X P (o sastrugi)e FAHsH] WL om & o QUth
AH o7 Styx WatFololAd ALCE 2 oxE 2 = o 3 BREE
22 Al A A Ae] &go] Aol
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2 6
Depth (m)

= 3.1.31 Spatial variations in water isotope composition of the shallow part of

Styx Glacier. Independent ALC are made on the different samples

(left) and the wiggle matching was applied to two of them (Styx—-A

and B).
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obef ¥ Styx W3tz HEH(CHy) FE(Yang et al, 2018)¢F 99.18 mell A
WA 3FAEA (Tephra)®] 1= (1252+2; Lee et al, 2019)& &-&3lo] Zlo]-dAd
AE FHe Aoty wgr 74 A& 4ds] 23 %= lock-in depth (765 m) 3
Fol diste] 7hgsitl ZAAH Y dSA7He] xbol(delta age;A age) R A2 99.18
me] A Feld SAHE VA AR I AolE dF A G Aont. wekA zlo]

A Wyt 2 WA gholl(thinning) A3 =2 & & Utk FF Hrh g
}

At 7o R Y Zol-dAd o] gk Jjide]l a4d

Year (CE)
2000 1800 1200  BOO 400 0
0 1 | [ 1 I
\ CH, gas age
".\. » (Yang et al., 2018}
an4d \ Firn densification model
\ {extrapodated, Han et al,, 2015)
= 3 lce age
= % (gas & tephra age)
— 80+
< \
kL 125412 (Tephra)
= ~
120 +
\‘\. \"\.
\ x\
160 \\ B
\ N ",

29 3.1.32 Gas age derived from methan
concentration. The delta age is
estimated from the difference
between the gas age and the
tephra age at the depth of
99.18 m
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Air Temperature (TC)

50 [
" Y=1.02X-6.49 (= 0.86)
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19 3.1.33 Comparison of air temperature between ERA-interim 2-m
temperatuer and AWS records (left) with the linear

regression line (right)
ERA-interim 7]<#& AWS =4zt tiste] B3 &
Hyt k2 v Th. & Afolo FElsh AAAd S S 4 gl o]& Styx WE)
o] B F Al 7ol m A= AulA gio] gAY ZFAHe] RELETT U

BoHelA 71 = 3
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2ttt (McConnell et al., 2002, Gkinis et al., 2011, Osterberg et al., 2006).

gy giFEe] §8dAE 28 ASsEE4Y dae Jer-r) 1zt
14 = ARs 47 As 23l StHA dew, A ¢ 9 d Feke] 7]

< wWslel dl7] g7 wWsle] digk o]l F=3 WHeolth(Aarons et al, 2019).
McConnell & (2017)& A&E£EEFEAHS &8st dFrw (AD) v=9 Fd&s
EAsER o, 20075t = R WA Fvh dopHgrte] 7| F R sket Al
stz Qs 2v) F7hstdthal X
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& T gtk olo] wal o}d7A BdF WEecldse] naYE WA HEe

= ZAS dyo] HAslEr E5AAE S8 ALK FRH g oy
o] gl& o] Aot} (Rothlisberger et al, 2000). 2 AT H ZoA Z
HS o] &3ty T "HEgol o] 923 Styx WY (73°51"S,

o
g
FH 1% 1623 m; -305°C i A7 €%; 7130 kg m 2 Az AA

163°41'E; 3l =
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H Fo] HEZS mol7] A #H] FAHoR Styx-M HWEzole Cl Al8E W=

2 (BS10KA, Rexon)E o] &34 °F 32 x 32 cm9] Fo] 2~go=z A zsdtt (1
g 31.36). Witz W A|F (RuneZ ¥7))E 53] oF 70 cme] #HolE F
Al "= &5 9% vrzd ¥ 98] °F 50 cmek oF 20 cm Vb ® A2}
stol B gty o] uf Wal 5o 28 & & & W2 LAAAE A &3] o

o High Efficiency Particulate Air(HEPA) filter system Clean booth(ISO 5) W

ml
J]ﬂ

Ho|A 24 75 (Milli-Q academic system, > 182 M Q cm !, Millipore) &
AHE At Z (FK-110WH, Kyocera)S ©]-83te] ¢F 0.6 cm& A7 3t 3§ 7
o] #o] ~¥E& 7EArE Clean booth Wil WA dx = Ax A
(GT-521S, Met One Instruments)E& AREd] A7 o=z HEste] HAEE
R FASAY LGAAZE gEE H Fo] AFE AR o JteAe HAaR
71 183 FAll A ARG &alE&d AR vpEAE (Procedural blank)E =
Aat7] Sl Abd AHE el e SRTE s4ste] Axg Ad¥ 4
(Artifical ice core)& &e¥} sftkel] FAAZTE <lg A5 3ol 3 o X~
npR7FA R & WS 01 cm A AASEA 32 x 32 x 3 cme] FZo| 2~
2 AFeg. LGAAY 95 H Alse ofaEE AZFH 36 x 36 x 8 cme
AlE ARGl YAt Alm AAY W= dAS S 7ketr] 98 FAFE @
tom soje} Bi= WS Polytetrafluoroethylene (PTFE)& | 438} $ith.
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9.5cm

9.5cm

RO: Archive (Visual Stratigraphy)
R1: Gas & Metal (5.8x5.8)

R2: Water Stable Isotopes (3.3x2.6)
C1: CFA (3.3x3.2)

19 3.1.36 Styx ice core cutting

19 3.1.37 ice core stick preparation for the Cl1 samples
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Cut Cut Cut Cut

3cm

1% 3.1.38 Decontamination procedures of Cl samples
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3 3.1.8 Details of meting unit and Continuous Flow analysis system

Components Specifications
Melting Head
- Material Ni-201 (min 99.0%)
- Zone Inner zone, middle zone and outer zone
Rounded square type
~ Type -Inner zone : 1.8+1.8 cm2 (Flat surface with narrow slits)
-Middle zone : 2.5%2.5 cm2 (Flat surface)
-Outer zone : 3.4%3.4 cm2 (Flat surface with narrow slits)
- Headtemperature 37+ 2T

- Ice core section

(3.1 £0.2) x (3.1 £0.2) cm2, 75 cm long

- Melting rate

1.4+0.2 cm min-1

- Sample holder

Fluorinated ethylene propylene (PTFE) Frame and transparent
Acryvlic

- Fitting tubes

Polytetrafluoroethylene (PTEF, Cole-Parmer, #06417-21)
Fluorinated ethylene propylene (PFA,Cole-Parmer,#96005-06)

Heating Body

- Material

Polytetrafluoroethylene (PTFE) coatedAl alloy 6106

- Heat source of

heating body

200 W Cu rod

Sampling Bottle

- Material

Cleaning method : 1 day Milli-Q leaching - Sonification - 3
times Milli-Q washing in clean bench(Class : 10) - Dry
—~Inner : Wheaton, HDPE 20 ml bottle
—Outer : Jetbiofil, 50 ml Centrifuge tube

- Distilled water

Milli-QAcademic system (Millipore, Milford, >18.2MQ)

Instruments

- Peristaltic pump

Ismatec, IPC-12
Tygon 2-stop tube (Cole-Parmer, Tygon R3603 and E-LFL)

- Debubbler

Self-production, Quartz

- Fraction collector

Lambda laboratory instruments, Omnicoll fraction collector

sampler

Detector

- Dust

Klotz, Abakus with LDS 43/65 laser sensor

- Flow meter

Sensirion, ASL-1600-20

- Conductivity

Amber Science, 3082 with micro flow cell (resolution : 0.7+0.1
cm)
Standard : Mettler Toledo, 84 pS cm-1 conductivity standard

Data Acquisition

- Data National Instruments, NI USB-232/4, NI USB-485/422
- Processing
LabVIEW
system
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£ A +9] #AHo] g8 @ AE AAHE &84A o AAANAGY. && &
A= 7HE EEY §§5 "oz FAFY fJom, Clean room (ISO 6)ol 9%
Clean booth(ISO 5)¢] =2 WZ}%A (Aqua Fine, Jinwoo, Korea)ell A=]st3it).
076 g cm® "Wke] Wizl A o] AlRe] WaHE UZZ AAFd §§UE AHE
dHoem, 076 g cm® ol Wk A g9 A% 2 AZo| Fluorinated
Ethylene Propylene (FEP) Z 83t &8HE AL &ath £¢4x¢9 &§HY oAt
A LA A= Hong & (2018)0l AHAls] AWttt (17 3.1.39). | o] A
ol 283 YA &gl 4 Percolation BIE FHA3d o, dAI} &55

=5 @71 fe 37 £ 2 °CE AAHEAY (F 318). HdA oz of

121302 9% AR oF 2] O e g AT WEsh S§5Eote] A4
HAE Be W 2 Y AEE AYdtie FHEH] &6 FE5 Iy (2H
3.1.40)

Ice melter M Firn melter

lce Core
Sample Ice Core

Top Sample

29 3.1.39 Schematic diagram of ice melter and firn melter.

Temperature

Sensor

Outer  Middle lmer Midde Outer
Channel  Channel Chamnel Channel  Channel
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19 3.1.40 Outer/inner ration and meltin rate record in Styx-M firn core.
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1% 3.1.41 Variation
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2 Perfluoroalkoxy (PFA)FH (ID 1/16%
E3lo] AP EZ (IPC-12, Ismatec)®E Wrol=&t}, Hakg =

=o]7] f& o]FH o E ALtE UF §FHe] &
t 10% AL FRS AdEste] dFolA oF2 JA=E dAsilon, e o

2 g WAt wet 2-2% FH O (SC0420, SC0424, SC0019, Ismatec)S 733}

O
<}
@
)
Q
:
=
(-
0
=
Ll
f

of
22

AEREZE SHT AR 29 oF ARS 29HA 2 UF AEE &9
ste o3 AlREE A%E AR ¥F7] (Ominicoll fraction collector sampler,
Lambda Laboratory Instruments)ol %Itk o] Alg= WiF Algsh 9
d ARE dustry] 98 FHEAT sk = el FrIgEe] &

5

of Wiol &7 Weol g A

2
o
fr
A\
o,
o,
N
)
olf
o)
™
£
I
i)
i
)
D

o
[an

o
o
o
=

it
o
<)
ol

$gde Az tE ol T gl HoluA Fito] Aojits] we] ol
g Wb 2 A slok @k sl U@ Bre A7 ARE g AP

71434tk DebubblerE Az AR 3-8 WHAN ALsESREAANS ¢ 7

5.9} Debubblerdl Al &-71%23 37 Yo oA Alas As Alg L37|E o
st AT (1§ 3142). ASEFEAS AT HdE71= dolA A A7l
(Laser particle detector Abakus with LDS 43/65 sensor, Klotz), ¥4# Z7] % =
RS 9% KFFA(ASL-1600-20, Sensirion)9t A7] HAEREZ =AY

H

(Conductivity meter 3082 with micro flow cell, Amber Science) =4 = ZAg3}o]
AbgeATh gl Y] AEE FA47]E WYL &89S FF Coulter Counter
4% 918l HDPE A8 Wol stk d7] A=k, deolA WA HE7¢
A dolHe AXZEYS (LabVIEW 85 with National Instrument, NI
USEB-232/4, NI USB-485/422)& ‘&3l v} 1xvlt}t =ttt (17 3.1.43).
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Melter | — Mult IC

High Efficiency Particulate Air Filter System

system 105-5000 Ics- | ICS-

) e T T

Ice core

CFA detector
w - Flow meter
T I
m]ﬂ‘ﬂg A — Laser
head y Sampla particle
I Collecting

=191 3143 LabVIEW 85 software.
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g0 #A7] Arm Z=AHS Y& on line d7] A% =4A7] (Conductivity
meter 3082 with micro flow cell, Amber Science)E AM&3tth A7) A
7= EF89 (84pS em ! conductivity standard, Mettler Toledo)S &l 1.4 3}
AbEsETE A A 2Egd SRTE ol&dto AlHEReH, &8 A" AAE
THE 25 vREAR HE2 °F 07 uS am!' o, W] AEE wE 7))

04 uS ecm! ot} W) AF A FFELENE 5 10, 20, 50H 2 FeF

145t SAsATh R 099 ol 4S fAstlon, ol e ekl Ao i
FEAS A Alzee ASAeATt BAES A8 T =" A7) Arro Hu
o1

ol whel ALA otolA BAR F JE= st (

y = 0.9619x+ 1.4888 y = 0.9348x+ 1.6005
R=0.9996 R!= 09930

¥ = 0.9416x+ 1.6372
R=0.9999

Measured value (pS cm)
Measured value (pS cm'')

g T [ T I T [ T I T I T T T T T ‘ T ‘ T 1 T T T T T ‘ T ‘

40 60 ] 12 ] & B
Theoretical value (uS em”') Theoratical value (US cm) Theoretical value (pS cm”)

19 3.1.44 Calibration curve
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® S8 44 =7

dold A4 P71 Agor 52t Frol 670 nme gl deld W o
g3kol At A F4Le B T W Bay g 29 L e s galHo]
E golo= A%z 240 Ay (19 10). £ 8 B o 92E e,
o] Mt A AL BFH AW Ak e Ade AW =7 3

Aow zAde AANAT. oA U PE7E 47 dNHAE SAee

xs

Coulter Counter #H]e] Hla] 7] wo]=o AN & wztsirl. w3k Coulter

Counter+= Chisel ¥Ho 2 Adojx]= Zlo] A7} = cm&E A drZ Q] whdo]

= A4S F d+= AHo] At (Bigler et al, 2001). #@eolA A A=7]1+= 0
00 pm7H=] 3270¢] AL = AN eH, 1, 2, 4, 6, 10 ym®] Z/2~E v =
XT8N (LS-Series, BS-Partikel GmbH)S ©]&3lo] 7z} Alo]=E 2 Z74351o] 7|

4 HeE =AY (29 1), +F & ° 94383 2As s 7] A=

4
—

N
lo
Ay

T2 AU §§HE o] &3 Coulter Counter =4 Ao} & =R H

ga4ol givk

=1
ok
iz)
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219 3.1.45 Schematic diagram of the measurement principle of a LDS

SENSsor.
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219 3.1.46 pm Polystyrene bead standard
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19 3.1.47 Depth calibration for signal dispersion effects.
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1% 3.1.48 Residence time of conductivity meter with micro flow cell (a): 50

times, (b) 5 times dilution of 84uS cm-1
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1453 Kuwae 1257 El Chichon
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e & » B

o 10 20 30 40 50 60 70 80 a0 100 110 120 130 140 150 160
Depth (m)

19 3.152 ECM of Styx ice core

MA Abs Gt o2 ml 9 3470 #E Relw, 414 m 7ol mL @
401970 o17del 7HE =& gk vEbdth 9 el 2= 7199l ss-Nat, ss-Ca’ 3}
Azt71 9 ool 2E 71942 nss-Ca” 2 B84 WA Ytk Wakrlel 2
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1% 3.1.53 Comparison of particle counts, Na" and Ca®’ using CFA system
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219 3.1.56 Comparison of particle distribution between volcanic peaks and

seasonal peaks in 41.4 m section.
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19 3.1.57 Variation in particle counts, electrical conductivity and F-

concentration in the 41.4 m section.
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(2) Wtz 849 2% on line IC &4 7%

7h W78 % 54
SA e et sol= A7 HA4d
deposition?} Dry depositione §3 HAEo] FAAH7] wiLol A oi7] 74
ZAFE Qg 7P AEE ¢ de AdEd T oSbuolth Eg Wl 510
73

5ol Qo] AA vet #74 7)

oft
>,
lo,
En)
N
o
fu)
o
r
e
e
o
)
o,
He
o
=
@

o
W
i

A 2 E2E BES £ glon
FodolEl a8la A SO uE =dRY usd=e 3454

7155 AFed 4 dv(Jouzel and Masson-Delmote 2010).
o]

o ol& AR Fz UF UFS B4 A PEHew

DA #do] Aok d& &9, HEF ol=Na)¥ 22 AT 7152 sy
7] w=ge] WEs Hdd= d ARREHe A Atk AEstd #3 eE(d:
] gh= EAHCHSOsH, o] % MSA)> dx AR, & A9 R 714 =39
ZEAZ A Ak vHE/Y FEA(nss-SOL) T EAF)E A 2 AS
ZAFE Y3 T a3t FA @ AtH(Dansgaard 1964, Delmas 1992, Legrand and
Mayewski 1997, Abram et al. 2013, Severi et al. 2014).

o] AZuE I (Ion chromatography; IC) Al="H3} dAE &

2 (Continuous flow analysis; CFA) A|2€& W3}

1z

0]
SAste=d dy AREEo] Stk IC A2l Wel ool &alE AlEolA
it el ols AAsH] g A WHOoR (FFH o
2008, Sanz Rodriguez et al. 2015a). IC A|2=¥l& ZEWHo] ztdsla W3a Fo]9
o] & diS FAS7 Sensitivity7} 3] wEoheE AHS 7HA L vk o, WSt

Fole] 0 AEA AA L Anzol AL s Bashw Azte] go| iawe
A= delHE A58 9l

al
MRS A TH(Sigg et al. 1994). W3l Fo] #HEe AstE CFA Al&=®le v

deet Wt zo] A e #H]lol dastAw, Agke sk 4 (Na', NH), Ca”,

_99_



et sojolA diFEe o2& FAsr] Sk, Wt o] dHEek ARG
On-line IC A Z#(IC-melter)e] 20001 € M= A ekh(Udisti et al. 2000,
Traversi et al. 2002). 53] 1% o] A =ZvlE 18 3 (Fast ion chromatography;
FIC) Alz=®l = wWEd dZ2¥ bz IC A="E o] &8 udds o] HolHE

a2 o7 FEE tHHuber et al. 2001, Cole-dai et al. 2006, Severi et al. 2015).

ol
)
o
fr
S
Do)
oo
i
2
X0
=
o
wn
—t
@
o
@
=
0Q
o)
—t
p,
)
S
S
o))
=
)
=
ie]
ab)
5
=
o)
—t
&
)
S
S
g
T
o
=]
Q
o)
@
=N

FFY MEdelAst 2o, Feukel 2ad el MuE A,
Hlehent v el sAb(el o 2al, P EWAL W eI FeEe] vy

45 g9 Buel Wake 4ge W Azsd A9d A48 Ao ¢ F Iw
==
T

(. F= *F&(Southern Annular Mode; SAM),
AdUx IS (El Nino Southern Oscillation; ENSO) 18] ar o} F Al
A7) (Amundsen Sea Low; ASL)%= 23] sk 2 7] Ao dFs
n] 2t} (Becagli et al. 2009, Coggins and McDonald 2015). Bl Eglo}el=2o] 13}
FolE o]&ste] H/A o] A A WSGEIWAY, ALY, stEE,
N2 5)E ATFAAs] 98lME CHSOs, F, HaldA Ca¥(nss-Ca®) 18] al
M 71 T 2 ol AEEY Fvx WHItE 2AE devh dv 59
F+ o5 gi59 shil 7153 A7 il F8e] B 595 & F ds 3o=
o ¥ oH(Severi et al. 2014).

AT ol dHolH= ®Wet 3ol e Ad F4& best a
712kl Ax gk 4 wste] oigh &gk AE(d: 8710€1ke] Ho Y
AA e FA, HEgotd=9ol Ao it A WSt EqrA S Vs HE 5)E

271 f8 T astt HEgotdlizel o] o WEdo] ol w:

FFe A £ A ASCl AR P, NG FE, g4 Fw L O)F 2
GF) oleo WANE o] oefd Bd AR oldF: W wgo B
otk



oA old Aol ®Huwd IC-melter?] FHE nlg oz
Folo A A ol AR VIEE d& F UxRF A
W (Hong et al. 2018)5 A 7/Idd IC A&gES 553 oH, 53] Hx=
= F e CHSO; Aws &4 #AEeo IC-melterde 282~
W A(73°517S, 163°41'E;,  all™ 1% 1623 m; -30.5°C Ha A &%,
m-2 A7t Ao 2105 m ZolE AlFH Styx W3 FZo(Styx-M FHoJ=E
wrg; Zol 7k 9.94-47.02m)el A& At

-
w
S
-
fa

h A
@ oleaRntE1efd] Al2=lF Aok

#H Ho] WE <9} AFH Thermo Scientific DionexAte] ©hAl 714 1IC 7]17](ICS
5000, ICS-2100, ICS-2000 ¥ + 7l<¢] ICS-1100)& AF&3ste] So](F, CHsSO;,
Cl, NOs, SO#)¥ ¥Fol(Na', NHy, K', Mg”, Ca®)& #4133t

IC ME9 &4 =& 3 3199 AAlE Aw o] 2ty Thermo Scientific
Dionex IonPac AS15-5 ym (3 x 150 mm) 4 ZAH3 AERS-500 2 mm
MZe A= ZF Fol A48 IC 7|7l AHHAT. Fol A4S $1% 5-min
isocratic elution W2 £z AA ZFEZA(EGC-II KOH, Thermo Scientific
Dionex)oll Al A== FAstZ4E(KOH) &2 dS AR&stel A&3vh. 72 ol
A8 IC 7]7]el&= Thermo Scientific Dionex IonPac CS12A-5 um (3 x 150

F}O

mm) +4] ZAHI} CERS-500 2 mm A XA 7} &zt MSA EGC(EGC-III
MSA, Thermo Scientific Dionex)ollA AA® MSA &89S AFE3 ICS-5000
A 22'l3} Sigma-aldrichAFl Al 48 MSA Al ¢S o] &3] 7= MSA &2 95
A& 270 9] ICS-1100 Al 2o 3= 4-min isocratic elution WS AF&-3Th

ICS 5000 A]2=¥1¢] Chromeleon ZZIH(HZA 7)2 671¢] IC AE71¢ 6-port

Ad W B (Rheodyne)E ZE3st= d ZEFHAT ol 3 ts IC A==€

st FES Aojsta, doly £y ¥ 33 3% st 59, ts IC
Al2~"lo] G-port AE] WlHl FQ] ¥EO F£9] W By Rt = xzoyvy #H

Merck Millipore Milli-Q(MQ) A4 Al 2d"ox AAE 32 FHF(DW)E=

gelol 2 mE S Fushrl Sld Agan
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AEE(99% oA BHehA AR RE Azd FEYACI000 mg LS 345k
o
de s AEES B fsted, WilF =842 Switching valveol

A% FUeAT. BE 909 DWel o2y Fole AmvEade 19 3158

HNL

5] A1
g
§ Y EFENLT Azt A mo] R4 A EE§o

2

3 3.1.9 Instrumental conditions of our multi IC system.

Anion analysis Cation analysis
System ICS-5000 ICS-2100 ICS-2000 | ICS-5000 ICS-1100 ICS-1100
Software Chromeleon 7 Chromeleon 7
IonPac AS15-5 ym (3 x 150 IonPac CS12A-5 ym (3 x 150
Column
mm) mm)
41 mM 40 mM 50 mM
Eluent m y ) 36 mM MSA
KOH KOH KOH
Suppressor AERS-500 2 mm CERS-500 2 mm
Flow Rate | g 0.89 1.0 0.6 0.6 0.57
(mL min™") ’ ) ! 4 ) ’
Suppressor
Current 91 39 124 64 64 61
(mA)
Backgroun
d 2220 2160 2340 2040 1830 1840
Pressure
(psi)
Backgroun
d
Conductivi 0.320 0.110 0.120 0.280 0.570 0.380
ty
(uS)
Injecti
rection 300 uL per each injection 300 uL per each injection
Volume
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Response (pS)

(]

Fa

=9

Minutes

19 3.1.58 Chromatograms of a deionized water (black line) and standard

solutions of a 0.1 ug L' (F) and 05 ug L' (CH3SO;, Cl, SO/,
NO;) (blue line), a 1 yg L' (F) and 5 ug L' (CH3S05, CI', SO,
NO3) (pink line), a 5 ug L' (F) and 25 pug L' (CH;S0s3, Cl, SO,
NOs3 ) (brown line) and a 10 pug L' (F) and 50 ug L' (CH3SO;5,
Cl, SO, NOs3) (light green line) (a) without CRD and (b) with
CRD. (c¢) Chromatograms of a deionized water (black line) and
standard solutions of a 0.2 pug L' (Na"), 025 ug L' (NH,, Mg?*)
and 05 pug L' (K, Ca®) (blue line), a 2 ug L' (Na"), 25 pug L*
(NH4", Mg®) and 5 ug L' (K', Ca®) (pink line), a 10 ug L' (Na"),
125 pg LY (NH,', Mg?") and 25 ug L' (K, Ca®") (brown line) and a
20 ug L' (Na'), 25 pug L' (NH,, Mg”) and 50 pg L' (K', Ca®)

(light green line).
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@ A& &8 IC-melter 254

A 3ol AES =o7l A #¥] AAHSw of 32 x 32 cm o] 2HES
2 #Zoj(A4 710 cm)e FAste] dojd F ARA vy 2 Ve AdE
FHA3tsl7] 98] High Efficiency Particulate Air(HEPA) filter system Clean
booth(ISO 5)2 Wtsttl. Clean booth Wil wx  Jx F&=  AA

2
u)
an

O

A471(GT-521S, Met One Instruments)E Al&38] A7|ZHow HESIY] HAEE
ZAF 2 fFA5E . A FZo] ~Heo ZF 9 ¢F 06 cmtT vE @ AgH
ZH(Kyocera) 2 A A8ttt AL Al E Jarel DWE s4ste] Axd 93 4+

o] (Artifical ice core; AIC; ¢F 32 x 32 x 30 cm o] 2H)E Procedural
blanks S48t A 3] AZ &afA AT EHES 7] s A o] 2
shekol] SIA A

On-line IC-melter¥ #&S& W3str] o, &3 A=gs ¢4 DW=E HA ]
AHsEATE 21§, Six-port WHe] DWE Af FHUste] thF IC Al=H9

Instrument blankE WA ZFALEAth. 2 % IC-melterd 9 System blank:= = E

3= Inner zoneo FY3 DW= U5 IC Al2ad"loz FBAFST. o9 e A
AaE vpg o s BAsax; gt o]29 Blank # ¥ IC-melter#9 A4 2H&
ARE AASA Ao 24322 st o]29 Blank #tol =2 A5, WH

Al=dlls ARESHA AH e 3 &8 AAS AysATh

Procedural blank #-2 AIC &89 o2 AES FAst] FAHsEATE Styx
Hst moje] | o] FE(zZlo] 19.30-20.06 m)olA Instrument blank, System
blank, Procedural blank 8] AA| EAH AMZo] SJo]2y Yol
ARvtE RS 17 3159 o AAE 9l

IC-melteryie] AZ 293 Zz2adge 5 WAYUEFS £ 3o Aso] vk
SFHe olygt 29 9 F¢ #AFLe WEHE o] &g H o] At &g WA
F71H o2 HMPH A st IC MEe] T1200-1300 pLe A ES

J_,E
Fzz wwjste] =Ysi: Boh o A4F =9l $R¥ TE IC
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%]

" @

Response (uS)
|

Minutes

19 3.1.59 Chromatograms of measured (a) anions and (b) cations of Styx-M
core (pink line) of 19.30 - 20.06 m deep, instrumental blank (black
line), system blank before proceeding sample firn core (blue line) and
system blank after proceeding sample firn core (brown line). (A) and
(B) indicate chromatograms of anions and cations, respectively, in
melted samples from the AIC, called procedural blank, set at the
bottom of sample firn core.

3 3.1.10 Injection and load process of sample stream into the three IC detector
sets for the simultaneous determination of cations and anions

distributed by six-way selection valve.

Six—port

] 1CS-2100 & 1ICS-2000 & ]
Time (sec) ICS-5000 selection

1ICS-1100 ICS-1100

valve
0 Load Position 1
80 Injection Load Position 2
160 Analysis Injection Load Position 3
240 Load Analysis Injection Position 1
320 Injection Load Analysis Position 2
400 Analysis Injection Load Position 3
480 load analysis injection Position 1
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@ A
@b IC-melter 773

ol AFeA= owd A Houge AEF WEs 47 A=
ARk oz 1d Fob B & FolA °oF 8718 ZEA] dHolH EJEES dojof

Shehar Al tstsivh(Kreutz et al. 1998). # 2o &AM Z=A] dHolE o] A3

Zol SgEE AT Aol M dold wpe 9 zold WE WeE 2T
2 o9ty 28 w9 HAMTES ~130-226 kg m? yr! Wl Aow
B, Styx-M #ole WUr:= #wW A=A ~350 kg m°, H o]

50 m ZoldlAE ~800 kg m7bA ZE7Fetth(Han et al. 2015). ©]

H H o
T
AT &F Al2"e Adntxgor A7k 500 kg mPRT & ~10 m Bt} 1S

dolel & A4 fsid= Zo] g =s ~2.0-33 cm 7IRto]
~800 kg m”’e] #H o] & udte] ~20 emel o] HFEES AdHEHAL,
olo] wa} 47z ~10 m (EXE: 500 kg m™), ~20 m (600 kg m™), ~30 m (700
kg m*®) 223l ~40 m (=750 kg m 92 #A ;o] FhelM = 1de] ~13, 11, 10,
9 ZRJAES o] HolHE & F AATH

IC-melter®] o] dlo]He] Zlo] sdes F=2 IC Al=dle] As3d A o
&8 Sxo wet 249 Ay E A # o] &6 £+ 33 + 2 °C(Hong
et al. 2018) WE = &%oA °F 1.0-15 cm min '0]¢l7] wji-ol], IC A|~¥S
&3l 1 dolel= ¢F 1.3-2.0% ol dojxof 3stm, o] 3| =7h
~2.0 cm@8l HolE S dojof g}

AT FIC Al2dl=2 AlE3le] ~1.0-20%9 4 Z7oA HAdsd #A=E
7hA A o ol AES EElshe AL ofHrh 53] Styx-M Zo9 F2 e

o] &3l F o} CH3SO; = oF47bA FIC Al&dle ol&did s dedor £48H4

e
2
b
=
Az,
I

A
ol
ol
rfo

fr

o

Eotdth T3 FIC AlzdHe] s A" o9 HE: A= dubyo=
Pre-concentrator = &% MZ FIZ=2 vjxd 5= A= X+ IC Al=dHe HE
SHA RS =qkth, maEkA, 7 Al&E BF A E3

Asdd = duets, A3 Alzke] WA A3 g3 1
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o] w3t HH3 ¥z Rk Z IAEE dS F JdeE FHES A Y
o] A8 9 thH(Cole-dai et al. 2006).
tZ IC A28l 5709 IC Al2=¥17} Six-port WHE

Six-port selection valveZ wWjX|&] &g N2 F=E5 HAY

o
Y

_‘

i

Fete] T 53]
fok shid), ol tF IC

A aEl S o] & AEA] On-line FAHALE FFol A54Q FAFoIH. 5

o

-

O

AL 552 Sixport selection valveg o83 3719 IC AE=Z FA4o=

0

—
=,
[
Lo
(]
@
o
e
N
ofl
o
o,
rfo
A
o
o,
o,
offt
>,
ML
i
o
:L
:|:‘4
=k
}—A
OJ
N
o
AL
ML
i

Azkel Wadm el IC AEE AT F Ydom
IC A2Re FHaor gk ¥ ATAE 15

ok 20 cm¥ Zo] FEE A7 fgk kAl oF 1.3%(eF 80%)E St Peristaltic

2,
cmto £§ SRR £49 Az

pump (IP tubing pump, Ismetec)E ©]-&3 ~09~1.0 mLe FZFSE ~4.0&9
A AIEE M= o IC Alzdle] 2938kt

ueka &FH AES Hd ~600~650 pLE 2HstA=d, oy Fol&t
ol A4S AT AR F9Y FE(~300 pL) FIET 77 Hd 28] Atk
On-line 574 Al="2 AZ71E T8 Al&o] A7 Aol old A& mxe
2HE A7 A8 Al ZEsior . 53], Six-portel A ©F IC
Alzdle] =9 XEZAS AZ Fx9 A2 FERE 4] AR gtk bRk

s MEFol FHdH7] dell DWE AR Al H st @AI7F gl7] wjiEell, o2 A &
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@ v IC Al=de] #4 =1 H A3

2 AT A =, o] IC-melter ol A AFEE A %™ Thermo Scientific
Dionex IonPac AS15-5 ym (3 x 150 mm)¥#} CS12A-5 ym (3 x 150 mm) &4
ZHes ~40-60 min® &4 AIZE <tel] o] AEEs AFHoR 4] 96

Abgat7) = e s,

mm)e EF ARET Q7] widd, B ATY HXE EAsH] HE o] HEES
AbgstAT. F &8 Aol 408 (Thermo Fisher Scientific report, 2010)¢!
CS12A-5 pym (3 x 150 mm)= AFE3le] YolS HU g&Hozw AAT

URX7] wEol(2d 3160 Far), Fol HEel g 74 27 e F=

N

2HE EFUY Sol2 =AHS 9% 9% FE(~40~90 mM KOH), &
FEH(~05~1.0 mL min'!), 28 £%(33~35 °C)¢] W3lo] ute} oJe] 714 A P&
AATETh Gradient elution WHE o] &3S w, KOH & Fx=9 FIF

27t ~45~90 mM¥ ~09 mL min ‘el Zy 2%7} 35 °CY w g Azto

9

_

~4.0-45 min°] 2 4 AT Gradient WHS KOH &N F%=7F 0.0~12%
ok 45 mM, 12~1.6% F¢+& 45~90 mM, 1.6~25% 59+ 90 mM 23z
26~40% B 45 mMelAtH (¥ 3.161(a). &2 F%F Wl upg o]
JEE 9a =g 24 Azt WEtE 17 31.61(b)el AASA T Isocratic
H §8 9 s f&o] z2+7 ~40-41 mMeF ~0.92 mL
min'o]al 35 °Ce] ZHY %04 NOy & 508 ool &5 4 Utk ~45 mM
KOH €29 s=7} old ~40~41 mM2 KOH &

COs” ¢} SO~ 9 27k F249] A g0 AMA=S7] wiZelth(1d 3.1.61(c). &Fol&
XS 98] Algs F 71x €& WY F, Gradient elution o] S-o]22] <133
A3 #7 o & "HusE AEE M AUARE &899 v o
FE(MHEE 10 uS em' "Ehet &8 FH9 £4E 2AE uEse Ax

Isocratic elution o] A €15 )},

S

elution¥S o] &3stH KO

E7F A9 A=
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Response (uS)

Minutes

2% 3.1.60 Chromatograms of ~20-50 ug L' (Na', NH), K, Mg*, Ca®)
standard solutions using isocratic elution method with MSA eluent
flow rate of 0.6 mL min'. The MSA eluent concentration and
suppressor current are as follows: 36 mM and 64 mA (blue line), 33

mM and 58 mA (black line).
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19 3161 (a) Change of KOH concentrations according to run time of
gradient elution method. (b) Chromatograms of ~25-100 ug L' (F,
HCO,, CH;SOs, Cl, SO, NO;) mixtures using gradient elution
method with KOH eluent flow rate of 0.8 mL min' (black line) and
09 mL min' (blue line). (¢) Chromatograms of 20 ug L' (F,
CHsSO5, Cl, SO, NO;) standard solutions using isocratic elution
method with KOH eluent flow rate of 0.9 mL min' The KOH
eluent concentration and suppressor current are as follows: 45 mM

and 103 mA (blue line), 40 mM and 92 mA (black line).
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3
i 3- Chioride - 2.430 8- Chloride - 6423 13- Chioride - 10.423
-
g
2
4 Sulfate - 3367 9 Sultate- 7377 | 14 - Sulfate - 11.377
W
=
s 14
S
&
4
/o
min
.
0 3 10 15
Minutes

1% 3.1.62 Chromatograms of a 50 ug L' standard solution (F, CH;SOs, CI,
SO, NO3;) (blue line) and a mixture (F~, organic anions (CHs;CO,,
HCO,), CH3S03, Cl, NOy, SO/, Br, NOs, PO/) (black line).
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o] Foj x| A  &7] w&Eeo] MDLel FHagk(F 30 pg LHE
3158(a)#1). KOH &S ALgste IC Alz=®le] 71EBAe w3 zA COP
SO/ ¢ Besle] Aol QS wAA FE=rHHong et al

flo
O
it
re
-
i
o,
by

32
o
—~

R

-

HaE EF IC U

2015). ey, o] AEEL 2 A5 tF IC Alz=dld H&%E  Iscoratic
elution ol M= HAsA E2Hx ity e COs~ 9 Ha |ys @37
el Ak A A A A (Carbonate removal device, CRD-200 4 mm, Thermo
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3 3.1.11 Calibration parameters of our multi IC system.

Concentrati Regression
Species  on rangea Slope Intercept r’ SEEP R.SD.(%)
(ug LY

F 01-5 0.004 - 0.005 -0.002 - -0.001 0.999 - 1.000  <0.002 <2.2
CH3S03 5-50 0.001 -0.001 - 0.000  0.997-0.999 <0.004 <29
Cl 25 - 500 0.004 -0.025 - -0.010 1.000 <0.008 <3.1
SO 25 - 500 0.003 -0.033 - 0.006 1.000 <0.009 <4.3
NOs 05-25 0.001 - 0.002 -0.004 - -0.002 1.000 <0.005 <4.6
Na" 10 - 200 0.005 -0.006 - -0.002 1.000 <0.001 <1.8
NH,' 0.25-125 0.005-0.006  0.004 - 0.007 0.998 <0.015 <2.0
K" 05-25 0.003 -0.002 - -0.001  0.998 - 0.999 <0.003 <21
Mg*' 125-250  0.006 - 0.009 -0.015 - 0.032 1.000 <0.010 <3.0
Ca* 05-25 0.006 -0.005-0.002 0998 - 1.000  <0.005 <3.7

It indicates the normal concentration range for calibration of most samples. The
high concentrations of ions measured in a few samples were determined by
calibration curves calculated with high concentrations of standard materials.
PStandard error of the estimate.

‘Relative standard deviation. It is calculated as the following: Standard
deviation/Mean x 100 (%) of replicates of a 5 ug LM(F), 10 ug L' (Na"), 125
pg L' (NHy, Mg®) and 25 pug L' (CH3SO;, CI, SO, NO3, K', Ca”)

standard solution.
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3t 3.1.12 Intercomparison of detection limits of chemical components among
our IC-melter system and other on-line IC systems combined with

melter (unit of concentration: ug L.

Huber et al. Cole-dai et al. Severi et al.
Species This study
2001°¢ 2006 2015¢
MDL? LOD MDL LOD
F ~0.03 0.1
CH3505 ~0.3 1.2
Cr ~0.09 0.1 0.4 5.0
SO :13 'ﬁ) 1.0 0.07 2040
NO3 ~0.6 0.5 0.02 2.0
Na' ~0.08 0.8 0.04
NH, ~0.1 14 0.06
K’ ~0.05 1.8 0.7
Mg ~0.02 1.1 0.004
Ca* ~0.06 2.6 0.004

“Method detection limits (MDL) of ions detected by multi IC system without
carbonate removal device (CRD) were calculated as multiplying the Student’s
t-value for a single-tailed 99th percentile t statistic and a standard deviation
estimate with the degrees of freedom of the number of replicates and the
standard deviation of 7 replicates of a 0.1 ug L™ (F), 02 ug L' (Na"), 0.25 ug
L' (NHy, Mg*), 05 ug L' (Cl, NOs, K', Ca*), 5 ug L' (CH3SOs) and 25 ug
L' (SO4#) standard solution. Only the highest MDL values among the values
from the three IC sets are presented here.

PMDL of SO, detected by multi IC system with CRD were calculated as
multiplying the Student’s t-value for a single-tailed 99th percentile t statistic
and a standard deviation estimate with the degrees of freedom of the number of
replicates and the standard deviation of 7 replicates of a 5 ug L-1 (SO)
standard solution. Only the highest MDL values among the values from three IC

sets are presented here.
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“The detection limits are defined as 10 blank values of ultra-pure water
producing a signal-to—noise of 3.
IThe detection limits were determined using the root mean square error method.
°The detection limits were calculated as the mean plus three times the standard
deviation of the signal of 10 replicate injections of a blank solution divided by
the sensitivity.

gl HdoA FEF AHA AEY ol FhREe dutyo=
IC-melterell Al 714te o] 2E5¢] MDLETH 2 v &7] W&o, SO #1k ofvz}
Styx—-M #o]9] thE o258 A3 =d IC-melters A& o=z A3 + U
Ao ZIqEArk. 53], Styx-B ol @ F¥ w AR SO vEE 474
13.38-2506.58 pg L' (H gk 9163 pug L) 2 14.08-1732.80 pg L'(17820 pg L™
Helel Ak wEA] B AFelA =, Styx-M FZole] H Fo] Alde] EAH

el AMEZA SOf = CRDZF §lE t% IC Al='lS o] &3t A3t
2 BEANE AMgste], E9 F, CHSOs, SO, NO; 2 Mg” o] Ho]g
0.6, 1.8, 0.2, 0 HowA HEEA FATH

o, NHy $%& Na'e] 43 930 & &S wokti(2d 3159 3an). NHy 9
MDL2 ¢} 0.1 ug L'2 371528 Na'# NHy 9 327k #8071 & 94 A
MDL %k ol&tel dHolH7F Wol NHy Al=e ¢F 40%E BZFE + fidth 539
Na'e] & ¥3a= NHy o 3 wWAs Addss ded o =2 &%

oF7]gitt. o]+ CSI12A-5 pm (3 x 150 mm)S ©] &gk ol Al 485 4]

=

of

rlo

3 2 0.1%2] dlo|egte] MDLRE T} bt

719 dAHeR BAth CSI12A7F ofd &7Fe] & ol 4 A (CS16A
5)9 A8e =S Na %% Aldx= NH, Y A=z BAS 7158

0% IC Al28(E 311304 =4
8] o] At 2 xH(Relative error; RE)E AlAtstch Ao usx 3}g
Alefell Al Az ZFEEH EF 9 MANa'et ClE A9stal oF 50 ug
LHE &8stk Na'(11464 pg LHek CI(37855 pg LHe REE -03%
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3t 3.1.13 The results for the accuracy test of anions and cations in diluted

reference solutions prepared in the laboratory (unit of concentration: ug

LY.
Species This study Osterberg et al. 2006
cvs? M.V. R.E.(%) C.V. M.V. RE. (%)

F 49.9 ~47.8 4.2

MSA 50.6 ~46.8 -74

Cl 378.6 ~384.4 15 1055 106.0 -0.5
SO 49.5 ~47.1 -4.9 37.0 37.8 -2.2
NO; 49.2 ~50.7 3.0

Na” 114.7 ~114.3 -0.3 19.3 20.2 4.7
NH,4 49.8 ~46.8 -6.0

K" 50.1 ~489 -2.4 0.9 1.1 -22.2 .
Mg 50.1 ~48.8 -2.6 9.6 10.7 -11.5
Ca* 50.3 ~43.6 =l=pei 42.8 44.4 -3.7

C.V.: Certified value of the diluted reference solution.
PM.V.: Measured value of the diluted reference solution.

‘R.E.: Relative error of the mean. It is calculated as the following:

AT AZ 29 A7 ~1.3 min A HFARoR oF 17 cmo|Ath AlE 24
AlZko] olnl &8 Algel T3 AZH~53x%)ET =A7] "o, o] ol F 9
AA zZlo] A E=E YERAT o] A WE I =oA Debubbler® &857

ol o] &3 V27 EAstER vig AlEHoltar 7Y e

-

IC-melter2 AZS AHEld e F2 A Fo] 548 (~1.0~15 cm min ol
w2l oF 0.6~0.8 me A Fo] 28 AZE T oF 06~12A7te] 2L FH AT 28y
DWE o] &3 dE o A& 2x¢ System blank ¥4 5 IC-melter 2H5S 93

F7F ] Ao ®m el Aol L1-17A7HA] & 24 Alke] A8 E .
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Depth (m)

1% 3.1.64 Reproducibility test for F, CHsSO;, Cl, SO, NOs, Na', K/,
Mg? and Ca® by analyzing a sample of Styx-M core and turned
upside-down sample of the original (depth interval: 20.89 - 21.64 m

deep). The discontinuous depth of the original sample and the turned

upside down sample is about 21.38-2141 m and 21.40-21.42 m,

respectively.
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On-line IC-melter® @2 o] HolH7l 7]&E9 By o A& = vt
B gl tH(Traversi et al. 2002, Cole-dai et al. 2006, Severi et al. 2015). &3] 7]&

el AR Fol22 AE FH Toll T Thedt e o8] WeA IS
S 5 At} Cole-dai et al. (2006)= On-line IC-melter *He] MEHT 2
=Hl" A& K Mg2+ 2 Ca¥'el =7 O Erha ®askda, K, Mgh %
Ca”9l 753 299o= AsHA AHe AE &7 AAGAT 22y 19
3.1.65 o W=w%, Discrete MZ9] Ca” HXt ~1945-1962 m ZololA ¢ =&
TEE B AS AlQstae ¥ sl HAHS FHeRE Afstas [fARR
FTEE YEWLh S0l & CH3SO; ¢ NO; 3k Zo] ~1945-19.62 molA ¢
Eo FEE Ko olYg AL W& FEE Hol: Zoloi ¢ WEe

wel otk webd F oA dgelA oleg wmd dm T oAb dgow
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SAT o] =9 AT Wal o] AES F0E uo] Fn] maet A4
JAEe 22 A3 xxo wet @ebd 4 vk ®3H Discrete ME9 &5 4
EF IC A29E AHgdt] o] eg BN dx A85E 49 Adeld 299
4 A (Hong et al. 2015)
6 =
4 — IC-melter system
L'L2 — Conventional IC system
ﬂ:
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19 3.1.65 Intercomparison of F, CH3SOs,

and Ca®’

Depth (m)

Cl, SO/, NOs, Na,

K+, Mg2+

in Styx-M core measured from our IC-melter system and

conventional chiseling method (depth interval: 19.30 - 20.07 m deep).
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570 o] ZZutE Iy AA"y A o] WEE AYI IC-melter 24 HS
°F 1.7 cm®] 13 % ol HolHE dS F Ui ~07-08 me #H o] sUE
A w o 1.1-1.7 Algte] Ael™ thE IC-melter 7|H e dvkdQl A3 w3
7HA AL 3

2 Ao AE Bl o] &(F, CHsSOs, Cl, NO3, SO, Na', NH,, K', Mg,
Ca?)& EA37] Yl IC-melter AWM= A& Thermo Scientific
Dionex IonPac AS15-5 pym (3 x 150 mm) % CS12A-5 pm (3 x 150mm) +2
A9 AL39t T3 On-line IC-melter'ie2x xLow Y= s o
Foje] F of CHsSOs3 & &A1 &A= A3star
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AnpH oz o] WHe FFe ¥ oo oL AHES AZEste= ul HIstn
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el YEhvE w&5% @4 WHeE AT 7 e AR ol dHolHE
Al &3t}

a2, 2 Aol SOS7F iR A es AAHGI dHeE, AvE
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X8 AW Gradient elution "< AR&ste zlo] F8d & Qo Eg HF
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(3) =€ el 3ol Y R ARIA s FHRe| waA ov &4

7h wd 2 A

= A A G sy 7] &3 dEe] ws(d: @5 %5 (Southern
Annular Mode; = %), 4% P3R5 (El-Nino Southern Oscillation; 44 %
Y i), ofEAsl A7IYtl(Amundsen Sea Low; ASL)) & AT ¥
Alzdo] 2 ggkS m It (Mayewski et al. 2009).

el Wt s AEL, trIek siF Atele] v AIek A o]F, dH:
st adga AlA Y sl FFS vAIZ] wwl, RS AT
Al zdof A FFA< HeS drh(Dieckmann and Hellmer 2010). <] #35of
2 HAA P el Hele Rdgd o5 wgE Frbska vk (Comiso et
g Ak vy JgF5E 57l fsidE A WIE

N
T

==

S

Ml 9l Polar vortex®t Westerly o] =9}
°] Positive phase= T HE L=
dlHowm A7l AVIdE dell= Zol 5Aolw, A#H3E Polar vortex<t
WesterlyE  =¥Fstth(Marshall and Thompson, 2016). dUy% Y7352 E
AR e A A= 502 Global teleconnection®] 98] HHb: 1L
7] el 7R @3S mAH ole WaiFolA vt B 9 rH(Kwok
and Comiso 2002; Gregory and Noone 2008). d4yx YFW3&
Southern Oscillation Index (SOI) ko2 UEU=H|, o]= TF E}s]E] L} T} ol A
#=9 d4H gH #olE 7Iwroe® St (Ropelewski and Jones 1987). oF+-Al 3
AZ1dd= =z, okwAls] e Mg e A A= A7
I WAEAe we ol Ao 7|5 Wstd @S vtk oAl
AZId= tE3 o] FElg AEA wErt Aok ofAls] A7)k

TGS A5 AL 747 FdHer =a vow H3 7hEdd 7 v
ol

=2 O =
= =
—L =
1 [

B3 7} Ho)+= Marie Byrd Land
A Hgddd X sth ol Al
.
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e

ZelA itk Basole) ok J= e dYyx Gzl E o] Posivie phase

w, ohAls) AZIgHHel ¥ EFHom A TT= dAsol AAHAAR o]=

Wk=t}(Raphael et al. 2016). o] & A vt = 7] 3 59 Ankb4Ql
ATge o HE dHA YA 9 HEse A9 IS ¢ F o]F5H]
AAME M2 A 28l/52 ol AFH A9y 2 54 AF X Yol A

oJEol WAL FFL U1 HAFshelok Pk,

d& ndalS gAAT = A4 Abgro]tH(Turner et al, 2013; Raphael et al. 2016).
d= ey dyx $idese 2z AD 10006 (Abram et al. 2014)¥ AD
1150 (Emily-Geay et al. 2013)7}4] H-L = A9 ofi-Als] A 7|gdl= 914 &=
A2 Al71e 19793 744wk 29 5] 9t (Hosking et al. 2013), webA] 34 o} &4l 3|
A7k WEe] e daAo] Feitt

1964; Delmas 1992; Legrand and Mayewski 1997; Jouzel and Masson-Delmotte
2010). sl AESH dojzEe F2 U3 22 wAYSF & s
717 2718 ZEAZA o] Eo gt}

A sl odoEEe F8 TwdES Open water®, Hpghol] s
FxFo g o)lFdrti AdHHATHDe Leeuw et al, 2011). Open water:= F=
G A5 H A BdEsty] wiitol oAFH 9 7Y g8 s &RV =&

b

Aoz diEdnt. ey 2E & AFoA sl GF T AL AdAE
et A Open water7k a9 oloj=E&2] F8 Aol obdE Al s tHHall
and Wolff 1998; Wagenbach et al. 1998). tj4l, A= FAH W Frost
flower7} a9 doJzFe F8 Fgdoz AJHAA T (Rankin et al. 2002),
Frost flower= 3l dod=&s A7l AEs] kg H ol

H 35 AHObbbard et al. 2009; Rosco et al. 2011). <+ Yang et al (2008)=
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o
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557}
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o
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Aoz vepyr
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A 3}7]
HH T (Abram et al.,, 2013).
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282 WYde B Egoetd=(ay 31.66(a) 3ikAel  Aste, FR
71A4 el A 85 km Bl AHZE 3.1.66(b). 282 WAL THFE o] A

A7 AAELS V160-226 kg m 2o R BEHlEgolal=o] thEZ ¢l F HZ xgo=

Bso]l 9thHan et al, 2015). Webx ~gx e BugEgotd= o polr}
Azzd Age #A /F D 87 WS 24T BAsld A28 FAE
oA Az AT AE 20149 129 FEIVA W =98] ZEad
dstom ¥~ WA(73°517S, 163°41E;  dlH i1k 1623 m; -30.5°C ¢ Azt

22 7130 kg m? AzF AA=P)el A G5 2709 20](2105 m W sof(e]F
Styx-M Foj=2 WH)et 88 m ¥ Fof(o]F Styx-B HoJ=E WH)E ZAFSHATL
Styx-M #o]9} Styx-B F o] Geotech Co., LtdAF7F AAG AF Al2€S
o] &3 AlFeH I, Styx-M Foj ¢} Styx-B Zoj&= 44t 0.74 meF 047 me] Har
Aolg AlFstith(Han et al. 2015).

(a) 50°5 0/ B[O t"w
A e,

-
Weddell Sea

60 7 m’ ian Ocean

Be/!irfgshause
! Sea |

tarc ,
‘enins oL \
2 \
. \
Antarctica SO°E
\ L

\ \ Siple Dome
Amundse) Glaxier
Sea =

Wegtern

130°W — Pacific Ocean,

% 3.1.66 (a) Map of the Antarctic continent from Parkinson and Cavalieri
(2012) which presents Styx Glacier (red character), Siple Dome and
Talos Dome including five sectors of the Southern Ocean. (b)
Specific map of Northern Victoria Land which presents Styx Glacier
(red character), Jangbogo Station (pink character) and five automatic
weather stations, Alessandra (purple character), Arelis (blue
character), Lola (yellow character), Modesta (light purple character)
and Silvia (light green character). (c) Specific map around Jangbogo
Station which presents three automatic weather stations, Eneide
(green character), Maria (orange character) and Rita (turquoise

character).
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B 9 A4 Styx B F:ole] ole HERE A

|=]
T =
A&, 2 AES L9A4AA TS & Fvdt L9AA e

flo
v
o
:L]
]
v

$A, AZo] Aok = g HES Teflon Sdo s 43 (29 3.1.67)

3ztdlel AA 27 ~2 mm ZHolE 32 THFE uE AFHIT A
ZH(Kyocera)< ©| &3l AlASIGE. 71 %, Q@A @S FRozZ Ty AEe

LDPE #7H(Thermo Scientific Nalgene)oll, Styx-B ool HAu3d HES
Zo g & wW(Whirl-Pak, Nasco)oll 27t AMZ"3sAh. Styx-M core®} Styx-B
core?] A2 AMZo] Aol 7tAL Z+zF 30-9.0 cm (H3F 55 cm), 2.3-6.0 cm (3.9
cm)o| At o] o ¥9AA A2+ High Efficiency Particulate Air (HEPA) filter
system Clean booth(ISO 5)el A Zd el (s Fel), vtaa(Fsxdde)

&3k AAAtel] oa] WA HA YA
= A71H o w2 GT-521S Particle counter (GT-521S, Met One Instruments)E

3t Clean booth WH-9 HZATE XA 2 FA5IGT. 28 AZE

a2]3. Tybek A& (Dupont)= 2

4>

>~
ofo

!
Clean roome®ll %1+ Laminar flow hoodoll A 5%t

g AES ARt 5 FOAMY oAmmtEIHY Al AFH(ICS-2000
ICS-2100, Thermo Scientific Dionex)& AF&3slo] MEE52] So]=(F, MSA, CI,
SO, NO3)IF %o]&(Na', NH,', K', Mg®, Ca’)S A3t gole 4o+
Thermo Scientific DionexAF2] IonPac AS15(2 x 250 mm) Z 9, $4+32E (KOH)

8 =7

O_u

rlo

£ 18]3 Thermo Scientific DionexAF2] ASRS-300 AZ#AE 283
ICS-2000 71717} AF&& Ak Yol A el= Thermo Scientific DionexA}2]
CSI12A(4 x 250 mm) A7, MSA £l ¥]3 Thermo Scientific DionexA}2]
CSRS-300 MzZ#H A7} A2 ICS-2100 7171& A&k 7} o] AFd dsh
RS Sigma-AldrichAoll A 743 58 M(CAS No.2386-57-4)= A-&35h4
WA MSAE  A9stil=  Thermo  Scientific  DionexAbell A 913k
ET &N (Yol A5 P/N 046070, =ol=° Z$ P/N 0575090)< 3|43}
Az mT8dS o] &3 tHHong et al. 2015).

HI2FEBDS AlECe) $19F o] &3ld AES Az F, Desolvating

nebulizer (Apex HF, ESDE 3zt fF=AZ=vl A=A 7] (Element2,
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Thermo Fisher Scientific)& ©]&3] ZF43tAth(Hwang et al. 2019). ¢ &5

T AAEYLAR(600, D) EAE FEFAELFEA7](Cavity Ring-Down

Spectrometer, 1213012} L2140-i, Picarro)& AF-&3FtH(Lee et al. 2015). Styx-M
o9} Styx-B #oj+= ZHzE 24 em$ 39 cm (FA o w2 AusldvH(E oo wmpA gt
Zyol Aol: 1.8-52 cm® 23-60 cm). A3t Algs ZE o o] Yo

/
AE20 °0RNA H9 F B AAENAE TS FH4Y

EN

3 .‘\I‘Eiﬁ?-ﬁi’; 4 cm

' <_|

Firn core

f~\ﬂ %‘4?
- &L\v\ | 2
< \‘,:‘j*'
W | |
1 1
\ 4

L Fixing screws

1% 3.1.67 Schematic drawing of a Teflon holder for firn core chiseling.
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3t 3.1.14 Principal components analysis factor loadings for chemical species,

water isotopes, d-excess and snow accumulation rate of Styx-M core.

Factor 1 Factor 2 Factor 3 Factor 4
F~ 0.467 -0.111 0.051 -0.183
MSA 0.433 0.129 0.199 -0.552
Cl” 0.972 -0.022 -0.132 0.104
SO 0.980 0.044 -0.045 0.041
nss—S04% 0.539 0.340 0.403 -0.227
NO;3 0.479 0.011 0.340 -0.033
Na* 0.973 -0.022 -0.133 0.093
NH, 0.296 0.115 0.581 0.192
K* 0.969 -0.037 -0.112 0.080
Mg?* 0.969 -0.014 -0.121 0.112
Ca* 0.931 -0.069 -0.102 0.070
680 -0.058 0.601 0.593 -0.082
§¥D -0.051 0.960 -0.228 0.088
d-excess -0.038 0.855 -0.436 0.121
S.AR -0.091 -0.026 0.362 0.800
Number of Data 146
T.V.E (%) 442 145 9.7 76

PCA for Styx-M core was performed on

components, calculated values of the snow

the measured values of the chemical

accumulation rate and values of the

water isotopes and d-excess matched by interpolation to the depth intervals of

the chemical species due to the different depth resolutions between two factors.
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3t 3.1.15 Principal components analysis factor loadings for chemical species,

water isotopes, d—excess and snow accumulation rate of Styx-B core.

Factor 1 Factor 2 Factor 3
F~ 0.354 -0.159 -0.181
MSA 0.243 0.545 0.002
Cr 0.963 -0.106 0.180
SO 0.971 0.047 0.181
nss-S04% 0.477 0.516 0.011
NO; 0.248 0.139 -0.736
Na" 0.963 -0.105 0.180
NH," 0.619 0.114 -0518
K* 0.970 -0.098 0.144
Mg? 0.963 -0.092 0.188
Ca® 0.660 -0.010 -0.436
8120 -0.031 0.942 0.049
§¥D -0.034 0.949 0.090
d-excess -0.035 0.245 0.567
S.AR 0.056 -0.168 0.529
Number of Data 196

T.V.E (%) 39.8 16.9 12.0

PCA for Styx-B core was performed on the measured values of the chemical
components and water isotopes and calculated d-excess and snow accumulation

rate for the depth resolutions between two factors.
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2 Ao = ZhzE 19909 H-H 20133 1990 H-¥ 20144
o9} Styx-B Zo]9 Na'¥ MSA AFT % 7|55 AFE3Yh. Styx 79
Na'¢} MSAT & AAFe sy 592 Aox Yetw 7] wio Flux 7]509]

ftlo
.
o
off
ol
rr
0!
—
<
g
=

= [MV - min[M-V-]total]/[maX[M.V.]total - min[M-V-]total]

o714  N.V.(Normalized value)= Aifstd dt=, M.V.(Measured value)©

%](-)] l\:"]__ %}1\_% 9/] U] ?J_—]:]' min[M.V-]total‘T”}_ maX[M.V-]total% Z}Z}_ ﬁ iﬂ %;g %)\_94

Angst A dv@h vARoR ofF ZEHA A HogHonA, ¥
sole] e ol JBES FRHAA 285 WAL ESHE H5H THA
=

o
t
2

>~
=
ofo
ol
S0
28
=

(Abram et al. 2007, 2010; Raphael et al. 2016), A%
Stacked Na'#} Stacked MSA 7]&olg} W3t o AFolA = vALHo=R
=2 Y9 FsEgke] YERE 1996139 Na' 7|55 #l9fsh 1990WH-H 2013d7MA4 &
593}l Stacked Na'¥} Stacked MSA 7] 5& AF&-313 T

= 29 2adle ogdde 2o Feuel HEbwent @

g2 WY Edsts A9y A=A oozZEo VIHYAE AN 6,
Stacked Na“ 7%} Stacked MSA 7]1ES ZH7F 1990 H-E 20134, 19891 H-H
20123 9] AzZF Aed ey BE dUY S sk vl vy 3.1.68).

ol d Agel dFHE ol H= AQelM HeEHd AT T F3 &0
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dAste]l MSAZE A7 wizel 1d de) sy WA AEIA dozEl
TR #EE B R Stacked MSA 715% 19 A &YW wxE v st th(Abram

=

et al, 2013). HHIF W FE 7|5 FEuropean Reanalysis Interim

(ERA-Interim) 717 dlo]g o] =04 A& dHo]lHE o]&3t3t}t. Stacked Na'

7152 AY 239 AEl (= ~06, p < 0.05)9 dENT = ~0.7, p < 0.05) AH2
A Y wEeo SO S HAH(H 3.1.68(a) #il). Stacked Na® 7] &3}
AEd W % Atoldl= Al My A5 AE(r = ~08, p < 0.05)9 AENC =
~0.6, p < 0.05) AENA & aAdo] EAgH(2dE 3.1.68(b) Fa). ¥4 s
X9} Stacked Na™ 7]1Z7te] A#AL 958 AEE = ~06, p < 0.05)0]A %
Uetdthi(2d 3.1.68(c) #il). Stacked MSAE &2&(r = ~06, p < 0.05),

obEAS(r = 0.7, p < 0.05), =T = ~0.6, p < 005 2L A=%(r = ~0.6,
p < 0.05) AE(LH 3168 el A W st Fo HFAAHS HAth
AL€HE A T Stacked MSA 7] 5 Alol9] o] gL 2 23(r = ~06, p
< 0.05), ofFEAY W ~aSAs(r = ~0.7, p < 005 2F L AE%r = ~07, p
< 005 At =Agrh(17l 31.68(e) Fil). Stacked MSA 7153 w3 34
T A#AAAE 228G = ~06, p < 0.05), ofEASMN(r = ~07, p < 0.05),
AEsr = ~08 p < 005 2 JAELFE = ~06, p < 005 AE A
YERS T 3.1.68(f) #an).

T3 1990 HE 2013 3te] maE] ZEvkel Hgewp wb Zeve o5
AR o] sl Stacked Na'# MSA 7]5& Hluste] FEvpolA AR & H
BT ooz JFE AFSEATHE 3.1.69). Stacked MSA®} Zeuk
of Fo3k ATAAY EAst= vHH(E = 05, p < 0.01), Stacked Na'2 |

A3 o3 FEAdol vEbA 2gkth 28y Stacked Na® 7159 $7 WY
A Zue 7 WES 19919, 19929, 19989, 20001, 20014, 20024,
2003, 20043, 2009, 20104, 2011, 20123 Ax A& HAG AT
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19 3.1.68 Map of spatial correlations of stacked Na+record with (a) annual, (b)

winter and (c) spring sea ice concentration around the Southern
Ocean at the 95% confidence level from 1990 to 2013 and of stacked
MSA record with (d) annual, (e) winter and (f) spring sea ice
concentration around the Southern Ocean at the 95% confidence level
from 1989 to 2012. The filled contours on the map indicate
correlation values according to the filled colors and correlation values
noted on the bar at the right side. The correlation analysis was
performed using Climate Reanalyzer (http://ClimateReanalyzer.org),
Climate Change Institute, University of Maine, USA.
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19 3.1.69 (a) Linear plot of summer area of Ross Sea and Terra Nova Bay
polynyas (green line), stacked Na+ record (blue line) and stacked
MSA record (red line) from 1990 to 2013. (b) Linear regression fit of
stacked MSA record and summer area of Ross Sea and Terra Nova
Bay polynyas from 1990 to 2013. Pearson’s r is 0.5 at the 99%

confidence level for the 24 data points used in this regression.

A dlomEE AF MRS aste] o5 HA V9AE Fofstr] 9
1990 % H  2013d7b4 9] 7)zF EF 69 ~8¥(AE), 9¥~11€() ¥
129 ~29 ()l A 1= 1000 me 3000 mell ~Ex WYPon w=dEis
Zlgkell o 4dz3kel A A AISArk(d 31.70). 1 A3, 2~
W] s 2o Zas 2 oH e 9 Zud A &

Zlgko]l AujAoltt wekd AL FEH A" W =g W 79
2L FE2 2addA FAEAta & & vk AR Stacked Na® 7] 52
z2d A ABdAZE detgA &n esle wesakealnt g5 s
FHBATE dERdEd, ol obvh FAAR] dEAom oA EI Y
dlojzZze] AA 719 F st v Agem oAAY, o= oFd ZYuy
et lwte] frolm A7) wtel yEhd At Bld

2] dejmEe Gl ofFHel AHY] Wi, ¢ 5He] A
Aitel 23& AT AFE VId A F2 T 2 ghen o=
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19 3170 Four-day mean back-trajectories from 1990 to 2013 during winter
at (a) 1000 m a.gl. and (b) 3000 m a.g.l., during spring at (c) 1000
m and (d) 3000 m and during summer at (e¢) 1000 m and (f) 3000 m.
The red star indicates the location of Styx Glacier. The weighted
portion of each transport way 1s presented next to each transport

way.
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gol= FH 7]
7] Wk MAYSFE oo2E FEolA VA RTY o Fod acle] H

ZAboF @t (Abram et al. 2013; Levine et al. 2014). 7]
vt oojeE FFo dx PEEHE, AV|Yge]l AEFE uighd o2

FTEZ A 2 dTdAds TIde 71 2de diEse dEvE=z
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o ©
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FEl= 22 o HAH Ay AESAY doj2EFo] 53] A7|gte] AshA
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23k Lola A& 71 #=A(Automatic weather station; AWS)ol| A
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J5¢ <z oJ8F, H2 A,

WESA oolzZel U@ FadH /Y 2dd AEH 9B 2ARGHE

3.1.16). Lola AWSe| tfgt =gt JH = 3% 3.1.17 o AgstAth. Stacked Na'

7152 Lola AWSIA 22 A3Hr = 06, p < 001) ¥ EZH(r = 06, p < 0.01)
719 dlolE ¢} frojnsl S Hol= HbH Stacked MSA 7]1=9 A9 A3
Aol YElUA LUt ol ddSUR sd ooZEo] 7|YAHY 7]
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3t 3.1.16 Correlation values of stacked Nat+ and MSA records with annual,

summer, autumn, winter and spring pressure records obtained at Lola

AWS site between 1990 and 2013.

Stacked Na*

Stacked MSA

Annual pressure

Summer pressure

Autumn pressure

Winter pressure

Spring pressure

"06

06

0.2
-0.2
0.3
0.01
0.3

sk ok

Correlation values at the 99% confidence level.

Correlation values over the 95% confidence level are present on italic type.

3 3.1.17 Specific information of automatic weather stations located nearby

Styx Glacier.

AWS Location Altitude Period
Alessandra  73°58°S, 166°62°E 160 m a.s.l. 1988 - 2016
Arelis 76°42°S, 162°58°E 150 m a.s.l. 1990 - 2018
Eneide 74°70°S, 164°10°E 90 m as.l 1988 - 2016
Lola 74°13°S, 163°43°E 1700 m a.s.l. 1990 - 2018
Maria 74°37°S, 164°00°'E 355 m as.l 1997 - 2017
Modesta 74°38°S, 160°38°E 1924 m as.l. 1989 - 2017
Rita 74°43°S, 164°01°E 268 m as.l 1993 - 2017
Silvia 73°02°S, 169°35°E 568 m a.s.L 1990 - 2017

The data and information were obtained from ‘MeteoClimatological Observatory’

of “Programma

Nazionale

(http://www.climantartide.it).
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A g T2 AWS Alo]Eo Al A2 Zbzhe] 7]¢F dlo]El 9t Hlastith(:E 3.1.18).
SHEgold=o] AWSe| tigh Mg Ar= E 31174 Ao 1 A,
=k L ghel A e AaaATE et T > 06, p < 0.01). E=3 ZF A1 719
G Ht a4 2 (Mean sea level pressure; MSLP)¥ Lola 71%t ®lo] €9
FAA AG7E FHEAHE 3.1.71). & MSLP dHolE &= 19799 %5 2018
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¥ 3.1.18 Correlation values of Lola AWS pressure (hPa) with pressure records
obtained at other seven AWS sites located on northern Victoria Land

for annual and spring time intervals.

AWS Lola
Time interval Annual SON
Annual 0.8
Alessandra )
SON 06
Annual 0.7
Arelis
SON 0.6
Annual 0.8
Eneide i}
SON 0.6
) Annual 1.0
Maria n
SON 0.9
Annual 09
Modesta
SON 0.8
) Annual 08
Rita ” .
SON 0.9
Annual 0.8
Silvia
SON 0.6

“Correlation values at the 99% confidence level.

Correlation values over the 95% confidence level are present on italic type.
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19 3.1.71 Map of spatial correlations between (a) annual Lola AWS pressure
and annual MSLP over Antarctica and (b) spring Lola AWS
pressure and spring MSLP at the 95% confidence level from 1990 to
2018. The filled contours on the map indicate correlation values
according to the filled colors and correlation values noted on the bar
at the right side. The red star indicates the location of Styx Glacier.
The correlation analysis was performed using Climate Reanalyzer
(http://ClimateReanalyzer.org), Climate Change Institute, University of
Maine, USA.

ARG BF 4T A%4 Aun PUAE A Gl 2 9FS v
Wil 28 WA g FEE o] F b4 AYlE 9P B Aoldm

ZAF8k7] 918, 1990 2017 71%F Betel Az 2 BH Lola AWS 7St
ol & 2z} Al7lel g @5 WE A4S, SOL okbtAs] A AA F4
(o] % ASL-PZ WH), ZE(o]F ASL-LonzZ W) ¥ ¢ (o]F ASL-Latz
H) 49} BlaE P uH(E 3.1.19). Lola AWS 71t 7122 ASL-P (17 dlolH
r =05 p <005 4 dolg r = 06, p < 0.01), 97+ ASL-Lat (r = 04, p <
0.05), &= A&7k deolE r = 07, &2 dolg r = 067 Fod JAdS
Bt ASL-Lon % SOI®te] #&A 2 veEbUAl ekttt o 21 717kQ1 1979W H-H
2017 Abelel w5 MSLPeF tiatR tl7] &3 A5 Alolo] AadA A+ %%



AR A3rh e e (L™ 3.1.72). @S MSLPE ®3 ASL-P (r = ~08, p <
0.05) 2 &= & (A 2 B3 dold, r = 09, p < 0057 Fng Fagol
UERSEGL, =Rt BH ASL-Lat AF¢be] A E et = ~06, p <
0.05). &= MSLP¢} opzAla] A7) AFE7e] Hlues 53 dolgel ghato]

AP Qe ol vz Hol AEE o gol},

3t 3.1.19 Correlation values of indices of large-scale atmospheric patterns with
Lola AWS pressure from 1990 to 2017 and stacked Na+ and MSA

records from 1990 to 2013 for annual and spring time intervals.

Lola AWS

Stacked record
pressure (hPa)

Time
Index Annual SON Na' MSA
interval
Annual “-0.7 ~04 -0.3
SAM ,
SON =6 ~04 -0.2
Annual 0.3 -0.1 0.1
SOI
SON -0.02 -0.3 0.01
Annual 05 04 0.3
ASL-P (hPa)
SON 0.6 0.2 0.2
ASL-Lon Annual -0.2 -0.1 -0.1
(°E) SON -0.04 -0.1 0.1
ASL-Lat Annual 04 -0.02 0.02
(°N) SON -0.03 -0.1 0.1

“Correlation values at the 95% confidence level.
“Correlation values at the 99% confidence level.

Correlation values over the 959 confidence level are present on italic type.
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[TTT T TTE—

19 3.1.72 Map of spatial correlations between (a) spring MSLP and spring ©}
A8 A7) H-P index, (b) spring MSLP and spring o}=#13] # 7]
AdH-Lon index, (¢) spring MSLP and spring ©F&#13] # 7] Fh-Lat
index, (d) annual MSLP and annual 3= %l index, (e) spring
MSLP and spring &= %% index, (f) annual MSLP and annual SOI
and (g) spring MSLP and spring SOI at the 95% confidence level
from 1979 to 2017. The filled contours on the map indicate
correlation values according to the filled colors and correlation values
noted on the bar at the right side. The red star indicates the
location of Styx Glacier. The correlation analysis was performed
using Climate Reanalyzer (http://ClimateReanalyzer.org), Climate
Change Institute, University of Maine, USA.

v

o Als] Aol Azt hEH 9% WIE Lola AWS 7|9 & #A-[AS

W H 7] wiel Az ARdA AxE ugsiA @ Ao] ergdeivn Az
obEAlE A 7Ikde] wH FA 94¥e Lola AWS 7|9 715 % MSLPs
A A#EH, olo uwhe} Stacked Na' 7|5 % oo wE | oo] 2 Zo]
obAls] A 7|t T4 7ISE Wed o AHAEEs BHYds 9ugit 5EH
ob=As] A7Idth7F Marie Byrd Land 3ol #1x]8™d West Antarctic Ice
Sheeto. 2 HFo] FU%¥ 2 Ross Ice Shlef wpzZo =z FFo] Eojupel A=z 3|
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(4) Bulejolde Walzole] B ofn] &4

7 WrA7EA o] A sk Ed dE 71 E5S Bt ol
ot WA (dust), 3HAFA](ash), HlZgt YA}, SFr7bxs

e Ao w wes AstEe] AR olFdtH H A
of 9&E& v tH(Severi et al, 2014). 34+eE 48L& ECM (El

od K
©
2
o
ot

_

ectric Conductivity Measurement)®} DEP (Dielectric profiling) &3 #o] 3tetslar
Hl 3} 4 Q1 W o2 W3l so] oA A el A5% o, WA (dust)H 3l
T T4 (sea spray) @< =do] 1A-FALOE FA HAEE A5 Aol ofHr

(Wolff et al, 1999). ®=3F 19 (sulfate) & o] &3t sHit&tss Adats 44 =

uf

3 %, Az AR et Y BESEFANA HdFetAl Zdstr] wimol FE7F 2 SpAE
G5 AT oy Fo] gtk AAR v I A (nss-S04 )L F= At

2L Ul A9 i R 7 2 71oE skal Utk (Severi et al., 2014).
APAFEel Al e F5A99 SO, Cl 18il EFL2&(F )9 %
Hskel o 2 2~ (Erebus) M4t A7 E S F = A AFAQ sHitds &£ @
o] &3}kl oYW 29 sMakEFol e FFS AT F A= ANAEA AE
2 o] &= HHerron et al., 1982). &
et al. (2008)°] ATolA = 2o st ol A

S el =2 2o F o AZFol Y
F7 d=e] A mA = 2Ad4-A904 Q8 F&F g A= o7k w5
Fol gigt A7 daut Wol] FaHd E5d4+=
dqojz=E: AFE Tl FHUHFAA 7Idsts =49 FFS HrredaL, H=e
FsEdxd #st WA Ad4% 35 th(Barnard and Nordstrom, 1982; Cadle,
1980; Wilkniss and Bressan, 1972). ©] A3 52 Fd] H oA+ &3 vlo] o nj

Jﬁﬁi

EE R R E

AT EW J1QRT e B f98E 47190 ] 2 Aow v}
Hgom quAsg Ba F/h 99402 499 FAsgth T3 HWBES
Fo 712 $EE REFAHPE SAAH Bl AR AAHNE Ao 1
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Ao Fdas gifd sitdsd #dHE Fo AsSAve] F2 AU
(Herron, 1982; Kyle et al., 1990; Udisti et al., 1999; Zreda et al., 1993; Gostynska
and Kyle, 1993).

d= WA g F & 1987 Saigne et al. (1987)°] 98] %= Dome Col
A B} o]F Wd= 52 Vostok (Wagnon et al.,, 1999), Dome Fuji (Hong
et al, 2012)oA ®EA = o ok x4l The Terra Nova Bay (Udisti et al,
1994), Northern Victoria Land-Dome C (Severi et al., 2014), Styx (Kwak et al.,
2015; Nyamgerel et al.), GV7 (KOPRI), Hercules neve (KOPRI) SolA 13 H

AARZHEE F o] £45ATH(E 3.1.20.).

ol 0.8 m ool A+= HF A&l (redistribution) &4Fo] HEEJA T FHE MZ
oAM= AEn] Aol #FE X ekt (Wagnon et al., 1999).

kA 2 AT E F & ol&ste] bE T o549 duds &3 o
Bo] SHEgoldize] T A(GV7, Styx)9 F 9o S vusia 2§ 1

st gk 7 xARE AlEstaat g
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3t 3.1.20 Concentration ranges of F- in our study and comparison with the

previous studies in Antarctica.

=
. . . Accumulation .
No. Site Location | Elevation ) concentration | Source
rate
(ng g
Saigne
1 Dome C - - - 0.12 et al.
(1987)
Udisti
The Terra s
2 N B - - - 0.1~6.20 et al.
ova Ba
v (1994)
79°98'S Wagnon
3 Vostok 163’48’E, 3490 m 22 ¢ em Zyrt 0.025, 0.076 et al.
(1999)
T7°18'S Hong et
4 | Dome Fuji 39"47’E’ 3785 m 8 cm yr ! 0.15~0.68 al.
(2012)
Kwak
73°54'S, w» e
5 Styx w. L 1750 m 226 H,0 m Zyr ! 0.54~6.21 et al.
(2015)
70°41’S, S—
6 GV7 158°50°F 1950 m 230 kg m °yr 0.05~2.12 KOPRI
73°50.98’S,
7 Styx 163°42.64" | 1623 m | 142 kg m%yr ! 0.13~10.26 KOPRI
E
Hercules 73°03’S, 4
8 165795 E 2860 m 50 cm yr 0.28~3.28 KOPRI
neve
73°51.1’S,
9 Styx 163°41.22" | 1623 m | 123 kg m %yr! 0.04~8.80 KOPRI
E
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GV7 A9 (70°41'S, 158°52E)2 Y1 Y(southern ocean) o ZHF-E] ¢F 90km H o]

A 3ol A8t glomw stuE oF 1,950 m, A 7230 kg m yr ‘2 v
$ ®e Adelnt. w3 HUF AWV} AX gob wAYE 1/F, 2B

715 B AFE fA8 vy Tas Agelgt Tk Styx A9 (73°511°S,
163°41.22°E)> FH.a1 7)Ao A ¢F 85km E ozl 3ol fAstal o s
°F 1,623 m, A =S Y123 kg m Ayr 1¢l Ao},

GV73 A Styx AH-(~93 m 7FA)e] Foj+= Teflon &9 ¢ 33 SFHF= Al
2E Age ZH(Kyocera)S ©]&3le] 22 29& AASIATLE o] SFGAA HA=
High Efficiency Particulate Air (HEPA) filter system Clean booth(ISO 5)ol A4 &
T el Styx (9.3 m o] F)e] Folx= A% EEEA W (Continuous flow
analysis; CFA) A"l 13 o] A ZntE 18 3] (Fast ion chromatography; FIC)

Azl Tgg3 %7 o]2a2vE 189 (Ton Chromatography, IC) 4 H& o] &3}

F R0l L4 (FE, MSA, CI, SOF, NOs, Na', NHy, K, Mg¥, Ca™) #41& &
Bahgiy. AR EFH BAARS Fol7] A8 &, Fol22 FAo] BAHsE

271d oleazutEaHT A~ES PP SEAMZT(Auto samplern)E A&
stom, B4 Al AFES BE V]FELS oM E AW MAWHIY Fds W
Hoz MF $mw 7FET AR

= GV7 HFHstao] ~78 m ol A= HAFF(2013/14 sHAAE Al
), Zobg F994 AW W3 Na'¥ nss-SOLARES v wWzkel 34t
ZNEFUYER st =L 3k 2R 4F 5), Herron-Langway 22 B
2 9ok 203do w2 FALU. Styx Fojo dU=AHL dArxw ZFS(annual layer
counting) ¢ #itd-s 7| H(I YRR hHS Sl F
~50 m7HA &= Herron-Langway 23S A &3stqth AdiSAdo digk M+l
Han et al(2015)°] =W A2 AHFHE7]2E oF 8 km Hold A A FA
g Stenni et al(2001)2] A¥} Rt} oF 15% 7FaF oAl vEhg o, Az Hd ol
71E AT AdEol Hlate] iAoz vrol Styx Wat A W A o] FIHA <

AolE melth EF Udisti (1996)9] A7 Aol Be F A7d maa Ja 4

FLH
:L

4

A3t (~10 m 7}A]), o] %
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D F o2 5% 54
= BalEgotdl=e] £ A9 (GVY, Styx)eld Fyre X 005 pg L1~
212 pg L

1004 ng L1'~12206 pg Loz zAtEQon F#zke 017 pe LY
1.22 yg L& Yebytth(29 3.1.73). StyxA 9o F Fd kS o] x99 As)ed o
A Zged F owiASESFE¢ 099 pg Lo fARE 3HS BohH(Udisti et al,

1999). =3 F=1d ] wid =2 &4yl

spatgts 71E5S By 9ste]l AdEA AHE o] 43 A nss-SO4 9 F
g ZEA(proxy)& AMESRe] 1 3o shehA BEAS AT B ATolAE
AdEH AFAE o]&steqd F AdoA 7] Feo] EHAH
(1991)9] shit &9 sty 545 FAHJTHLH 31.73). FR A2 F 4
Ao A nss-SO~ ¢ F EF Z7tets A4S BgAw vysn gatd F o &
=9 Wayh FsA JeElgA gtk ole di7] ol EAEE TR 58 H
A RS B AAHNE MeAS BAF webd A5 Aol Eel A9
F o Asel disted FHAY, vpte] W& 5 gt 245 st AHE g
27 Atk

FHFFE o83t At AAl o] FAH|A Na'TtABE 7|FoZ B o
StyxA o] GVTAA BT slde dadS o wol W 3oz e TH22%; GV,
34%; Styx). ¥ ATolA stgEo] dojyitial FAHH= 7|7k &F A, F 7
He] o] FAHIE ALke A3 GVTA 9 Styx A < 5
T A7l Feb SO& v e Wskyh a7 vebsa, GVTA9e vyEr itk
T A, 5 FAn wsly 48 whd StyxA 9 FAAE Wyl gl doh(E
3.1.21).
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19 3.1.73 Concentration profiles of Styx shallow ice core.
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3 3.1.21 Comparison of ion composition ratio before and after volcanic activity

periods in GV7 & Styx sites.

Ion GV7 Styx

(%) g5 X |3 | €5 2 | 51 | 2547 | €5 %

F 0.22 1.26 0.33 7.60 2.8 2.89

MSA 1.08 0.83 2.25 0.59 0.09 0.53

cr 29.28 62.67 46.8 81.29 74.93 83.80

S0 | 53.89 23.06 31.14 11.72 11.23 10.22

Tamb NO,” | 1553 12.18 19.46 3.80 0.95 2.55
ambora [+ 38.85 33.92 60.76 69.74 69.86 72.80
NH, | 16.14 6.36 17.48 0.02 0.07 0.22

K 1.76 1.22 2.53 1.72 1.13 1.71

Mg?" 8.06 10.45 11.14 20.33 11.66 20.00

Ca® | 35.18 48.07 8.10 8.20 17.27 527

F 0.25 0.24 0.23 0.20 0.69 0.40

MSA 2.20 2.54 3.83 0.46 0.83 1.07

cr 48.30 53.80 43.44 81.23 70.57 61.71

S0 | 30.71 31.24 37.60 13.94 22,44 28.26

Pinatubo | N0i | 18.53 12.18 14.90 4.16 547 8.56
Na' 49.39 44.65 58.73 70.82 70.26 61.18

NH, | 16.77 8.90 12.97 3.00 2.44 6.54

K 2.10 2.48 3.84 1.88 2.23 2.72

Mg?" 15.26 13.72 17.09 16.77 15.02 18.54

Ca? 16.47 30.24 7.31 7.52 10.04 11.02
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@ EFLE2o]2(F)e wiE9d 7% 3 F3 A (flux) Bl
GolA Fo 2 #AYLS Y (sea salt), A YA (dust particle) 22 a1 3}4t
o] Wr=o]tH(Carpenter, 1969; Bewers and Hayson, 1974; Barnard
and Nordstrom, 1982). F & t7] & S4719WA gAte] & Fzs]o] kg2
A2 =45 3kt EAS A1 I tH(Angelis and Legrand, 1994). =3k 3}
AhEE Al B sk ST ofuel AV ddAtel S 52 R
BEE = odusE AFA97F B a5t (Angelis and Legrand, 1994; Udisti et al.,
1999). WA A BoA] F &= % F 4 (postdepostition) FAS AX7]% &} H 4%
qe FRAGoRFEH 7dH SAVLdUAd FFEHo] WA S HwA & H
4= AowE AU (Kwak et al, 2014).

B AP AE ¢ B (sea spray)ol A HAEE sl F/Na':(1.20 x 104
w/w, Henderson et al., 2009), WA 4% (dust delivery)¥} #do] &= AHA7z+
(upper crust)®] F/Ca*3t(1.21 x 102 w/w, Henderson et al., 2009)< ©]-&3&to] F
o HjEdd 71 =S AAsEth(Severi et al, 2014). & F ol thak vj&gd 7)o

e 29 3174 & T8 S0 & dn sl 25l oa 2= F = oA

g 71e Mo s gASka o= W sbEEd sbvhs Vs BF X
gotm AR FE2 AR Aol AA-deAd el o BdH W=

Fo® utEE F & ¥tk GV7a Styxel A 244z wiEdd 7ld=g A
g Ay, 7oA B oslgget A4dE AedEatdE 5) F o f9e]

20.83% 18]l &I Yho]l HiF 1.69, 2.39% = I ZRE FUdHE F b b
S AoR FHA(2H 3.1.74). ol Fd ATFAYY F = sy A

]
S|
3 £45 % odd F9H0, A% FHAE 5L FANE ¥ fY€ES FAF £
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006 pg cmyrh), Styx(05~346 pg cmyrH= FlEga 31d oG
(3-point running average)< A HETH T X G AA Q] A= G FAFS
U StyxA| o] GV7AIGHT fluxTwo] A =& ASRE YEWY. o]+ StyxA
ool FWol| EAete sHE(EH, FERE Z#olotd )X FYEE HFO <
e Fo] o FiHom st Ayt W GVTAIGe] StyxA el Hl& <

2w o At =R F A Aole] A od AFH FPe

o
ftlo
i

T

T
rlo
o
o

2 HolARHy 3.1.76) Btt A3 {9

o,
o

2% ] fadE A
A B4l ol AT oL ARWA U KA Ao B 3

zﬂ
ABEL ARer] AAA MFFEALst F FPEADL BF AT 47E

o
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219 3.1.74 Fluoride concentration profiles of GV7, Styx firn core. The blue,
brown and gray bars indicate sea salt fluoride, crustal fluoride, and

fluoride originated by volcanic emissions or long-range transport.
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219 3.1.76 Location map showing the sampling site on the GV7, Styx with volc

anoes (Google Earth).
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Watzolel AvEAL Sla) AVt S A1SH0] g A AaUe Fz
ol @, Lt FelAA P AN AR s AUTFES A Fh AA
=

dol a7HATY. 2 Aol 1950-60d ) e HAH 7]
&

i

AbEEtaL F2 AIRE Pu 24l AREElth abAIA S 15mL LDPE 871l A&
ok oml ¥ EHEAUT Pu 9429 =AHE Jet InterfaceE &3k ICP-SFMS
(Inductively Coupled Plasma-Sector Field Mass Spectrometer, Element 2,
Thermo Fisher SCIENTIFIC, Germany)E ©]-&3tith S AF&3 7]7]84 =

A& 3% 318 #rh

¥ 3.1.22 Instrumental conditions and measurement parameters for the

ICP-SFMS and the desolvation system

Element2-Apex HF

Sampler/skimmer cones Ni sampler/skimmer cone (X type)
Sample injector Sapphire injector
Spray chamber PFA Teflon/Cyclonic spray chamber
Nebulizer PFA microflow nebulizer (100 pL-min™)
RF Power (w) 1250
Gas flow rates
ICP-SFMS
Cool (L min™) 16.00
Auxiliary argon (L min™) 0.8-0.9
Sample argon flow (L min™) 0.8-0.9
Apex_HF
Nitrogen flow (mL min™) 8-10
Rinse out time (s) 30
Take-up time (s) 60
Resolution Low (m/Am) ~ 300
Oxide rate U238016/U238 < ~ 2.0 %
Runs and Passes 10 x 1
Isotopes 5[, 238y, BSUIH, #0py, 22py,
Calibration U single standard with In as internal standard

*Optimized daily to obtain a maximal intensity (~2.2x10° cps for 100 ng L indium solution)
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otk obgel Wb shrolA s

(1) 7171324
2AREAas o] £BA ANE wEow Syx AdelA AR wiel W=
of (Styx-M, Styx-B)el sl 84k o4 F3be] o@ ASLE Hdshn ne s

AdZotznt AFEA7I(ICP-SFMS)E Abgato] St AA A= AbE 7Hsd €
% Big H]%3% Tl Sb, Y, REE, Ba, Th, US F7[2 24389tk A& s =

B>

E A5 FH¢ AL Qi 298 Hidsr] s FAATFA Class 1000
FUEo] A9 Class 10 F#EFE-2~ koA AAEALE. 949 =HLE  Jet

InterfaceE #2ék ICP-SFMS (Inductively Coupled Plasma-Sector Field Mass
Spectrometer, Element 2, Thermo Fisher SCIENTIFIC, Germany)& ©]-83}% 2.1
ANE =95 93 Auto-sampler (SC-4DX, ESI, USA)®} APEX_HF (APEX
Desolvating Nebulizer System, ESI, USA)E #z+s} ¢t}

717184 2748 Styx-M, Styx B #o] B5F 5L 3% 3.1.23 o JEF AT
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3t 3.1.23 Instrumental conditions and measurement parameters for the

ICP-SFMS and the desolvation system

Element2-Apex HF

Sampler/skimmer cones Ni sampler/skimmer cone (X type)
Sample injector Sapphire injector
Spray chamber PFA Teflon/Cyclonic spray chamber
Nebulizer PFA microflow nebulizer (100 pL-min™)
RF Power (w) 1250
Gas flow rates
ICP-SFMS
Cool (L min™) 16.00
Auxiliary argon (L min™) 0.8-0.9
Sample argon flow (L min™) 0.8-0.9
Apex_HF
Nitrogen flow (mL min™) 8-10
Rinse out time (s) 30
Take-up time (s) 60
Resolution Low (m/Am) ~ 300
Oxide rate U238016/U238 < ~ 2.0 %
Runs and Passes 3x3

gst, QSMO, 89Y, IZISb, 137Ba, 139La, 140Ce
141PI', 143Nd, 147Sm, ISIEH, 157Gd, 159Tb, 164Dy,

Isotopes 165Ho. 5Er 19Tm. 2vh. Ly 25TL. 2°B;
232Th, 238U
Calibration Multi-elemental with In as internal standard

*Optimized daily to obtain a maximal intensity (~1.9x10° cps for 100 ng L indium solution)

Biel gk HZ=3sA= 0.002pg g !, T1 0.001 pg g, Sb 0.011 pg g !, Y 0.001 pg
g’!, REEel o8 #Z%%4= LREE(La-Nd) 0.0005-0.0075(pg g ), MREE(Sm-Dy)
0.0002-0.005(pg g 1), HREE(Ho-Lu) 0.0002-0.001(pg g )¢] 43, Ba 0.046 pg g},
Th 0.001 pg g, U 0.003 pg g! & BTH

SHE s Je WA AEE A & F de EFAEEN AU AE A
F.¢l(the National Research Council of Canada, NRCC, river water reference
material) SLRS-5, SLRS-6% A}&38}%th. SLRS-59] ©go 2 SLRS-69] thy-+
of el digh EEake] FAE SLRS-5¢ Waste] wxak 4] HA53stal SLRS-6
of tigt ke gRlstsitt 1 A¥E % 31.24 (a), (b 3E 3.1.25 (a), (bl
Bt Bi, TI, Sh, Y, REE, Ba, Th, U 94% 08-20% °Jull9] £42 o3& 1
Hi=
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¥ 3.1.24 Analytical result (pg g!) of certified reference material SLRS-5 in (a)

Styx-M
This Certified/ | Recovery This Certified/ | Recovery
Element Element
study complied (%) study complied (%)
12974 + 1230 + 3.56 +
Rb 94.8 Tb 32 £ 0.6 89.8
18.63 80 0.19
118.18 + 19.07 £ 18.2 +
Y 120 £ 10 101.5 Dy 95.4
3.77 1.54 2.5
223.59 + 10.26 +
Mo 270 + 40 120.8 Ho 3.6 £ 05 102.3
3.55 1.66
266.7 + 3.96 +
Sb 300 112.5 Er 10.5 £ 1 90.8
11.26 0.17
15581 = | 14000 + 141 +
Ba 89.9 Tm 1.3 £03 92.4
305.16 500 0.36
207.31 + 10.08 +
La 196 + 11 94.5 Yb 9.3 £ 0.7 923
12.91 1.19
241.2 + 1.74 +
Ce 236 + 16 97.8 Lu 1.5 £ 0.2 86.4
21.7 0.07
50.15 + 46.9 + 3.57 £
Pr 93.5 Tl 42 £ 0.7 117.8
2.89 2.5 0.29
209.2 + 1.01 + 0.86 +
Nd 185 + 20 88.4 Bi 85.4
6.22 0.41 0.16
32.01 + 324 + 13.11 £
Sm 101.2 Th 11 £ 4.0 83.9
4.23 3.3 1.53
6.85 £ 100.88 +
Eu 56 +14 81.8 U 93 £ 6.0 92.2
0.2 10.8
26.35 + 249 +
Gd 94.5
2.54 3.0
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(b) Styx-B

This Certified/ | Recovery This Certified/ | Recovery
Element Element
study complied (%) study complied (%)
1331 + 1230 + 3.65
Rb 92.4 Tb 32 £ 0.6 87.6
34.32 80 0.38
120.27 + 1941 + 182 +
Y 120 +£ 10 99.8 Dy 93.8
1.79 1.5 2.5
22695 + 10.52 +
Mo 270 + 40 119 Ho 36 £ 0.5 99.8
19.46 0.73
261.89 + 3.65
Sb 300 114.6 Er 105 £ 1 98.5
16.67 0.28
15743 + 14000 =+ 1.62 +
Ba 88.9 Tm 1.3 £ 0.3 80.4
486.5 500 0.12
21141 + 9.74 +
La 196 + 11 92.7 Yb 93 £ 0.7 95.5
8.78 0.38
242.04 + 2.55 +
Ce 236 + 16 97.5 Lu 1.5+ 02 58.7
20.66 1.23
50.57 + 469 + 3.51 £
Pr 92.7 Tl 42 + 0.7 119.5
1.36 2.5 0.17
196.23 + 1.09 = 0.86 £
Nd 185 + 20 943 Bi 78.6
7.74 0.1 0.16
32.14 + 324 + 13.84 +
Sm 100.8 Th 11 £ 4.0 79.5
2.06 33 0.88
6.57 + 88.72 +
Eu 56 £ 14 85.2 U 93 + 6.0 104.8
0.06 6.27
28.37 + 249 +
Gd 87.8
2.66 3.0
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¥ 3.1.25 Analytical result (pg g-1) of certified reference material SLRS-6 in (a)

Styx—-M
This Certified/ | Recovery This Certified/ | Recovery
Element Element
study complied (%) study complied (%)
385 + 3.5 +
Rb - - - Th . 91
0.6 0.28
13522 + 21.84 =
Y 116 + 11 | 858 Dy 0 91.6
2.81 1.56 :
188.56 + 12.46 = 3.7
13.7 0.99 :
316.09 + 337 + 443 + 11 +
Sb 106.6 Er 83.6
9.97 >.8 0.22 0.88
15108 + 14280 + 1.65 + 1.4 +
Ba 94.5 Tm . 85
487.81 480 0.3 0.18
261.01 + 242 + 10.96 + 96 +
La 92.7 Yb ) 87.6
742 15.03 1.52 0.73
295.78 £ 1.73 +
Ce st 114.6 Lu 15+02 | 866
13.59 : 0.32
60.5 + 50 + 7.48 +
Pr 378 97.5 Tl 9.1 £ 0.2 121.6
2.11 ‘ 0.25
24738 £ 221 + 1.55 + 12 +
Nd 89.3 Bi . 90.5
8.47 14.35 0.35 0.24
38.94 + 38 + 26.09 + 22 +
Sm 97.6 Th 84.3
36 2.03 13 1.77
7.83 + 6.7 + 73.45 + 69.8 +
Eu 85.5 U 95
0.37 0.63 4.04 3.4
33.19 +
Gd 32 £ 42 96.4
1.33
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(b) Styx-B

This Certified/ | Recovery This Certified/ | Recovery
Element Element
study complied (%) study complied (%)
4.09 + 3.5 +
Rb - - - Tb ' 85.5
0.11 0.28
140.3 + 21.82 +
Y 116 + 11 | 827 Dy 0z 91.6
1.8 0.77 :
197.03 + 12.11 + 37 +
12.36 0.65 :
302.85 + 337 + 4.06 + 11 +
Sb 111.3 Er 91.1
18.71 5.8 0.39 0.88
15540 + 14280 + 1.72 + 1.4 +
Ba 91.9 Tm N 81.3
486.32 480 0.02 0.18
254.13 + 242 + 11.08 + 96 +
La 95.2 Yb N 86.7
9.14 15.03 0.2 0.73
299.34 + 1.85 +
Ce st 113.2 Lu 15+ 02| 809
7.81 : 0.08
59.15 + 59 + 8.92 +
Pr 378 99.7 Tl 9.1 £ 0.2 102
2.19 1 2.53
23095 £ | 991 1.69 + 12+
Nd 95.7 Bi ' 82.7
10.01 14.35 0.07 0.24
38.55 + 38 + 24.69 = 22 +
Sm 98.6 Th 89.1
1.24 2.03 1.33 1.77
7.61 + 6.7 + 67.51 + 69.8 +
Eu 88.1 U 103.4
0.25 0.63 2.62 34
32.86 =
Gd 32 £ 42 97.4
1.07
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F= StyxolA  AAFHI  HEFA]  Styx-M(4935-853 cm  Zeo]  F7hIt
Styx-B(606.5-697.5 cm Z o] 3ol sl skit A A#21 BiE H]%E3$ REE &, ¥
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3 3.1.26 Metal and REE concentrations (pg g-1) measured in Styx-M core

Depth Rb Y Mo Sh Ba La Ce Pr
(cm)
4935 13.515 + 2.118 + 0.444 + 0.306 + 26.78 + 4.013 + 7.083 + 0.796 +
: 4202 0.641 0.182 0.09 7421 1.083 1.938 0.228
os | 26303 = | 2916 & | 1436 & | 1599 & | 33715 £ | 6.018 & | 11467 = | 1322 &
6.914 0.769 0.399 2.084 7.567 1.402 2.584 0.279
504 15952 + 1.792 + 0.704 + 0.166 = 14.833 + 2.6 + 4.495 + 0.555 +
3.213 0.374 0.153 0.028 2.586 0.494 0.754 0.098
0 | 6268 £ | 3484 % | 027 | 0.087 £ | 1812 & | 2366 & | 4445 £ | 0512 &
1361 0.887 0.074 0.021 3752 0.436 0811 0.1
516 1.781 + 1.403 + 0.17 £ 0.066 + 10.253 + 0.824 + 1.104 + 0.148 +
0.331 0.171 0.05 0.011 1,676 0.132 0.171 0.023
15 | 5524 & | 99% & | 3925 & | 1061 = | 8086 & | 28.048 £ | 46.88 £ | 6.617 +
: 18.058 | 3243 1255 0.331 23299 | 8245 13.80 1.92
522
5265 87.45 + 6.342 + 11.433 + 3.742 + 56.53 + 14.23 + 29.605 + 2.926 +
: 19.529 1318 2,504 0.764 10982 | 2506 5.56 0.506
533 20.883 + 5.576 + 2.065 + 0231 + 50915 + 9.252 + 15.665 + 1.876 =
4757 1.199 0.402 0.065 8.966 1819 3.935 0.347
355 | 5089 & | 16508 = | 3.187 & | 0384 & | 12540 = | 37.278 & | 69.539 & | 7915 +
: 10346 | 3441 0.648 0.085 2371 6.019 11.91 1424
544.5 50.564 + 16.029 + 4342 + 0.455 + 158.86 &+ | 33.235 + 63.842 + 7.222 +
: 8,087 2.075 0.656 0.053 19.11 4.699 §.205 0.932
15 | 14091 | 1743 & | 1622 % | 017 & | 24.125 & | 3379 = | 2.166 £ | 0336 +
~ 1116 0.747 0.142 0.015 1.852 0.258 0.133 0.03
552
556.5 2771 + 0.571 + 0.154 + 0.179 + 8413 + 0.864 + 1.746 + 0.201 +
' 0.243 0.033 0.079 0.011 0.533 0.089 0.083 0.013
562 5.498 + 1.202 + 1.512 + 0.098 + 12.257 + 2.191 + 1.449 + 0.234 +
0.996 1173 0.154 0.019 1705 0214 0.192 0.024
s | 1332 % | 4429 & | 2066 & | 0.098 = | 21281 £ | 3.041 & | 3.08 & | 0324 &
21766 0.233 0.12 0.021 1,026 0.178 0.52 0.047
5745 43.566 + 2.54 + 1.73 + 0.859 + 68.768 + 6.247 + 13.05 + 0974 +
: 2353 0.113 0.234 0.052 2,759 0.239 0.507 0.038
575
5705 | 34125 = | 1216 & | 3981 & | 0558 = | 20345 + | 1852 & | 3465 + | 0401 +
' 2.018 0.092 0.242 0.04 1.236 0.115 0.235 0.026
585 5.054 + 6.737 + 2.954 + 0.208 + 54.088 + 497 + 8.037 + 1.016 +
03 0.27 0.147 0.012 221 0216 0.325 0.042
5025 6.133 + 1.955 + 2.369 + 0.226 + 55.566 + 2.673 + 5.047 + 0.582 +
: 0.914 1.065 0.173 0.021 3298 021 0313 0.036
599 5 6.699 + 0.686 + 2.288 + 0.132 + 41.244 + 0.894 + 1.224 + 0.161 +
: 2.148 0.117 0.1 0.017 1.9 0.101 0.4 0.036
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600

604.5 3.733 + 1.54 + 0.296 + 0.709 + | 40.746 + 141 + 2.622 + 0.291 +
) 1.483 0.073 0.193 0.042 1.591 0.069 0.156 0.015
610.5 2.1 + 1.619 + 2253 + 0.155 + 2411 = 2.764 + 0.984 + 0.19 +
: 1.511 2.258 1.038 0.06 10.81 1.235 1.596 0.236
618 5.176 + 1.815 + 1.628 + 0.129 = 17.711 + | 2.445 + 0.681 =+ 0.12 +
0.904 0.346 0.297 0.018 5.503 0.386 0.359 0.08
624 6.401 = 0.834 = 1.434 + 0.091 £ | 20.387 + 1.377 £ 1.003 + 0.159 +=
0.702 0.055 0.276 0.025 3.569 0.095 0.087 0.017
631 2.877 + 0.531 = 0.615 + 0.1 £ 10948 £ | 0.827 + 0.892 + 0.116 =
0.363 0.122 0.057 0.053 3.224 0.111 0.122 0.017
631.5
636 6.772 + 0.72 + 14 + 0.76 + 23.533 + 1.207 + 2229 + 0.241 +
0.276 0.213 0.165 0.029 1.612 0.079 0.094 0.015
642.5 3.443 + 1.292 + 1.125 + 0.266 £ | 23.691 + 1.562 + 2.642 + 0.304 =
) 0.282 0.13 0.102 0.014 0.86 0.102 0.093 0.011
649.5 4.609 + 4.797 + 1.534 = 0.523 + | 32.151 + 1.479 + 2.488 + 0.312 +
’ 0.566 0.287 0.162 0.03 2.124 0.104 0.158 0.021
656 11.175 + 4.6 + 1.103 + 0.272 £ | 30.668 + 1.986 + 3.974 + 0.522 +
1.985 0.772 0.262 0.049 5.471 0.374 0.686 0.09
662.5 20.699 + | 4.861 + 2.183 + 0.182 = | 77.199 £ | 11.807 = | 21.215 £ | 2.502 +
: 0.792 0.171 0.115 0.038 2.735 0.401 0.725 0.086
663
667.5 13.62 + 2.459 + 0.564 = 0.264 + 17.24 + 1.352 + 2.57 £ 0.295 +
’ 1.229 0.257 0.137 0.045 1.53 0.174 0.293 0.042
674.5 5.61 + 1.467 + 1.871 + 0.205 + 3747 + 1.099 + 1.65 + 0.257 +
) 0.446 1.723 0.169 0.168 2.796 0.106 0.127 0.019
681.5 5.633 + 0.679 + 1.543 + 0.112 £ | 39.806 + 1.167 + 1.985 + 0.245 +
: 2.393 2.766 0.373 0.029 8.141 0.349 0.654 0.061
682
682.5
639 5.293 + 1.256 + 1.111 + 0.201 = | 34.096 + 1.991 + 3.388 + 0411 +
1.649 0.369 0.134 0.014 3.437 0.31 1.03 0.151
695.5 9.097 + 4212 + 1.499 + 0212 + | 55.537 £ | 3.256 + 6.355 + 0.767 +
) 1.329 0.319 0.137 0.028 3.811 0.219 0.461 0.055
702 3.653 + 0.811 + 1.147 + 0.081 = 18.944 + | 0.313 + 0.309 =+ 0.052 +
0.555 0.419 0.144 0.008 3.269 0.066 0.06 0.013
709 2.858 + 0.679 + 0.788 + 0.098 + | 20919 + | 0.965 + 1.582 + 02 +
0.403 0.062 0.099 0.018 2.219 0.061 0.094 0.013
13,5 10.045 + 1.7 £ 0.85 + 0.746 + | 34.765 + | 9.639 + 4417 + 0.544 +
) 0.585 0.138 0.12 0.037 1.949 0.475 0.32 0.031
714
719.5 24.53 + 2901 + 1.261 + 1.919 + 75.568 + 3.597 + 5353 £ 0.731 +
: 1.738 1.537 0.187 0.127 5.503 0.257 0.466 0.056
725 20985 + | 4.447 + 1.961 + 1.454 &+ | 58901 = | 4.826 = 9.266 + 1.215 +
1.476 0.454 0.17 0.071 3.021 0.235 0.452 0.059
734 5.008 =+ 1.048 + 0.527 + 0.561 = 17345 £ | 0.765 + 137 + 0.148 +
1.162 0.224 0.229 0.101 4.409 0.197 0.347 0.045
7385 17.029 £ | 6.249 + 1.95 + 1.363 £ | 70.616 + | 12.494 + | 24.184 + | 2.574 =
) 1.082 0.349 0.121 0.086 3.803 11.44 1.317 0.138
743 13.969 + 1.974 + 0.733 + 0.861 = | 79272 £ | 2.522 + 5.086 + 0.501 +
3.312 0.376 0.165 0.099 5.452 0.236 0.424 0.05
749 15254 + | 5.851 + 0.248 + 0376 + | 23.587 £ | 3.029 + 5.743 + 0.662 +
1.692 0.543 0.197 0.094 3.327 0.335 0.627 0.085
756 7.492 + 2.567 + 0.111 + 0.278 + 12498 + | 2.247 + 375 + 046 +
0.305 0.102 0.04 0.035 0.747 0.08 0.141 0.017
763.5 13.146 £ | 4.955 + 0.409 = 0.873 + | 64.637 + | 3.461 + 6.638 =+ 0.817 +
’ 2.033 0.552 0.231 0.121 4.117 0.734 2.088 0.113
764
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768.5 42,683 £ | 7.509 + 5.854 + 2434 £ | 236.51 £ | 17.066 = | 34.003 = | 3.461 +
’ 2.184 0.425 0.292 0.132 12.40 0.841 1.655 0.168
773.5
778.5
779
783.5 9.794 + 5277 £ 0.44 + 0.587 £ | 42378 £ | 9.663 + 17.223 £ | 2.105 +
’ 0.487 0.992 0.037 0.044 2.547 0.452 0.879 0.098
789
795.5
801.5
802
806.5 11.438 + 3.08 + 5.168 + 1.618 + | 54844 + | 6.395 + 12.928 + 1.279 +
: 2.001 0.322 0.579 0.158 4.747 0.584 1.661 0.123
812
816.5
823
8295 13.415 £ | 2.548 + 0.586 + 0956 £ | 41331 £ | 2.856 + 3.755 £ 048 +
’ 1.049 0.148 0.034 0.05 1.884 1.159 0.179 0.031
830
8345 7.46 + 1.237 £ 0.93 + 0.613 £ | 35682 = | 1.408 + 2562 + 0.293 +
’ 2.132 0.162 0.159 0.07 5.796 0.138 0.292 0.029
840 14.583 =+ 3.1 £ 0362 + 0258 £ | 25314 = | 2.716 + 7.893 + 0.537 +
0.95 0.222 0.044 0.02 2.305 0.133 4.028 0.022
846.5 4.729 + 8.049 + 0.268 + 0.13 + 5.073 + 0.377 £ 0.525 + 0.073 +
) 0.331 3.208 0.021 0.023 0.287 0.034 0.044 0.005
853 2.64 + 0.747 + 0.746 + 0.093 £ | 20.611 = | 0.932 + 1.498 + 0.193 +
0.467 0.161 0.139 0.014 3.246 0.154 0.229 0.031
DL 0.0086 0.0018 0.023 0.0134 0.0462 0.0026 0.0075 0.0005
Min 1.781 0.531 0.111 0.066 5.073 0.313 0.309 0.052
Mean 15.3974 3.484 1.7198 0.568 43.5184 | 5.3788 9.3614 1.0788
Max 87.451 16.508 11.433 3.742 236.511 37.278 69.539 7.915
Depth
(cm) Nd Sm Eu Gd Tb Dy Ho Er
4935 3.035 + 0.512 + 0.107 + 0.442 + 0.063 + 0.353 + 0.066 + 0.185 +
) 0.797 0.129 0.027 0.103 0.015 0.078 0.015 0.039
498 5.097 + 0911 + 0.158 + 0.771 + 0.108 + 0.59 + 0.109 + 0.286 +
1.065 0.183 0.033 0.144 0.02 0.108 0.02 0.051
504 2.228 + 0.403 + 0.096 + 0372 £ 0.05 + 0.28 + 0.053 + 0.14 +
0.38 0.068 0.015 0.053 0.007 0.043 0.008 0.02
510 1.956 + 0.352 £ 0.076 + 0.296 =+ 0.042 + 0.248 + 0.043 + 0.116 +
0.38 0.062 0.012 0.05 0.007 0.036 0.007 0.018
516 0.565 + 0.099 + 0.02 + 0.095 + 0.012 + 0.081 + 0.015 + 0.041 =
0.078 0.015 0.004 0.015 0.002 0.01 0.002 0.006
5015 23.404 + | 3.512 + 0.673 + 2444 + 0321 + 1.707 + 0321 + 0.926 +
’ 6.517 0.979 0.175 0.593 0.074 0.381 0.072 0.208
522
5265 11.82 + 1.944 + 0.439 + 1.642 + 0.233 + 1.249 + 0.234 + 0.614 +
’ 2.19 0.343 0.075 0.264 0.037 0.195 0.037 0.096
533 7.261 + 1.327 + 0.292 + 1.164 + 0.159 + 0.878 + 0.166 + 0.443 +
1.217 0.223 0.047 0.177 0.024 0.123 0.024 0.063
5385 2937 £ 5.002 + 1.213 £ 4.239 + 0.599 + 3272 £ 0.617 + 1.632 +
’ 4.817 0.748 0.174 0.581 0.082 0.441 0.085 0.22
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5445 26.824 + | 4.609 + 1.033 + 3.898 + 0.556 + 3.084 + 0.58 + 1.572 +
) 3.824 0.586 0.121 0.439 0.062 0.338 0.063 0.164
5515 1.351 + 0.262 £ 0.046 + 0.237 £ 0.031 + 0.18 + 0.033 + 0.093 =+
’ 0.103 0.016 0.004 0.015 0.002 0.011 0.002 0.007
552
556.5 0.817 + 0.14 + 0.03 + 0.116 = 0.016 = 0.095 = 0.017 £ 0.046 =
’ 0.043 0.007 0.001 0.005 0.001 0.005 0.001 0.004
562 0.895 + 0.158 + 0.028 + 0.151 £ 0.02 + 0.131 + 0.025 + 0.07 +
0.079 0.014 0.004 0.022 0.002 0.012 0.002 0.004
568 1.234 + 0.243 £ 0.043 + 0.233 + 0.034 = 021 + 0.039 = 0.104 +
0.206 0.016 0.008 0.024 0.002 0.015 0.003 0.005
5745 3.792 £ 0.684 = 0.124 = 0.592 = 0.085 = 0.484 = 0.091 = 0.247 =
) 0.162 0.026 0.005 0.023 0.003 0.018 0.004 0.009
575
579.5 1.585 + 0274 + 0.054 = 0.227 £ 0.031 = 0.185 + 0.032 = 0.091 =
) 0.093 0.017 0.003 0.017 0.002 0.012 0.002 0.006
585 383 + 0.712 £ 0.104 + 0.661 = 0.097 = 0.582 = 0.111 £ 0311 +
0.156 0.029 0.004 0.027 0.004 0.024 0.005 0.013
5025 2,127 £ 0.385 = 0.063 = 0.343 = 0.05 + 0312 = 0.06 + 0.169 =
’ 0.126 0.023 0.005 0.026 0.003 0.019 0.003 0.009
5995 0.627 + 0.114 = 0.021 = 0.11 + 0.015 = 0.108 = 0.02 + 0.06 +
) 0.158 0.011 0.007 0.018 0.002 0.01 0.002 0.003
600
604.5 1.131 + 0.207 £ 0.041 + 0.188 = 0.026 + 0.17 £ 0.032 = 0.094 =
’ 0.079 0.007 0.003 0.008 0.001 0.006 0.001 0.003
610.5 0.709 + 0.133 = 0.022 = 0.143 = 0.02 + 0.14 + 0.026 = 0.077 =
’ 0.702 0.131 0.017 0.085 0.013 0.06 0.008 0.023
618 0.463 + 0.088 = 0.018 = 0.092 = 0.012 = 0.087 = 0.016 = 0.046 =
0.15 0.033 0.005 0.02 0.003 0.011 0.002 0.009
624 0.617 + 0.114 £ 0.02 + 0.104 = 0.014 + 0.099 = 0.017 £ 0.055 =
0.042 0.008 0.002 0.011 0.001 0.006 0.002 0.004
631 0.439 + 0.077 £ 0.017 £ 0.068 =+ 0.062 + 0.011 £ 0.035 +
0.052 0.011 0.002 0.008 0.007 0.001 0.004
631.5
636 0.998 + 0.149 = 0.034 = 0.131 + 0.016 = 0.098 = 0.017 £ 0.051 =
0.055 0.01 0.002 0.008 0.001 0.005 0.001 0.003
642.5 1.214 + 0.199 + 0.042 + 0.184 = 0.026 + 0.159 + 0.027 £ 0.087 =
) 0.044 0.007 0.002 0.008 0.001 0.006 0.001 0.003
649 5 1.212 + 0211 £ 0.038 = 0.189 =+ 0.025 + 0.165 + 0.03 + 0.09 +
’ 0.072 0.015 0.002 0.011 0.002 0.01 0.002 0.006
656 2.296 + 0.389 = 0.077 = 0.336 = 0.048 = 0.286 = 0.053 = 0.16 +
0.39 0.068 0.013 0.058 0.009 0.048 0.009 0.027
662.5 9.281 + 1.48 + 0332 = 1.254 + 0.169 + 0932 = 0.174 + 0.478 +
) 0.319 0.051 0.011 0.043 0.006 0.032 0.006 0.016
663
667.5 1.129 + 0.199 = 0.042 = 0.182 = 0.025 = 0.155 = 0.029 = 0.085 =
’ 0.105 0.019 0.004 0.019 0.003 0.015 0.003 0.008
674.5 0.982 + 0.182 = 0.031 = 0.168 = 0.022 = 0.131 = 0.023 = 0.066 =
) 0.082 0.014 0.003 0.013 0.002 0.01 0.002 0.005
681.5 0.921 + 0.16 + 0.033 = 0.14 + 0.018 + 0.114 + 0.02 + 0.06 +
) 0.362 0.05 0.009 0.034 0.005 0.031 0.005 0.018
682
682.5
689 1.637 + 0.287 + 0.053 = 0.252 + 0.035 = 0.207 + 0.038 = 0.108 =
0.428 0.065 0.01 0.03 0.005 0.027 0.004 0.011
695.5 3.001 + 0.543 = 0.122 + 0.468 = 0.063 = 0.354 = 0.067 = 0.183 =
’ 0.194 0.036 0.008 0.031 0.005 0.023 0.004 0.012
702 0.219 + 0.039 = 0.01 + 0.046 = + 0,001 0.049 + 0.009 = 0.029 =
0.018 0.009 0.001 0.011 : 0.008 0.002 0.003
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709 0.761 + 0.125 £ 0.024 + 0.115 £ 0.015 + 0.1 0.018 £ 0.055 =+
0.039 0.006 0.002 0.005 0.001 0.005 0.001 0.003
713.5 2.06 0377 £ 0.068 + 0314 £ 0.046 + 0.259 + 0.048 + 0.131 £
’ 0.116 0.022 0.003 0.019 0.003 0.013 0.003 0.009
714
719.5 271 £ 0.439 = 0.072 £ 0.384 = 0.05 + 0.298 = 0.055 = 0.151 =
’ 0.319 0.044 0.006 0.037 0.005 0.02 0.006 0.013
725 494 + 0918 + 0.162 + 0.84 + 0.116 + 0.635 = 0.123 + 0.333 =
0.24 0.045 0.008 0.041 0.006 0.032 0.006 0.016
734 0.566 + 0.085 = 0.021 + 0.089 =+ 0.009 = 0.066 = 0.013 + 0.036 +
0.135 0.019 0.004 0.024 0.002 0.012 0.004 0.008
7385 9.728 + 1.65 + 0382 = 1.427 + 0.197 = 1.076 + 0.204 = 0.567 =
) 0.525 0.088 0.02 0.076 0.011 0.057 0.011 0.03
743 1.907 + 0315 £ 0.075 = 0.28 + 0.038 = 0.239 + 0.044 + 0.211 £
0.197 0.031 0.005 0.023 0.003 0.015 0.003 0.016
749 2.572 £ 0411 = 0.085 = 0.348 = 0.047 = 0.282 = 0.05 + 0.16 +
0.327 0.039 0.006 0.035 0.004 0.02 0.004 0.013
756 1.737 + 029 + 0.057 £ 0.249 = 0.032 = 0.203 = 0.034 = 0.097 =
0.078 0.011 0.002 0.009 0.001 0.008 0.001 0.004
763.5 2985 £ 0.51 + 0.069 = 0426 + 0.053 = 0.288 + 0.051 = 0.139 £
) 0.397 0.068 0.017 0.058 0.009 0.029 0.006 0.029
764
768.5 13.132 = 223 £ 0477 £ 311 = 0.263 + 1472 + 027 + 0.754 +
’ 0.636 0.112 0.023 0.151 0.013 0.071 0.013 0.188
773.5
778.5
779
7835 8.068 + 1.502 + 0.181 + 1.346 + 0.173 + 0.899 = 0.157 + 0.404 =
’ 0.371 0.069 0.009 0.062 0.008 0.043 0.008 0.019
789
795.5
801.5
802
806.5 4.773 + 0.801 = 0.182 + 0.68 + 0.092 = 0.527 + 0.102 + 0.273 £
: 0.382 0.063 0.014 0.052 0.008 0.041 0.009 0.023
812
816.5
823
8295 1.872 + 0312 £ 0.059 = 0.265 + 0.034 = 0.212 + 0.033 = 0.093 =
) 0.089 0.017 0.003 0.021 0.002 0.039 0.002 0.004
830
8345 1.108 + 0.189 + 0.043 + 0.177 £ 0.023 + 0.144 + 0.025 + 0.072 =
) 0.129 0.025 0.009 0.022 0.002 0.015 0.003 0.006
840 2.259 + 0.361 = 0.072 £ 0.302 = 0.04 + 0.231 = 0.041 = 0.113 =
0.31 0.015 0.007 0.017 0.002 0.009 0.002 0.006
846.5 0.296 + 0.043 = 0.009 = 0.038 = 0.03 + 0.014 =
’ 0.038 0.011 0.001 0.004 0.002 0.002
853 0.721 + 0.126 + 0.023 + 0.109 £ 0.014 + 0.101 + 0.018 £ 0.056 =+
0.106 0.017 0.003 0.015 0.002 0.013 0.003 0.007
DL 0.0042 0.0023 0.0002 0.0022 0.0002 0.0004 0.0006 0.0005
Min 0.219 0.039 0.009 0.038 0.009 0.03 0.009 0.014
Mean 4.0804 0.694 0.1436 0.6128 0.0857 0.4585 0.0867 0.236
Max 29.37 5.002 1.213 4.239 0.599 3.272 0.617 1.632
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Depth

(cm) Tm Yb Lu Tl Bi Th U
4935 0.019 + 0.156 + 0.013 £ 0.081 + 0.086 =+ 0.949 + 0.407 +
) 0.006 0.033 0.005 0.021 0.021 0.194 0.081
498 0.033 + 0.239 + 0.027 = 0.136 + 0.112 + 1.603 + 1.224 +
0.008 0.042 0.007 0.027 0.023 0.281 0.217
504 0.012 + 0.109 + 0.105 + 0.668 = 0482 + 0.449 +
0.003 0.015 0.018 0.095 0.066 0.075
510 0.009 + 0.086 = 0.057 + 0.867 = 0.529 + 0.297 £
0.002 0.012 0.012 0.123 0.074 0.041
516 0.032 + 0.728 + 0.126 = 0.143 =
0.004 0.087 0.023 0.017
515 0.125 + 0.786 = 0.107 £ 0.181 + 0974 = 1.098 + 2313 £
) 0.029 0.173 0.025 0.045 0.216 0.24 0.515
522
5265 0.078 + 0.508 = 0.064 = 0217 £ 0.135 = 2.87 £ 2.159 +
) 0.013 0.08 0.011 0.037 0.024 0.446 0.342
533 0.055 + 0374 = 0.045 = 0.059 = 3.514 £ 0.593 = 0.57 +
0.009 0.052 0.008 0.011 0.479 0.08 0.083
5385 0.216 + 1.367 + 0.184 + 0.18 + 1.388 = 5442 + 1.62 +
’ 0.03 0.184 0.026 0.028 0.184 0.798 0.241
5445 0.215 + 1.312 + 0.18 + 0.215 + 6.06 + 2312 + 1.629 +
) 0.023 0.135 0.019 0.024 0.622 0.29 0.178
5515 0.076 + 0.121 + 1.955 + 0.179 £ 0274 +
’ 0.005 0.008 0.114 0.012 0.034
552
556.5 0.04 + 0.039 + 0.054 = 0.366 = 0.166 +
’ 0.003 0.005 0.025 0.017 0.007
562 0.062 + 0.079 + 224 + 0.13 + 0.15 +
0.006 0.006 0.134 0.544 0.018
568 0.091 + 0.131 + 2.686 = 0.595 = 0.285 =
0.008 0.009 0.12 0.037 0.017
574 5 0.027 + 0211 £ 0.021 £ 0.244 + 2.389 £ 0.351 = 0.72 +
) 0.001 0.008 0.002 0.01 0.089 0.015 0.027
575
579 5 0.08 + 0.07 + 0.098 =+ 0.264 + 0.203 +
) 0.005 0.006 0.007 0.021 0.017
585 0.034 + 0.262 + 0.03 + 0.078 = 9.857 £ 0.434 = 0.433 =
0.002 0.011 0.002 0.006 0.394 0.019 0.017
5005 0.018 + 0.146 = 0.013 = 0.071 = 4.668 + 0.469 = 0.251 =
) 0.002 0.009 0.002 0.005 0.251 0.493 0.02
599 5 0.054 + 0.026 + 1.754 = 0.102 £ 0.085 +
) 0.006 0.005 0.068 0.022 0.01
600
6045 0.084 + 0.023 + 0.097 = 0.223 + 0.206 =
) 0.003 0.003 0.004 0.01 0.009
6105 0.061 + 0.053 + 3.729 £ 0.068 = 0.087 =
’ 0.019 0.017 0.867 0.031 0.025
618 0.04 + 0.037 + 1.808 + 0.079 = 0.09 +
0.007 0.007 0.259 0.015 0.011
624 0.047 + 0.06 + 0.821 + 0.116 + 0.127 +
0.003 0.006 0.056 0.007 0.013
631 0.028 + 0.02 + 0.609 + 0.14 + 0.107 +
0.003 0.003 0.041 0.013 0.009
631.5
636 0.04 + 0.089 + 0.065 = 0.239 + 0.226 +
0.002 0.005 0.044 0.01 0.009
642.5 0.072 + 0.04 + 2462 + 0.205 + 0.086 =
) 0.003 0.002 0.081 0.007 0.006
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649 5 0.07 = 0.043 + 3971 + 0204 + 034 +
: 0.005 0.006 0.222 0.015 0.019
656 0.016 + 0.143 + 0.013 + 0.095 + 094 + 0411 + 0.564 +
0.004 0.024 0.004 0.02 0.16 0.069 0.092
662.5 0.059 + 0401 + 0.048 + 0.143 + 0.887 + 1.962 + 045 +
: 0.002 0.014 0.002 0.006 0.031 0.067 0.016
663
6675 0.068 + 0.124 + 0.112 + 0.289 + 0357 +
: 0.007 0.013 0.06 0.026 0.03
6745 0.06 = 0.071 + 1.404 + 0.225 + 0.117 +
: 0.004 0.007 0.103 0.02 0.275
6315 0.052 + 0.064 + 0.984 + 0.166 + 0.094 +
: 0.013 0.014 0.166 0.044 0.015
682
682.5
639 0.089 + 0.026 + 232 + 0.202 + 0.132 +
0.019 0.004 0.128 0.102 0.048
695.5 0.018 + 0.157 + 0.014 + 0.14 + 2458 + 0.607 + 0283 +
: 0.002 0.01 0.002 0.01 0.156 0.042 0.017
0 0.027 + 0.03 = 0.584 + 0.033 + 0.073 +
0.003 0.004 0.042 0.008 0.005
209 0.051 + 0.025 + 1.921 + 0.145 + 0.081 +
0.002 0.003 0.083 0.007 0.01
1135 0.013 = 0.105 + 0.056 + 0.108 + 0.536 + 0291 +
: 0.001 0.006 0.005 0.021 0.026 0.015
714
119.5 0.014 = 0.128 + 0.01 + 0.104 + 0.178 + 0.764 + 0.851 +
: 0.002 0.009 0.001 0.009 0.06 0.055 0.056
s 0.04 = 0.286 + 0.034 + 0.162 + 0.179 + 1122 + 1.053 +
0.002 0.014 0.002 0.009 0.012 0.055 0.051
734 0.028 + 0.023 + 0.132 + 0.176 + 0.102 +
0.005 0.009 0.053 0.033 0.019
1385 0.071 + 0471 + 0.059 + 0.124 + 0.15 + 3.097 + 0.882 +
: 0.004 0.025 0.004 0.008 0.009 0.162 0.046
03 0011 + 0.107 + 0.141 + 0.134 + 0.621 + 0.366 +
0.001 0.01 0.012 0.011 0.038 0.022
249 0.013 = 0.122 + 0.139 + 0.069 + 0712 + 0323 +
0.003 0.009 0.012 0.01 0.065 0.038
756 0.076 + 0.062 + 0.073 + 0.501 + 0.456 +
0.003 0.004 0.005 0.018 0.016
2635 0.011 + 0.1 + 0.05 + 0.144 + 1492 + 0.496 +
: 0.003 0.023 0.007 0.013 0.253 0.062
764
768.5 0.097 + 0.636 + 0.082 + 0347 + 0347 + 4.024 + 0914 +
: 0.005 0.031 0.004 0.018 0.019 0.195 0.047
773.5
778.5
779
7835 0.044 + 0.268 + 0.028 + 0.108 + 0.096 + 0.829 + 0451 +
: 0.003 0.012 0.002 0.006 0.007 0.04 0.026
789
795.5
801.5
802
906.5 0.032 + 0237 + 0.026 + 0.185 + 0.163 + 149 + 0521 +
: 0.003 0.024 0.003 0.016 0.014 0.111 0.053
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812
816.5
823
8295 0.076 + 0.443 = 0.116 + 0.547 + 0.431 =
) 0.006 0.018 0.007 0.044 0.018
830
834.5 0.061 + 0.211 = 0.211 = 0.581 = 0222 =
) 0.008 0.021 0.019 0.048 0.021
840 0.01 = 0.101 + 0.253 + 0.194 = 0.811 = 0.275 +
0.002 0.008 0.011 0.012 0.036 0.011
846.5 0.011 £ 0.166 = 0.037 + 0.126 = 0.113 =
) 0.001 0.01 0.003 0.063 0.009
853 0.044 + 0.02 + 1.872 + 0.124 = 0.078 =
0.006 0.005 0.225 0.016 0.01
DL 0.0008 0.0007 0.0005 0.002 0.0026 0.0009 0.0143
Min 0.009 0.011 0.01 0.02 0.037 0.033 0.073
Mean 0.0496 0.1951 0.0525 0.1109 1.3134 0.7879 0.4646
Max 0.216 1.367 0.184 0.443 9.857 5.442 2.313
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3 3.1.27 Metal and REE concentrations (pg g-1) measured in Styx-B core

Depth Rb Y Mo Sh Ba La Ce Pr
(cm)

606.5 1.971 + 7231 + 0.556 + 0.14 + 8.225 + 0.524 + 1.06 + 0.137 +
: 0413 7306 0.098 0.055 0.902 0.049 0.157 0.024

6105 4384 + 2.826 + 0.529 + 0.033 + 11.494 + 1.854 + 3.455 + 0417 +
: 1.796 0372 0.145 0.009 1.036 0172 0.44 0.041

"y 112+ | 1635+ | 0512+ | 0015% | 6107 = | 0374 = | 0717 = | 0087 =
0.953 0.242 0.089 0.006 0.634 0.051 0.095 0.008

i85 | 5625 & | 1404 & | 2065 & | 0781 & | 44266 + | 1.801 £ | 3232 & | 0408 &
: 0.472 0.186 0.252 0.115 4.477 0.216 0.317 0.05

235 | 5678 | 20075 | 0832+ | 0134+ | 1842 | 2715+ | 5404 £ | 0631 =
: 0.823 0.444 0.141 0.015 1.57 0.206 0.276 0.026

6275 13.726 + 12.407 + 1.309 + 0.085 + 63.644 + 19.218 + 36.883 + 4.166 +
: 2172 2211 0.2 0.02 7.947 5137 3.904 0.446

631 9.593 + 6.999 + 1.007 + 0.06 + 44765 + 9.709 + 17.577 + 1.991 +
327 2236 0.189 0.016 4.571 1.383 1932 0214

34 | 3992% | 3062 & | L1101 & | 0051 & | 18238 & | 3062+ | 58 & | 0.675 +
0413 1125 0.122 0.022 | 747 0.283 0.565 0.061

637 11.477 + 4716 + 1.25 + 0.021 + 33.596 + 9.131 + 16.659 + 1.842 +
3.681 0.73 0.251 0.009 4851 1,196 2.005 0215

a1 | 10930 & | 3705 & | 1336 & | 0103 £ | 43.004 & | 6907 & | 12.277 = | 1457
1.489 0.695 0.256 0.031 8.388 1.008 1.741 0.212

644 9.758 + 4244 + 0.938 + 0.04 + 33.585 + 5.298 + 10.074 + 1.143 +
1.128 1.865 0.148 0.008 6.81 0.766 1.192 0.121

6485 22.348 + 2.349 + 1.654 + 0.541 + 56.243 + 4918 + 9.215 + 1.037 +
: 3135 0315 0216 0.066 7.647 0.591 1.02 0.155

3 | 523+ | 42% | 1613+ | 0237+ | 33239 & | 586+ | 10774 = | 1342
2285 0.452 0.155 0.025 4231 0.599 0.879 0.144

cs6s | 22256 % | 5187 & | 1331 = | 0.163 & | 24.005 | 5858 £ | 0847 & | 1237 %
: 4.588 0.766 0.243 0.041 6.017 0.764 1.421 0.155
660 4761 + 2.888 + 0.859 + 0.025 + 14.023 + 3.691 + 5.581 + 0.84 +
0.894 0.346 0.136 0.014 $.001 0.429 0.683 0.086

664 3.777 + 3411 + 0.574 + 0.02 £ 12.051 + 2.55 + 5.007 + 0.584 +
0.358 0.811 0.067 0.011 0.948 0.209 0.37 0.041

668 11.681 + 12.792 + 0.873 + 0.137 + 3774 + 8.407 + 20.816 + 2.548 +
3.615 3.889 0.28 0.048 | 11295 | 2121 5.557 0.665

672 129.50 + 10.636 + 11.253 + 1.057 + 8745 + 20.823 + 38.784 + 4447 +
13.22 1.091 1095 0.102 11.95 1.914 3.031 0.385

765 | 37006 & | 16719 = | 3545 & | 6618 & | 23485 = | 3605 £ | 6952 & | 7685 &
: 93.83 4218 8,027 1.477 53,81 7.42 12877 | 1543

681 162.21 + 11.894 + 14.635 + 2.78 + 106.7 + 2745 + 52.495 + 5.404 +
30.16 3,133 255 0.463 19.628 | 4462 $.446 0.824

684 10.95 + 6.659 + 0.752 + 0.253 + 20.607 + 2.069 + 3.07 £ 0.368 +
2612 0.97 0.14 0.033 285 0.231 0.515 0.044

688 0.921 + 6.802 + 1.247 + 0.136 + 7.407 + 0.334 + 0.559 + 0.082 +
0.262 1,684 0.127 0.023 1.041 0.037 0.066 0.008

ors | 11071 & | 1633 = | 0855 = | 0063 £ | 16593 £ | 2.895 = | 5651 £ | 0679 =
: 6.008 10.72 0.184 0.023 2772 0.492 0.917 0.108
o5 | 1098 & | 2183 & | 1107 £ | 0229 & | 29.968 & | 7.107 + | 14414 £ | 156 &
113 10633 | 0236 0.052 4208 0.921 2733 0.181

697.5 23 + 14.856 + 1.443 + 0.226 + 20.952 + 0.728 + 1.23 + 0.157 +
: 0.161 7.593 0.156 0.021 3.206 0.065 0.111 0.01

701 2.579 + 9.338 + 1.002 + 0.984 + 49.199 + 0.381 + 0.623 + 0.071 £+
0.074 5242 0.036 0.038 1,465 0.023 0.018 0.004

DL 0.024 | 0.001 0.03 0.011 0.051 0.001 0.007 | 0.001
min 0.921 1404 | 0512 | 0015 | 6107 | 0334 | 055 | 0071
mean | 33423 | 7583 | 3311 | 0574 | 41403 73 13875 | 1.577
max | 37016 | 2184 | 3545 6.62 | 23486 | 3605 | 6952 7.69
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Depth

(cm) Nd Sm Eu Gd Tb Dy Ho Er

606.5 0.523 = 0.086 + 0.021 = 0.087 + 0.012 = 0.063 + 0.01 £ 0.031 =
: 0.05 0.01 0.002 0.008 0.001 0.006 0.001 0.003

6105 1.583 + 0.28 + 0.048 + 0.259 + 0.036 + 0.189 + 0.036 + 0.095 +
’ 0.146 0.029 0.005 0.024 0.003 0.016 0.003 0.009

614 0.329 + 0.072 + 0.015 + 0.079 + 0.013 = 0.068 + 0.011 + 0.031 +
0.043 0.007 0.001 0.012 0.001 0.007 0.001 0.003

6185 1.547 + 0.275 + 0.057 + 0.257 + 0.038 + 0.204 + 0.039 + 0.11 £
’ 0.188 0.026 0.006 0.018 0.003 0.015 0.003 0.011

6235 2395 + 0.429 + 0.098 + 0.37 + 0.052 + 0.276 + 0.051 = 0.142 +
’ 0.106 0.021 0.005 0.02 0.003 0.014 0.003 0.005

6275 15.079 + 2.57 £ 0.598 + 2.246 + 0.31 + 1.669 + 0.306 + 0.838 +
: 1.42 0.247 0.059 0.199 0.029 0.15 0.026 0.078

631 7.729 + 1.579 + 0.307 + 1.159 + 0.162 = 0.861 + 0.164 = 0.442 +
0.865 0.465 0.028 0.109 0.016 0.074 0.014 0.038

634 2.551 + 0.434 + 0.1 0.38 + 0.054 + 0.279 + 0.052 + 0.142 +
0.223 0.031 0.007 0.027 0.004 0.02 0.004 0.012

637 7.154 + 1.188 + 0.259 + 1.006 + 0.139 + 0.73 £ 0.138 + 0.386 +
0.943 0.15 0.031 0.109 0.015 0.081 0.014 0.041

641 5.343 + 092 + 0.176 + 0.811 = 0.111 = 0.604 + 0.115 = 0.313 =
0.784 0.131 0.023 0.101 0.013 0.072 0.013 0.037

644 4.178 + 0.711 = 0.133 + 0.609 + 0.085 = 0.448 + 0.084 + 0.24 +
0.434 0.076 0.014 0.064 0.009 0.043 0.008 0.025

648.5 3.786 + 0.624 + 0.128 = 0.591 = 0.076 + 0.402 + 0.076 + 0.216 =
) 0.501 0.062 0.016 0.098 0.008 0.035 0.007 0.02

653 4952 + 0.883 + 0.166 + 0.778 + 0.112 = 0.613 + 0.116 = 0.357 +
0.496 0.081 0.015 0.065 0.009 0.048 0.01 0.072

656.5 4.509 + 0.768 + 0.149 + 0.676 + 0.096 + 0.509 + 0.098 + 0.268 +
) 0.538 0.093 0.016 0.074 0.011 0.054 0.01 0.029

660 3223 + 0.609 + 0.087 + 0.528 + 0.075 + 0.352 + 0.058 + 0.151 =
0.358 0.058 0.009 0.054 0.007 0.033 0.006 0.015

664 224 + 0.449 + 0.051 + 0.403 + 0.062 + 0.336 + 0.06 + 0.168 +
0.217 0.034 0.004 0.03 0.005 0.023 0.004 0.011

668 10.63 + 2.761 + 0.24 + 2.934 + 0.468 + 247 £ 0.472 + 1.166 +
2.368 0.669 0.055 0.64 0.097 0.515 0.096 0.235

672 16926 £ | 2.841 + 0.643 = 2473 + 0.346 = 1.824 + 0.352 + 0.95 +
1.268 0.217 0.045 0.198 0.024 0.125 0.025 0.064

676.5 29.18 = 4.938 + 1.21 + 4218 + 0.607 + 326 £ 0.624 + 1.699 +
) 6.146 0.928 0.281 0.741 0.104 0.551 0.103 0.281

631 19.695 £ | 3.423 + 0.65 £ 2978 + 0428 + 2291 + 0.433 + L.111 +
2.9 0.511 0.093 0414 0.054 0.282 0.053 0.146

684 1.363 + 0.261 + 0.044 + 0.258 + 0.039 + 0.218 + 0.039 + 0.111 +
0.189 0.029 0.005 0.024 0.004 0.02 0.004 0.011

638 0.351 = 0.062 + 0.015 = 0.056 + 0.008 + 0.043 + 0.006 + 0.02 +
0.029 0.007 0.003 0.006 0.001 0.004 0.001 0.003

6915 2.635 + 0.51 + 0.098 + 0.718 + 0.073 + 0.38 £ 0.071 + 0.333 +
’ 0.424 0.074 0.013 0.436 0.01 0.049 0.01 0.261

695 5.865 + 1.02 £ 0.221 = 0.897 + 0.122 = 0.652 + 0.12 + 0.326 =
0.767 0.129 0.023 0.084 0.013 0.06 0.011 0.03

697.5 0.58 + 0.106 + 0.024 + 0.101 + 0.014 = 0.072 + 0.011 = 0.037 +
’ 0.037 0.016 0.002 0.008 0.001 0.009 0.001 0.003

701 0.285 + 0.05 £ 0.016 + 0.049 + 0.007 + 0.038 + 0.005 + 0.019 +
0.031 0.002 0.001 0.004 0.001 0.003 0.001 0.002

DL 0.005 0.003 0.001 0.005 0.0002 0.001 0.0004 0.0003
min 0.285 0.05 0.015 0.049 0.007 0.038 0.005 0.019
mean 5.947 1.071 0.214 0.959 0.136 0.725 0.136 0.373
max 29.18 4.94 1.21 4.22 0.61 3.26 0.62 1.7

- 175 -




Depth

(o) Tm Yb Lu Tl Bi Th U

06,5 0033 = | 0005+ | 0076+ 0.07 = 0095 + | 0.109 =
’ 0.002 0.001 0.007 0.021 0.008 0.015

6105 0.087 + 0.013 + 0.093 + 0.033 + 0.258 =+ 0.447 +
: 0.008 0.001 0.008 0.004 0.025 0.036
614 0039 = | 0006+ | 0073 = 0.03 * 0.075 = 0.14 +
0.004 0.001 0.006 0.003 0.01 0.013

6185 0.09 £ | 0016 = 0.1 0.048 £ | 0278 + | 0502 +
: 0.011 0.001 0.008 0.004 0.025 0.043

623.5 0.021 + 0.126 + 0.019 = 0.066 + 0.084 + 0.358 + 0.332 +
: 0.002 0.009 0.001 0.004 0.005 0.025 0.026

627.5 0.113 £+ 0.669 + 0.096 + 0.118 + 0.09 + 2.758 + 0.857 =
) 0.011 0.062 0.009 0.01 0.009 0.318 0.074

01 0062 = | 0364 + | 0054 = | 0095+ | 0058 + 1253 = | 0396 +
0.005 0.033 0.004 0.008 0.006 0.15 0.041

34 0021 = | 0121 | 0019 = | 0063 | 0021 £ | 0451 = 022 +
0.002 0.01 0.002 0.005 0.002 0.032 0.021

37 0053 = | 0309 + | 0045 = | 0083 + | 0037 + 1191 £ | 0514 =
0.005 0.034 0.005 0.009 0.006 0.158 0.067

641 0.049 = 0.259 = 0.038 + 0.097 + 0.061 + 1.305 + 0.536 =
0.008 0.031 0.004 0.013 0.007 0.148 0.067

644 0.035 + 0.196 = 0.029 + 0.063 + 0.053 + 1.055 + 0.383 +
0.003 0.018 0.003 0.006 0.006 0.116 0.055

648.5 0.03 = 0.183 = 0.026 = 0.12 £ 0.076 + 1.203 + 0.623 +
: 0.003 0.016 0.002 0.011 0.008 0.129 0.058

653 0.044 = 0.25 + 0.036 £ | 0.133 + | 0088 + 1108 = | 0763 +
0.004 0.019 0.003 0.011 0.008 0.107 0.082

656.5 0041 = | 0227+ | 0034 = | 0118+ | 0066+ | 0647 = | 0779 +
: 0.007 0.023 0.003 0.013 0.007 0.078 0.08

660 0022 = | 0122+ | 0017 = | 0049 + | 0024 + | 0444 = | 041l +
0.002 0.011 0.001 0.005 0.003 0.044 0.04

664 0.025 + 0.143 + 0.022 + 0.041 + 0.033 + 0.557 + 0.507 +
0.002 0.01 0.001 0.003 0.003 0.051 0.047

668 0.138 + 0.712 + 0.093 + 0.073 + 0.098 + 0.937 £ 1.096 +
0.027 0.14 0.018 0.014 0.02 0.186 0.221

672 0.132 + 0.765 = 0.111 = 0.226 + 0.171 £ 3.136 + 3.275 +
0.009 0.051 0.007 0.015 0.012 0232 0.29

676.5 0.226 + 1.366 + 0.196 = 0.371 + 0.833 £ 5.966 + 7.004 +
: 0.037 0.223 0.032 0.061 0.145 0.99 1.143

P 0.147 = | 0828+ | 0109+ | 0176+ | 0341 + | 4131 = | 3.166 +
0.018 0.1 0.014 0.021 0.043 0.491 0.461

634 0.02 = 0106 = | 0017 + | 0082 = | 0065« 0.67 = 0.731 +
0.002 0.01 0.001 0.009 0.009 0.073 0.095

688 0.024 + 0.004 + 0.028 + 0.017 + 0.052 + 0.132 +
0.002 0.001 0.002 0.002 0.003 0.014

915 0026 = | 0154+ | 0022+ | 0085+ | 0034+ | 0408 = | 0348 +
: 0.003 0.019 0.003 0.01 0.007 0.053 0.045

695 0.046 = | 0266 + | 0039 = | 0092+ | 0052 + 1159 = | 0502 +
0.004 0.024 0.004 0.008 0.006 0.13 0.054

6975 0.04 + 0007 = | 0052 % 0.03 + 0093 + | 0109 =
: 0.004 0.001 0.005 0.006 0.007 0.009
201 0025 = | 0004 + | 0042+ | 0049+ | 0051 + 0.07 +
0.001 0.0004 0.004 0.003 0.003 0.005

DL 0.001 0.001 0.0004 0.001 0.002 0.002 0.003
min 0.02 0.024 0.004 0.028 0.017 0.051 0.07
mean 0.066 0.289 0.041 0.101 0.099 1.14 0.921

max 0.23 1.37 0.2 0.37 0.83 5.97 7
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vh dnd 7iRke] R Ak 24

AAA, A d7IdAre] Aol e ded, ] edEde Ay olF
of @3 A= fa sk AR W N vA dAkel =224 543 e 24e
dnds 7l

dto 2 st 77 LA}

o]
o AR A% srel el gt AR LN Adstel BAW swel A
. SEM/EDX 4% 3 ATR-FTIR #3324 S 7IWre g st Alg WA &
B9 QAAES BASY ARE AFsn 24, Y5 BEL 19 3179

of Xt}

Sample preparation X-ray spectra and
(recovery of particles) SE image from SEM elemental concentrations
% Si_ Particle #7 (quartz, Si0;)
Diameter: 10.5 pm
FElemental concentration in at.%
C:3.8,0: 64.9,Si: 31.3

Molten ice

(fromice core) | Screened
~ particle

;’é%;"&‘{%_ “porous

-
_— o Agfoil
ter 5

7
Vi
Intensity /

Z

SEM/EDX measurement
(energy-dispersive
X-ray detector)

SEI after ATR-FTIR
measurement

3+ 15
13+ 14 15+ 1

e 0
2 2 .3 2

18 19 +
oy -

a9 3.1.79 HEA B4 AN dRE Hs)
9}  ATR-FTIRS o] &3}
(Malek et al., 2019)
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(c)

(a)
Si s N
J #100 (SI0, glass) X %
#100 (SiO, glass) (b) 1 #66 (Quartz)
#66 (Quartz) N B m " )
Particle|Size | C | O | Al | Si A§S|gnment #128 (Cristobalite)
1_3‘ #128 (Cri i #100 10.8 | 2.7 67.8 0.4 |29.1| SiO: glass = v
§ #101 (Coesite) #66 14.2|3.8163.9)0.4319| Quartz ||% W
£ — #128 6.7 | 1.3 ]67.7] 0.2 [30.8] Cristobalite %96 (Tridymite) S
— - #96 (Tridymite) #101 | 6.1 |0.867.3] [31.9] Coesite 88 (Stishovite) N\
Aln #89 (Stishovite) #96 6.2 |3.263.6/ 0.7 |32.5| Tridymite 1162, 1130 ' WNioos Vo
#89 14.0 | 4.5 |62.9| 1.1 |31.4| Stishovite N4 1one 792,
P ket 0 F 20 Slnumotifmy 00 60
_ [0 = & 3 /.0
719 3180 (a) X-ray 2=HEH, (b) & F%5(%), () A= o& dFA/F24

A 7F 578 dAFel digk ATR-FTIR =~ E"7 (Malek et al., 2019)

shatel e e AR 54 YAES As T Al We SEM/EDX
9} ATR-FTIR 4 Z¥E ¥ 3180 o 2. 17 3180 ¢ (a, b)e} 2o
SEM/EDX &7 A3 EF Si0; g AHT A5 F AJAT (o) ATR-FTIR
A4 HE AAY AR gE Fx9 Ay = SiO, glass, Quartz,

Cristobalite, Coesite, Tridymite, Stishovite Y #F¢l RS geld = At}
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S

o

9 3181 4719 AlgolA FEE s vvE A9
Ao B [KAO: kaolinite; MON:
montmorillonite] (Malek et al., 2019)

sletop sk st Al Ak 4719 Algol ik AN 4R 54 24 ARE
1 1.81 o YepSITE S1# S3, S4+= 3hate] 3FS W Algolal S2+= st
o] d3Fs WA Fe ARo|th Quartz YA A EEE ko] JEFo] ofd A
29 S29A4 7HE e BREE EATh 18y QuartzE AL A At o
Z}F(Cristobalite, Tridymite, Coesite, Vitreous glass: 3t3Fe] o g}

o Aol ®xol FFL it gFgdSs e S1, S3, S4 AlFEoA ZA YEld RS
G = Ark Wk AlmolA shitke FES e dAE A6 s AdE
dn7 7INke]l EFE S o] &3 AN AR EAHE TS WSt A st FFF F
A B = Qe dyler {434 &2 Aoy E

k<]
Aol A3t Malek et al, 2019 o === AL
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3. ¥ = Hercules Neve H 3} 30|

(1) A=z A2t
Hercules Neve A5 W3tzol= F 10589 AlFE Fd °F 7978 mE EE5HY
oh Alge Zol, #A 34 5 7xFAE A& F 24 A g das ¢8

3t RO AlE& ol7lo]lB A 852 B#AEYI Rl AE5E mFds EAS 93

=
N R1
= |
RO 5.9cm
3.5cm w 2cm
& C1 ~R2
- 3
3.4cm
RO: Archive —
R1: Trace metal
R2: Water Stable Isotopes
C1: CFA
19 3.1.82 Hercules Neve ice core cutting
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(2) 712 A

S o]yt melting layer & Ml S A1 AlR7) gldloen, R ¢
0.3170.78 ¢ cm-32.% A%k ofo]A~ Foj7} ol H Fojof sttt 7] xFA}
2 Aoz dxE 839 Herron-Langway H 4= =9 (firn densification

modeD S A&ttt B A8E Tl 2 7|27 #ES ol&ste] RdE ALt

A ¢kko ™ Hercules Neve Halwhe] ddwd& oF 12584 olt). Helde] Adi= <oF
1390 U 2 FdEth ey o] AL oAuzixy mde o)t A4t Ayjeoln=m &
o]

FAEFES U2 WG} o] 24T o] §3}

1880 —

T 055<p<08gem?
y=0.0178x + 0.1535
R?=10.858613

1920 —

Years (s)

1960 —

p<055gcm’
y=0.0612x - 0.4257
RY=0.88023

2000 —

0 20 40 60 80 0 20 40 60 80
Depth (m) Depth (m)

19 3.1.83 Herron-Langway ¥ ¢35 HdlS o] &3 A=A
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¥ 3.1.28 Hercules Neve 7|ZZFA} A5

Lengt . . - Top Mid

n | S| Dleet | Weight | ensy | pepi | depin | pBottor
1 315 9 632 0.316 0 15.75 315

2_1 40.5 8.73 754 0.311 31.5 51.75 72

2.2 39 9 874 0.352 72 91.5 111

3 37.5 9.13 914 0.372 111 129.75 148.5
4 68 9.21 1758 0.388 148.5 182.5 216.5
5 60 9.3 1652 0.406 216.5 246.5 276.5
6_1 30 9.437 858 0.409 276.5 291.5 306.5
6_2 49 9.393 1358 0.400 306.5 331 355.5
7 74 9.5 2206 0.421 355.5 392.5 429.5
8 51 9.592 1614 0.438 429.5 455 480.5
9.1 45 9.62 1402 0.429 480.5 503 525.5
9.2 43 9.456 1422 0.471 525.5 547 568.5
10 73 9.46 2452 0478 568.5 605 641.5
11 60 9.482 2072 0.489 641.5 671.5 701.5
12_1 51 9.537 1800 0.494 701.5 727 752.5
12_2 35 9.56 1256 0.500 752.5 770 787.5
13 64 9.56 2296 0.500 787.5 819.5 851.5
14_1 55 9.474 2018 0.521 851.5 879 906.5
142 27 9.626 916 0.466 906.5 920 9335
15 52 9.51 1908 0.517 9335 959.5 985.5
16 71 9.58 2580 0.504 985.5 1021 1056.5
17_1 52 9.534 1938 0.522 1056.5 1082.5 1108.5
172 52 9.552 1976 0.531 1108.5 1134.5 1160.5
18_1 45 9.621 1722 0.527 1160.5 1183 1205.5
18_2 46 9.584 1776 0.535 1205.5 1228.5 12515
19 63 9.604 2430 0.533 1251.5 1283 1314.5
20_1 46 9.566 1800 0.545 1314.5 1337.5 1360.5
20_2 45 9.571 1728 0.534 1360.5 1383 1405.5
21 49 9.534 1924 0.550 1405.5 1430 1454.5
22_1 | 495 9.591 1958 0.548 14545 | 1479.25 1504

222 50 9.529 1954 0.548 1504 1529 1554

231 46 9.654 1820 0.541 1554 1577 1600

232 46 9.591 1834 0.552 1600 1623 1646

24 54 9.622 2196 0.560 1646 1673 1700

25_1 46 9.609 1858 0.557 1700 1723 1746

252 | 475 9.586 1900 0.555 1746 1769.75 1793.5
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26_1 | 46.5 9.627 1866 0.552 17935 1816.75 1840
26_2 46 9.605 1872 0.562 1840 1863 1886
27 62 9.591 2534 0.566 1886 1917 1948
28_1 49 9.576 2026 0.574 1948 1972.5 1997
282 | 475 9.623 1974 0.572 1997 2020.75 2044.5
291 44 9.565 1842 0.583 2044.5 2066.5 2088.5
29 2 | 455 9.597 1882 0.572 2088.5 2111.25 2134
30_1 45 9.651 1878 0.571 2134 2156.5 2179
302 44 9.59 1876 0.591 2179 2201 2223
31.1 | 475 9.595 1994 0.581 2223 2246.75 2270.5
31.2 46 9.596 1938 0.583 2270.5 2293.5 2316.5

32 65 9.563 2702 0.579 2316.5 2349 23815
33 60.5 9.24 2538 0.626 2381.5 2411.75 2442
34_1 42 9.686 1778 0.575 2442 2463 2484
342 41 9.559 1790 0.609 2484 2504.5 2525
351 | 435 9.598 1874 0.596 2525 2546.75 2568.5
352 | 415 9.609 1824 0.606 2568.5 2589.25 2610
36 47 9.564 2006 0.594 2610 2633.5 2657
37 62 9.534 2658 0.601 2657 2688 2719
38 58 9.549 2494 0.601 2719 2748 2777
39 47 9.587 2018 0.595 2777 2800.5 2824
40_1 | 425 9.595 1870 0.609 2824 2845.25 2866.5
402 | 435 9.612 1902 0.603 2866.5 2888.25 2910
41 56 9.586 2498 0.618 2910 2938 2966
42_1 43 9.597 1900 0.611 2966 2987.5 3009
422 42 9.598 1900 0.626 3009 3030 3051
43_1 44 9.622 1974 0.617 3051 3073 3095
432 44 9.655 1962 0.609 3095 3117 3139
44 1 41 9.615 1834 0.616 3139 31595 3180
44 2 41 9.627 1826 0.612 3180 3200.5 3221
45 43 9.55 1932 0.628 3221 32425 3264
46 55 9.581 2512 0.634 3264 3291.5 3319
47 78 9.614 3586 0.634 3319 3358 3397
48 76 9.572 3468 0.634 3397 3435 3473
49_1 | 435 9.598 1962 0.624 3473 3494.75 3516.5
49 2 43 9.648 1962 0.624 3516.5 3538 35595
50_1 44 9.599 1990 0.625 35595 3581.5 3603.5
50_2 45 9.583 2084 0.642 3603.5 3626 3648.5
51_1 | 447 9.609 2030 0.627 3648.5 3670.85 3693.2
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512 45 9.515 2088 0.653 3693.2 3715.7 3738.2
52_1 44 9.614 2004 0.628 3738.2 3760.2 3782.2
52.2 | 445 9.578 2064 0.644 3782.2 3804.45 3826.7
53_1 44 9.619 2008 0.628 3826.7 3848.7 3870.7
53.2 | 445 9.627 2036 0.629 3870.7 3892.95 3915.2
541 | 435 9.635 2012 0.635 3915.2 3936.95 3958.7
542 44 9.607 2070 0.649 3958.7 3980.7 4002.7
55_1 | 397 9.567 1892 0.663 4002.7 | 4022.55 40424
552 41 9.597 1976 0.667 4042.4 4062.9 40834
56_1 | 435 9.625 2084 0.659 40834 | 4105.15 41269
56_2 45 9.65 2140 0.651 4126.9 41494 41719
57_1 44 9.61 2064 0.647 4171.9 41939 42159
572 43 9.595 2046 0.658 4215.9 42374 42589
58_1 | 447 9.607 2138 0.660 42589 | 4281.25 4303.6
582 | 425 9.605 2020 0.656 4303.6 | 4324.85 4346.1
591 | 437 9.571 2058 0.655 4346.1 4367.95 4389.8
59 2 43 9.605 2090 0.671 4389.8 4411.3 4432.8
60_1 43 9.53 2018 0.658 4432.8 44543 4475.8
602 | 433 9.55 2084 0.672 44758 | 4497.45 4519.1
61_1 | 433 9.61 2066 0.658 45191 4540.75 4562.4
612 | 425 9.61 2040 0.662 45624 | 4583.65 4604.9
62_1 | 437 9.54 2106 0.675 46049 | 4626.75 4648.6
622 | 447 9.64 2146 0.658 4648.6 | 4670.95 4693.3
63_1 | 43.6 9.62 2124 0.671 4693.3 4715.1 4736.9
63_2 45 9.7 2152 0.647 4736.9 47594 47819
64_1 45 9.6 2180 0.670 4781.9 4804.4 4826.9
64_2 43 9.61 2098 0.673 4826.9 4848.4 4869.9
65_1 41 9.6 2000 0.674 4869.9 48904 49109
65_2 41 9.54 1994 0.681 4910.9 49314 49519
66_1 44 9.58 2180 0.688 4951.9 49739 4995.9
66_2 | 435 9.62 2126 0.673 4995.9 5017.65 50394
67_1 | 422 9.58 2058 0.677 50394 5060.5 5081.6
672 | 425 9.58 2102 0.687 5081.6 5102.85 51241
68_1 | 431 9.66 2146 0.680 51241 5145.65 5167.2
68_2 44 9.67 2172 0.672 5167.2 5189.2 5211.2
691 | 425 9.57 2092 0.685 5211.2 523245 5253.7
69 2 | 415 9.6 2076 0.691 52537 527445 5295.2
70_1 | 415 9.58 2048 0.685 5295.2 5315.95 5336.7
702 | 412 9.53 2056 0.700 5336.7 5357.3 53779
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711 | 393 9.6 1960 0.689 53779 5397.55 5417.2
712 40 9.61 1992 0.687 5417.2 5437.2 5457.2
721 42 9.6 2062 0.679 5457.2 5478.2 5499.2
722 41 9.62 2048 0.688 5499.2 5519.7 5540.2
73_1 | 415 9.56 2114 0.710 5540.2 5560.95 5581.7
732 42 9.58 2124 0.702 5581.7 5602.7 5623.7
74 1 | 408 9.62 2030 0.685 5623.7 5644.1 5664.5
74 2 40 9.62 1996 0.687 5664.5 5684.5 5704.5
75 79.5 9.635 4042 0.698 5704.5 574425 5784
76 76 9.591 3908 0.712 5784 5822 5860
771 41 9.61 2086 0.702 5860 5880.5 5901
772 42 9.61 2124 0.698 5901 5922 5943
781 | 413 9.59 2112 0.708 5943 5963.65 5984.3
782 41 9.61 2110 0.710 5984.3 6004.8 6025.3
791 | 418 9.59 2150 0.712 6025.3 6046.2 6067.1
792 | 415 9.59 2132 0.712 6067.1 6087.85 6108.6
80_1 42 9.58 2150 0.711 6108.6 6129.6 6150.6
80_2 | 415 9.58 2108 0.705 6150.6 6171.35 6192.1
81_1 | 406 9.59 2066 0.705 61921 6212.4 6232.7
812 40 9.64 2089 0.716 6232.7 6252.7 6272.7
82_1 40 9.65 2096 0.717 6272.7 6292.7 6312.7
822 | 405 9.7 2140 0.715 6312.7 6332.95 6353.2
83 80 9.582 4240 0.735 6353.2 6393.2 6433.2
84 1 41 9.61 2126 0.715 6433.2 6453.7 6474.2
84 2 40 9.59 2104 0.729 6474.2 6494.2 6514.2
85_1 40 9.67 2102 0.716 6514.2 6534.2 6554.2
85_2 40 9.59 2164 0.749 6554.2 6574.2 6594.2
86 79 9.644 4154 0.720 6594.2 6633.7 6673.2
87 65 9.609 3434 0.729 6673.2 6705.7 6738.2
88_1 | 405 9.688 2124 0.712 6738.2 6758.45 6778.7
88 2 40 9.769 2148 0.717 6778.7 6798.7 6818.7
89_1 40 9.628 2114 0.726 6818.7 6838.7 6858.7
892 | 425 9.584 2216 0.723 6858.7 6879.95 6901.2
90_1 40 9.6 2084 0.720 6901.2 6921.2 6941.2
90_2 | 405 9.684 2184 0.733 6941.2 6961.45 6981.7
91_1 | 405 9.592 2178 0.745 6981.7 7001.95 7022.2
912 39 9.591 2050 0.728 7022.2 7041.7 7061.2
92_1 38 9.619 2106 0.763 7061.2 7080.2 7099.2
922 40 9.678 2122 0.722 7099.2 7119.2 7139.2
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93_1 42 9.612 2232 0.733 7139.2 7160.2 7181.2
932 42 9.633 2228 0.728 7181.2 7202.2 72232
94 1 39 9.633 2106 0.741 72232 72427 7262.2
94 2 39 9.696 2086 0.725 7262.2 7281.7 7301.2
951 | 395 9.636 2104 0.731 7301.2 7320.95 7340.7
952 | 385 9.58 2058 0.742 7340.7 7359.95 7379.2
96_1 | 395 9.617 2140 0.746 7379.2 7398.95 7418.7
9%_2 | 385 9.611 2066 0.740 7418.7 7437.95 7457.2
97_1 | 375 9.585 2020 0.747 7457.2 7475.95 74947
972 | 375 9.598 2046 0.754 7494.7 751345 7532.2
98_1 38 9.634 2024 0.731 7532.2 7551.2 7570.2
98 2 38 9.627 2080 0.752 7570.2 7589.2 7608.2

99 515 9.611 2826 0.757 7608.2 7633.95 7659.7
100 | 725 9.615 3926 0.746 7659.7 7695.95 7732.2
101 75.6 9.57 4158 0.765 7732.2 7770 7807.8
102 754 9.54 4308 0.800 7807.8 7845.5 7883.2
103 723 9.57 4036 0.776 7883.2 7919.35 7955.5
104 73 9.58 4128 0.785 7955.5 7992 8028.5
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3 3.1.29 Information of the Styx ice core samples for the water isotope

analysis
oY Hercules Neve
A Z=A]7] 2015. 12. 11 - 15
A|Z710] (2o Zo]) 0-80m
SHAL = ~4 cm
Ag 19337}
g R1 . RO: Archive
Sof mAl crel [ RO ‘_5_35“_"' R1: Trace Metals
ET0 {{"2m” | R2: Water Stable Isotopes
\ 2 C1 i R2/
: i187°/ ~C1: CFA
34cm

DE (%s)

Depth (m)
19 3.1.84 Water isotope ratios of the 2015-6 Hercules Neve shallow ice core

with the annual layer counting
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i 3.1.30 Instrumental conditions

and measurement

parameters for the

ICP-SFMS and the desolvation system

Ni sampler/skimmer cone (X type)

Element2-Apex HF
Sampler/skimmer cones

Sample injector
Spray chamber
Nebulizer

Sapphire injector
PFA Teflon/Cyclonic spray chamber
PFA microflow nebulizer (100 pL-min™)
1250

RF Power (w)
Gas flow rates

ICP-SFMS
Cool (L min™)

Auxiliary argon (L min™)
Sample argon flow (L min™)
Apex_HF
Nitrogen flow (mL min™)
Rinse out time (s)
Take-up time (s)

16.00
0.6-0.7
0.8-0.9

8-10
30
60
Low (m/Am) ~ 300

Resolution

U238016/U238 < ~ 2.0 %
3x3

Oxide rate
Runs and Passes

Isotopes

Calibration

89Y, IZISb, 137Ba, 139La, 140Ce MIPI’, 144Nd,
9Sm, 'Ry, 18Gd, 'Tb, 164Dy’ 165K, '%Fr,
léng, 172Yb, 175Lu, 205T1, 209Bi, 232Th, 238U
Multi-elemental with In as internal standard

*Optimized daily to obtain a maximal intensity (~2.0x10° cps for 100 ng L indium solution)

| =

gk A=A

27ke] QS

LS|
e

i=]
UM |

0.002 pg g-1, REE®
MREE(Sm-Dy) 0.0002-0.0016(pg g-1), HREE(Ho-Lu) 0.0002-0.0007(pg g-1) <

AT 2 9 Pad gt HAE=3IA= Sbi= 0.007 pg g-1, Ba: 0.028 pg

LREE(La-Nd) 0.0005-0.004(pg g-1),

r
=
rot
b
n
rok
L
r

= O
-1, T1, Bi, Th, U= 0.001 pg g-1 5+ 2 eyt
ANEE OA & F e TFAEEA AYc FE A

0Q

SElg swe) ¢ A
F.¢l(the National Research Council of Canada, NRCC, river water reference

material) SLRS-5, SLRS-65 AF8-3¢lth. SLRS-59] @& o= SLRS-6 i
o §-Al= SLRS-5¢ W ste] wak w4, 458kl SLRS-6
Fodck 2 A3kE % 3131, 3132 ol ¥tk Y, REE, Ba,

o Azl UF EE@

o =
k& #Qls

of gk =gk
2% 0-20% ool BAjel o= melth

o

Sh, Tl, Bi, Th, U ¥
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¥ 3.1.31 analytical result (pg g ') of certified reference material SLRS-5

This Certified/ | Recovery This Certified/ | Recovery
Element Element
study complied (%) study complied (%)
118.9 + 120 + 18.05 + 182 +
Y 100.9 Dy 100.8
1.96 10.0 2.24 2.5
271.67 £ 3.85 +
Sb 300 110.4 Ho 36 £ 0.5 934
9.31 0.27
15453 + 14000 + 11.56 +
Ba 90.6 Er 105 £ 1 90.9
413 500 0.82
212.13 + 196 + 148 =
La 924 Tm 1.3 £ 0.3 87.9
5.71 11.0 0.25
252.48 + 236 + 9.63 =
Ce 93.5 Yb 93 +£ 0.7 96.6
14.06 16.0 1.44
4949 + 46.9 + 1.58 +
Pr 94.8 Lu 1.5+ 02 94.7
3.33 2.5 0.27
198.23 + 3.56 +
Nd 185 + 20 93.3 Tl 42 +£ 0.7 118
4.29 0.25
32.09 = 324 + 092 + 0.86 =
Sm 101 Bi 93.6
441 33 0.57 0.16
63 + 13.8 =
Eu 56 £ 14 88.8 Th 11 + 4.0 79.7
0.51 1.09
29.69 = 249 + 91.55 +
Gd 83.9 U 93 + 6.0 101.6
1.63 3.0 6.96
3.6
Tb 32+ 0.6 88.8
0.07
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¥ 3.1.32 analytical result (pg g ') of certified reference material SLRS-6

This Certified/ | Recovery This Certified/ | Recovery
Element Element
study complied (%) study complied (%)
137.05 + 2141 + 20 +
Y 116 £ 11 84.6 Dy 1.25 934
2.35 1.51 ’
328.72 + 337 + 415 + 3.7 +
Sb 102.5 Ho ) 89.3
10.4 5.8 0.59 0.28
15040.34 | 14280 + 12.97 + 11 +
Ba 94.9 Er 84.8
L 46605 | 480 0.57 0.88
257.52 + 242 + 1.71 £ 1.4 +
La 94 Tm N 82
579 15.03 0.19 0.18
303.34 + 339 + 11.17 + 96 +
Ce 111.8 Yb ) 85.9
60.26 + 50 + 1.81 +
Pr 378 97.9 Lu 1.5+ 0.2 82.8
2.52 : 0.19
236.94 + 721 +
Nd als 933 Tl 9.1 + 02| 1262
4.6 . 0.63
40.22 + 38 + 1.85 + 12 +
Sm 94.5 Bi ) 64.7
1.47 22 0.04 0.24
7.35 + 6.7 + 25.38 + 22 +
Eu ) 91.1 Th 86.7
0.59 0.63 0.72 1.77
33.81 + +
Gd 32 £42 94.6 U 69.8 £ 0 693'84 100
1.45 :
4.09 + 3.5 +
Tb N 85.5
0.07 0.28
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i 3.1.33 Metal and REE concentrations

snowpit 2015

(pg g-1) measured in Hercules Neve

Depth Y Sb Ba La Ce Pr Nd
(cm)

5 1.78 + 1.199 + 22.095 + 3.704 + 7.246 + 0.814 + 2.995 +
0.097 0.064 0.864 0.176 0319 0.032 0.125

5 0748 + | 0297 + | 10525 + | 1535 & | 2952+ | 0333 & | 1248 +
0.076 0.027 0.805 0.167 0273 0.033 0.11

5 1.269 = 0.198 + 16.547 + 345 + 6.785 + 0.753 + 2.709 +
0.056 0014 0.752 0.156 0328 0.028 0.116

5 0.262 + 0.192 + 4.731 + 0413 + 0.822 + 0.089 + 0.344 +
0.01 0022 0.422 0.029 0.035 0.006 0.013

5 0362 + | 0349 + | 658+ | 0637+ | 1238+ | 014+ | 0536 +
0.025 0.026 0.502 0.031 0.068 0.006 0.03

0 0202 + | 0406 + | 3333+ | 0427 = | 0861 + | 0081 = | 0303 +
0.009 0225 0.065 0.01 0.03 0.003 0.014

15 0.259 + 0.144 + 4.964 + 0.38 + 0.775 + 0.092 + 0.352 +
0.012 0018 0.139 0013 0.024 0.005 0.017

o 0204 + | 018+ | 2267+ | 0243+ | 046+ | 0067 = | 0265+
0.007 0.018 0.082 0.009 0.028 0.002 0.011

25 0.195 = 0.138 + 1.878 + 0.341 = 0.686 + 0.071 + 0.287 =
0.008 0.017 0.053 0.009 0.022 0.003 0.011

o 0607 £ | 0139 & | 282+ | 0697 & | 1254+ | 0151 £ | 0589 +
0.04 0016 1511 0.04 0.065 0.01 0.043

i 0039 + | 0096+ | 0643+ | 0039+ | 0059 + | 0004+ | 0031 +
0.003 0017 0.047 0.003 001 0.001 0.005

40 0.431 = 0.138 + 4951 + 0.899 + 1.703 + 0.188 + 0.713 +
0.007 0014 0.138 0.025 0.032 0.006 0.016

45 1.159 = 0.054 + 10.893 + 2.28 + 4.638 + 0.515 = 1.907 +
0073 0013 0.93 0.124 0232 0.034 0.078

50 0.862 + 0.156 + 10318 + 1.916 + 3.816 = 0.407 + 1.509 +
0.1 0.024 0.992 0.196 0377 0.041 0.156

55 1.668 + 0.242 + 18.165 + 4.578 + 8.01 = 0.933 + 3294 +
0.101 0.018 1202 024 0.368 0.057 0.164

0 1169 £ | 0108 + | 13.082 & | 2606 £ | 4932+ | 0543 = | 195 =
0.111 0.021 1,057 0217 0391 0.041 0.153

65 0.826 = 0.079 + 11.462 + 1.758 + 3.336 + 0.379 + 1.386 +
0.071 0018 1,097 0.146 0232 0.025 0.101

70 0.379 = 0.092 + 6.207 + 0.711 = 1.427 + 0.155 + 0.582 +
0.029 0.016 0.364 0.041 0.066 0.01 0.03

75 0.877 = 0.106 + 11.703 + 1.764 + 3.503 + 0.368 + 1.349 +
0.205 0.017 1.036 0.069 0.104 0.017 0.048

% 3046 + | 0143 + | 34297 = | 6079 + | 12362 + | 1413 + | 5388 +
0.139 0015 1653 0279 0.569 0.064 0253

85 0.263 = 0.044 = 4.055 + 0.618 = 1.089 + 0.121 = 0411 =
0.016 0013 03 0.043 0.08 0.009 0.028

90 0.046 = 0.043 = 0.93 + 0.059 + 0.087 + 0.009 + 0.048 =
0.003 0014 0235 0.017 0.017 0.002 0.007

95 0.084 + 0.051 = 1.352 + 0.123 + 0.232 + 0.025 + 0.11 £
0.008 0014 0.174 0.008 0.02 0.002 0.007

100 1.332 + 0.133 + 17.188 + 2.698 + 5.182 + 0.609 + 2.183 =
0.05 0.031 0.601 0.142 0.19 0.036 0.074

105 0.529 + 0.333 + 99.162 + 1.134 + 2.205 + 0.246 + 0.905 +
0.019 0016 3239 0.034 0.076 0.012 0.032

110 0.531 = 0.2 £ 10.043 + 1414 + 2.67 £ 0.296 + 1.078 +
0.028 0017 0432 0.072 0.139 0.012 0.057

s | 0207 = [0109& | 426+ | 036l £ | 082+ | 0081 £ | 0305+
0.005 0013 0223 0.014 0.19 0.003 0.014
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120 0.049 + 0.08 + 1.184 + 0.112 = 0.198 = 0.012 = 0.063 =
0.003 0.015 0.121 0.005 0.01 0.001 0.004

125 0.038 + 0.104 + 1.873 + 0.595 = 0.994 = 0.081 = 0.232 +
0.006 0.018 0.217 0.069 0.129 0.011 0.038

130 0.048 + 0.076 = 1.275 + 0.088 = 0.174 = 0.019 = 0.089 =
0.006 0.018 0.087 0.008 0.013 0.002 0.008

135 0.063 + 0.069 = 1.183 + 0.086 = 0.156 = 0.017 £ 0.076 =
0.006 0.015 0.19 0.006 0.013 0.002 0.014

140 0.049 + 0.091 = 7.091 = 0.102 + 0.195 + 0.016 + 0.075 +
0.002 0.014 1.064 0.025 0.009 0.002 0.005

145 0.073 + 0.067 + 3.279 + 0.082 + 0.187 + 0.018 £ 0.079 +
0.006 0.015 0.206 0.008 0.035 0.002 0.008

150 0.124 + 0.085 £ 4943 £ 0.257 £ 0.507 + 0.064 + 0.236 +
0.007 0.013 0.222 0.013 0.03 0.004 0.013

155 0.244 + 0.145 = 11.908 + 0.449 + 0944 + 0.1 £ 0375 =
0.033 0.019 1.747 0.032 0.06 0.008 0.02

160 0.234 + 0.192 £ 4414 = 0334 = 0.745 + 0.09 + 033 +
0.01 0.02 0.204 0.013 0.038 0.008 0.011

165 0.159 + 0.125 = 3.789 = 0.363 = 0.755 = 0.085 = 031 +
0.025 0.022 0.481 0.063 0.136 0.015 0.047

170 1.069 + 0.204 = 4938 = 2357 3.305 = 048 + 1.695 +
0.059 0.017 0.825 0.104 0.152 0.019 0.076

175 0.358 + 0.078 = 3483 + 0.562 = 1.435 + 0.124 + 0.462 +
0.026 0.014 0.165 0.033 0.661 0.006 0.021

180 0.09 + 0.078 = 1.903 + 0.149 = 03 + 0.033 = 0.144 =
0.004 0.015 0.11 0.004 0.018 0.002 0.009

185 0.649 + 0.086 = 7937 £ 1.462 + 2.96 + 0322 £ 1.142 +
0.057 0.014 0.453 0.086 0.164 0.014 0.061

190 0.064 + 0.045 + 0.894 = 0.081 = 0.141 + 0.015 + 0.089 =
0.004 0.013 0.096 0.009 0.01 0.001 0.026

195 0.049 + 0.05 + 0.499 + 0.047 + 0.064 + 0.013 £ 0.042 +
0.008 0.013 0.045 0.007 0.01 0.011 0.008

200 0.046 + 0.078 = 0.459 = 0.042 = 0.084 = 0.008 = 0.046 =
0.003 0.065 0.062 0.004 0.009 0.002 0.005

DL 0.002 0.007 0.0275 0.002 0.004 0.0005 0.0023

Min 0.038 0.043 0.459 0.039 0.059 0.004 0.03134
Mean 0.517 0.16 8.989 1.092 2.098 0.236 0.87
Max 3.046 1.199 99.162 6.079 12.362 1.413 5.388
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Depth

Sm Eu Gd Th Dy Ho Er
(cm)

5 0535+ | 012+ | 048 = | 0066 = | 0341 £ | 0059 = | 0.168 =
0.024 0.006 0.019 0.002 0.012 0.002 0.006

5 0223 + | 0048 = | 0203+ | 0029 = | 0136+ | 0024 = | 0073 =
0.019 0.004 0.017 0.002 0.01 0.002 0.005

5 0471 = | 0101 = | 0394 + | 0052+ | 0245+ | 0042+ | 0.119 =
0.02 0.003 0.014 0.002 0.008 0.002 0.004

5 0.056 = | 0014 = | 0062+ | 0011 £ | 0043 = | 0006 = | 0024 +
0.004 0.002 0.002 0.0004 0.004 0.001 0.001

5 0093 + | 0022+ | 0092+ | 0015< | 0065+ | 0017 « | 0032+
0.005 0.001 0.005 0.001 0.003 0.013 0.004

0 0051 + | 0012 = | 0053+ | 0009 = | 0032+ | 0004+ | 0019 =
0.003 0.001 0.001 0.0005 0.003 0.001 0.002

s 006+ | 0014+ | 0062+ | 0011+ | 004l = | 0006~ | 0023+
0.008 0.001 0.004 0.0004 0.002 0.001 0.001

20 0.046 + | 0009 = | 0049 £ | 0009 = | 0035+ | 0005+ | 0019 =
0.003 0.001 0.002 0.001 0.002 0.001 0.001

)5 0042 = | 0009 = | 0047 £ | 0008 = | 003 | 0003+ | 0016«
0.003 0.001 0.002 0.0002 0.002 0.001 0.001

20 0014 = | 002< | 0119+ | 002+ | 0101 = | 0019« | 006l +
0.009 0.001 0.005 0.001 0.004 0.001 0.002

3 0001 = | 0006+ | 0003+ | 0002+ 0.003 +
0.0021 0.001 0.001 0.0024 0.0009

40 0115+ | 0028 = | 0114+ | 0017 = | 0074+ | 0012 = | 004 =
0.004 0.002 0.007 0.001 0.002 0.001 0.001

45 0341 = | 0073 = | 031+ | 0042 < | 0214+ | 0038 = | 0.109 =
0.017 0.004 0.016 0.002 0.01 0.002 0.004

5 0263 + | 0056 = | 0231+ | 0032 = | 0154+ | 0026+ | 0081 =
0.024 0.006 0.022 0.002 0.014 0.002 0.007

s 0558 + | 0109 = | 0469 + | 0062 = | 0317 + | 0055 = | 0.154 =
0.02 0.006 0.021 0.003 0.013 0.003 0.006

60 0338 = | 0074 = | 0306+ | 0041 £ | 0208 = | 0035+ | 0103 +
0.025 0.005 0.022 0.002 0.015 0.003 0.006

6 0237 = | 0052+ | 0214+ | 003+ | 0146= | 0024+ | 0074 +
0.014 0.005 0.013 0.002 0.009 0.002 0.005

70 0092 = | 0021 = | 0093+ | 0014+ | 0059 = | 0009 = | 0031 +
0.01 0.001 0.005 0.001 0.003 0.001 0.001

7 0219 = | 0055 = | 0204+ | 0029 = | 0.14= | 0024+ | 0071 =
0.01 0.002 0.007 0.001 0.008 0.002 0.004

0193 = | 0873+ | 0113+ | 0579 + | 0104+ | 0282 «
80 L0051 17 008 0.035 0.005 0.02 0.004 0.01

0 0062 = | 0015< | 0063+ | 0011+ | 0046 = | 0007 £ | 0025+
0.005 0.001 0.003 0.001 0.004 0.001 0.002

% 0001 = | 0008+ | 0003+ | 0003+ 0.003 +
0.0005 0.001 0.0003 0.001 0.001

0 0011 = | 0003+ | 0018 | 0005% | 0012« 0.006 +
0.003 0.001 0.001 0.001 0.002 0.001

100 0398 = | 0076 = | 0354+ | 0048 £ | 0246 = | 0043 = | 0122 +
0.02 0.005 0.015 0.001 0.009 0.001 0.003

105 0157 = | 0038 = | 0144+ | 0021 = | 0098 = | 0015+ | 0049 =
0.007 0.002 0.006 0.001 0.003 0.001 0.002

110 0186 + | 0037 = | 0159 + | 0022+ | 0103+ | 0015+ | 0049 =
0.012 0.003 0.007 0.001 0.005 0.001 0.005

s 0048 + | 0012 = | 0051 £ | 0009 = | 0035+ | 0004 = | 0017 =
0.004 0.001 0.001 0.001 0.001 0.001 0.001

120 0001 = | 0011 £ | 0004+ | 0004 = 0.005 +
0.0004 0.001 0.0002 0.0005 0.001

125 0011 = | 0002 = | 0013 | 0003= | 000l = 0.002 +
0.006 0.001 0.006 0.0004 0.002 0.001
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130 0.009 + 0.002 = 0.014 = 0.004 = 0.005 = 0.004 +
0.005 0.001 0.002 0.0002 0.002 0.001

135 0.006 + 0.002 = 0.014 + 0.004 = 0.006 = 0.004 +
0.003 0.0004 0.001 0.0002 0.001 0.0004

140 0.003 + 0.002 = 0.011 = 0.004 = 0.004 = 0.004 +
0.004 0.0005 0.001 0.0003 0.001 0.001

145 0.006 + 0.003 = 0.016 = 0.004 = 0.008 = 0.006 +
0.003 0.0003 0.002 0.0002 0.001 0.0004

150 0.025 + 0.006 = 0.038 = 0.006 = 0.017 + 0.011 +
0.003 0.001 0.002 0.0005 0.002 0.0004

155 0.062 + 0.014 £ 0.064 + 0.01 + 0.042 + 0.005 + 0.02 +
0.006 0.001 0.005 0.0002 0.004 0.001 0.002

160 0.056 + 0.013 £ 0.061 + 0.01 + 0.042 + 0.005 + 0.02 +
0.004 0.001 0.004 0.0003 0.005 0.001 0.001

165 0.055 + 0.011 £ 0.05 + 0.007 = 0.021 + 0.011 £
0.01 0.002 0.006 0.002 0.012 0.005

170 0.296 + 0.036 = 0.267 + 0.038 = 0.188 + 0.031 = 0.086 =
0.018 0.002 0.012 0.002 0.009 0.001 0.004

175 0.079 + 0.017 = 0.083 = 0.014 = 0.065 = 0.011 = 0.036 =
0.008 0.002 0.005 0.001 0.003 0.001 0.002

180 0.02 + 0.004 = 0.024 = 0.005 = 0.012 = 0.007 £
0.004 0.0005 0.001 0.0003 0.001 0.001

185 0.197 £ 0.048 + 0.184 + 0.025 + 0.119 + 0.02 + 0.059 =
0.016 0.004 0.009 0.001 0.005 0.001 0.004

190 0.002 + 0.002 = 0.015 = 0.004 = 0.007 + 0.005 +
0.003 0.0004. 0.002 0.0003 0.001 0.0004

195 0.001 + 0.009 = 0.004 = 0.003 = 0.003 +
0.0005 0.001 0.0003 0.001 0.0003

200 0.535 + 0.12 + 0.483 + 0.066 = 0.341 + 0.059 = 0.168 +
0.024 0.006 0.019 0.002 0.012 0.002 0.006

DL 0.0016 0.0004 0.0006 0.0002 0.0004 0.0006 0.0002
Min 0.002 0.001 0.006 0.003 0.001 0.003 0.002
Mean 0.168 0.031 0.138 0.02 0.092 0.023 0.047
Max 1.000 0.193 0.873 0.113 0.579 0.104 0.282
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Depth

(om) Tm Yb Lu Tl Bi Th U

5 0.019 + 0.137 + 0.017 + 0.115 + 0.072 + 0.715 = 0.296 +
0.001 0.006 0.002 0.004 0.003 0.028 0.013

5 0.007 = | 0057 = | 0005+ | 0062+ | 0065= | 0318+ | 0.131 +
0.001 0.004 0.001 0.005 0.005 0.022 0.01

5 0.013 £ 0.093 = 0.011 = 0.076 + 0.066 = 1.07 = 0.225 +
0.001 0.004 0.001 0.003 0.002 0.038 0.008

s 0.016 = 0029 + | 0035+ | 0102 = | 0036 +
0.002 0.001 0.001 0.003 0.003

5 0.026 + 0.034 = | 0068 = | 0.141 = | 0056 =
0.001 0.002 0.004 0.006 0.004

10 0.013 = 0.057 £ 0.034 + 0.078 = 0.016 =
0.0004 0.002 0.002 0.002 0.002

s 0.015 = 0032 = | 0029 = | 0212+ | 0054+
0.001 0.003 0.002 0.008 0.014

20 0.012 = 0.041 = | 0034 = | 0071 = | 0028 =
0.001 0.002 0.001 0.004 0.004

55 0.012 = 0.047 = | 0026+ | 0091 = | 0027 =
0.001 0.002 0.001 0.005 0.003

30 0.006 + 0.056 = 0.005 + 0.051 + 0.022 + 0.142 + 0.047 £+
0.001 0.003 0.0004 0.003 0.001 0.006 0.003

35 0.008 £+ 0.015 = 0.016 +
0.001 0.001 0.002

20 0033 £ | 0002+ | 0045+ | 0036+ | 0177 = | 009 =
0.001 0.0004 0.002 0.001 0.003 0.004

45 0.012 £ 0.09 + 0.01 + 0.049 + 0.022 + 0417 + 0.151 +
0.001 0.004 0.001 0.003 0.001 0.017 0.009

5 0.008 = | 0065+ | 0.006= | 0112+ | 0051 = | 041+ | 0357 +
0.001 0.006 0.001 0.01 0.005 0.033 0.029

55 0018 = | 0125+ | 0014+ | 0107+ | 0059 = | 1018+ | 0.601 +
0.001 0.007 0.001 0.005 0.002 0.041 0.026

60 0.011 £ 0.082 = 0.009 + 0.086 =+ 0.04 = 0.555 = 0.454 +
0.001 0.005 0.001 0.006 0.003 0.039 0.028

65 0.007 £ 0.062 + 0.006 + 0.064 + 0.032 + 0.383 + 0.194 +
0.001 0.003 0.0005 0.004 0.002 0.021 0.011

70 0.023 = 0077 = | 0035+ | 0.196 = | 0045 =
0.002 0.004 0.002 0.01 0.003

75 0.007 £ 0.054 = 0.005 = 0.115 + 0.04 = 0.336 = 0.113 =
0.001 0.004 0.001 0.004 0.002 0.012 0.004

30 0.035 £ 0.226 + 0.028 + 0.138 + 0.053 + 1.085 + 0.449 +
0.002 0.008 0.002 0.005 0.002 0.039 0.016

85 0.019 + 0.036 + 0.014 + 0.158 + 0.036 +
0.001 0.003 0.002 0.014 0.003

9 0.001 + 0.014 =+ | 0007 £ | 0029 = | 0006 +
0.001 0.002 0.001 0.002 0.004

05 0.003 = 0017 = | 0009 = | 0045 = | 0025 =
0.001 0.002 0.001 0.004 0.004

100 0014 = | 0101 = | 0012+ | 0141+ | 0078 = | 069+ | 0483 +
0.001 0.003 0.001 0.006 0.003 0.019 0.026

105 0.003 =+ 0.037 = 0.003 = 0.078 + 0.08 + 0.244 + 0.098 +
0.0004 0.002 0.0002 0.003 0.002 0.008 0.004

1o 0.004 = | 0038+ | 0003+ | 0075+ | 009 + | 0338+ | 0.106 +
0.0004 0.002 0.0003 0.004 0.004 0.016 0.005

s 0.014 = 0.033 = | 0028 = | 0099 = | 0038 =
0.001 0.002 0.001 0.005 0.002

120 0.002 = 0.009 = | 0024 = | 0.006 =
0.0005 0.001 0.002 0.001

125 0.009 + | 0025+ | 0002 +
0.005 0.01 0.006
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130 0.001 = 0.009 + 0.007 = 0.037 = 0.005 =
0.001 0.001 0.001 0.002 0.002

135 0.002 + 0.021 + 0.009 = 0.044 = 0.014 +
0.001 0.005 0.001 0.006 0.002

140 0.002 + 0.009 + 0.131 = 0.008 =
0.001 0.001 0.005 0.002

145 0.003 + 0.012 + 0.009 = 0.046 = 0.017 =
0.0003 0.002 0.001 0.003 0.002

150 0.007 £ 0.054 + 0.025 + 0.085 = 0.01 +
0.001 0.003 0.002 0.004 0.006

155 0.015 + 0.172 + 0.082 + 0.116 + 0.02 +
0.001 0.008 0.005 0.007 0.003

160 0.015 + 0213 + 0.115 + 0.129 £ 0.025 +
0.002 0.008 0.004 0.005 0.003

165 0.007 £ 0.092 + 0.05 + 0.122 £ 0.014 +
0.004 0.048 0.023 0.053 0.009

170 0.009 + 0.065 = 0.007 = 0.081 = 0.042 + 0.535 = 0.101 +
0.001 0.003 0.001 0.004 0.002 0.022 0.005

175 0.028 + 0.001 = 0.018 = 0.017 = 0.16 + 0.05 +
0.002 0.0004 0.002 0.002 0.011 0.004

180 0.004 + 0.008 + 0.019 = 0.042 = 0.018 =
0.0003 0.001 0.001 0.002 0.012

185 0.005 + 0.049 = 0.004 = 0.028 + 0.039 = 0.293 + 0.08 +
0.001 0.004 0.0005 0.002 0.002 0.015 0.006

190 0.002 + 0.017 + 0.009 = 0.025 = 0.016 =
0.001 0.001 0.001 0.001 0.008

195 0.001 + 0.005 + 0.017 = 0.003 =
0.001 0.001 0.001 0.001

200 0.001 + 0.004 + 0.021 + 0.002 =
0.0003 0.001 0.005 0.002

DL 0.0005 0.0007 0.0002 0.0009 0.0014 0.0009 0.0012
Min 0.003 0.001 0.001 0.008 0.004 0.015 0.002
Mean 0.011 0.038 0.008 0.065 0.036 0.25 0.104
Max 0.035 0.226 0.028 0.213 0.115 1.085 0.601
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- BAFA] 9: Tourmaline Plateau ¥t (E-74° 09.716 " S, 163° 27.096 " E)

- AR AFAFS AR 98 ®st iR R (Yeke] zlolok 7AW
FH) =AFE & AL ATEE "HAF 9

- 54 Av] ALY MALA Unsheiled 50MHz antenna GPR
- ¥4 18 11. 24. - 18. 11. 26

(2) Tourmaline Plateau glacier 5" 3} AlF Z 217
- 129 13955 12¢€ 27474 Tourmaline Plateau glacier (723 1)9lA Zo] 64

= 2
v o] AFREA S, AR AF, Ao Al d7E=

19 3.1.88 Locations of research sites
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2014/15 sHAIAE A A E BEUZ AR $HAYGS HA43 & JFHo=
AAEA S =33t (28 3.1.89-91). Tourmaline Plateau * 3} 9]

=

H
of e Ag=eBAb Axb of 250mel A Z]Hkqte] & wolw 3Pt A 5=
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19 3.1.89 Survey route of GPR
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19 3.1.91 3D image

HE EAS BT )t (29 3.1.94).
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29 3.1.92 Temperature, Humidity, Wind speed

and direction during field camp
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Tourmaline Plateau Jang Bogo Station
(2018/12/15 08:30 -12/23 20:40 UTC) (2018/12/15 08:30 -12/23 20:40 UTC)
1] [+]

Tourmaline Plateau 180

12NE e e 1208 wene AT 1222E 127
| — 1 | T — — -
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121818 1T unane 121548 1220ME 122908 12022118 22ae
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29 3.1.93 Wind rose, Wind speed and direction at
Tourmaline Plateau and Jangbogo station

during field camp
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29 3.1.94 Frequency map of air mass paths during
field camp
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(3) Tourmaline Plateau ® 3}71 3>

Upwind
site

Downwind
site

19 3.1.95 Tourmaline plateau camp

2018 12¢ 129%E 20189 12€ 27d7bA F 259 Bt W AlF ZEaH
dFATE FISA. AEYsE Geotech At () HRWSAF71E o] &35}
A FEA ol A (-74° 09.716 S, 163° 27.096 " E) & 80%]9] W3l A|F5 T F
o] 6258 me] WataoE 5t (19 31.96-97). dFelA = HFet
FZoje] FA, dol, FAE FA4ste] HEE ALl (19 31.98). =¥ &

F W3to] whel AE (Cutter) A A SolE 40°AHE Algst e, Dx7t
7Zvo 2 &7l Critical density (density: 055 Mg m )7l A A F7}
g wEEAT 1 % 460 A A (Zo]: 395 mollA =¥ RE S AFIF 1.6 AS
71 538te] 35°AE 2 wAEdTh 53 soje] FAVE FAGH wel 749 A A
(Zo]: 60.3 m)el Al ThA] 40°AE 2 wA sl 6258 me] HWetzole] WEAaE
o] 83} Herron-Langway ¥ "% Edo] A& wdo wE AT 7] of
-2588CeolH, AzrHdFEFE oF 0114 Mg miy'eg2 zAHY o o]Z &§3}o
Zolo g ddE F4% 23 Aot A" °F 0.38kao® FHHUT

o,

9
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19 3.1.96 Construction of shallow ice corer

70 -
=== Cumulative drilling depth

J ===drilling depth

w & u )]
o [<] o o
1 L "

Depth (m)

N
[=]
L

Problem Blizzard
10 4

12/14 12/15 12/16 12/17 12/18 12/19 12/20 12/21
Local Date (mm/dd)

19 3.1.97 Drilling depth and cumulative
drilling depth

Run 74 Density (Mg m'#)
New cutter {407} 0 02 04 06 08 1
Run 46
New cutter {35°) 0
0.9 - 5
. 7T o]
b -
Density 5 - ...-'. Al N
o'
— change . ..'-.. - .
nE 0.7 '....- . 2 &l s B E »
E’ ‘o’... . s o8 i
. © B
= - L I £ fw
@ ". o ° s
gns o, o™ oo coosmesesss - T .
= e o
.
; .
i 60 1 ammiViode! density V
03 T . . 0.8 o Measured density
0 20 a0 60 30
Run number

19 3.1.98 Variations of density of firn core and drill

motor current
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% 20199 1¥€26Y 0] A 2E(thermistor) o] A &S A|FF Zlo]d
wet SAg v, 2017dEe HABSE ARE ol&dte 2=gs AlAtste] oF
Tmol A HA7]ol -30.0°CHS FatA=dl, AFAFY AR 2= v
Ao® FAHEC 2m 60cm Zol9 snow pite] Wdte] 3em AL WEE=AHS
APeATt (193199, BEE= 0277047 g/em’e] MHE Rtk o, & UE
HEAdS olasty] $15k] oF 5vE Q] firn core®™ ¢ AlFA =, FF EoHA

YL Aol vauste], £ BES IAAAATE JAFE AF. F HA snow

pit A7 AZ TR F o I Lol Ad A (1€26)°] FIEHASH, 1Im

Tourmaline borehole temp{before calibration)  apuys

etatura(re)

19 3.1.99 Temperature variations of borehole and

density variations of upper snow layer

L acid-cleaned bottle) A1 &5 Z+ZF afFske] vl A& 3% LDPE &7 Hol Hld
W o7 FAsle] ket FA FAIEE bem (FACE Zo] 25 m A FHEA
o} Aol A ¢F 60cm, 120cm, 200cm FFHAAA AHEEZT EAE FASHL oF

235cm -t A WA S-S A SA T
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19 3.1.100 Density measurement

19 3.1.101 Firn  cousing

Hand  auger

system

TSI

Precipitation sampling, 717 24 (7] « AUFE « T3 .
Z1&38td ek (19 3.1.102). ol#fs A 52 FHIV]|A HT

A w2 u7] agRgE AFsr] 98 ty] #5, Cold trap,

campaign (2019. 01.06-25)°l A &= olojHl =] F7t= £3F «© A&

SER
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T
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A 3kl
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19 3.1.102 Water vapor measurement using CRD

o aoF 9 A

T EEOE ~63m oo HAFWEE A
FAFALAE AE5 S L A2 AH, oo
o] (~8m) AMFH T g A+ 52 DA I Th Tourmaline plateau st
2~

nooF, £37EA4e £30 aBHR N F5 AT FuA 7]

)

%] B-Z Browning Passol A %3] & )t}
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g YA FAE Adl oF 10 g AES o] &skth 15 mL Teflon beaker?l
Aol AL B4 QIAE ZF 50 uld ¥l v A BEES SRR A 5 80T
hot plate ¢4 preconditioningd} %t} 2A17F H, H]AE H]-$-31 NEEM X &=
AZES A 10 ul, E4F 20 ul, 5% <12t 4 ulLet $H7 hot plateol A droplete] =
) 7}#] ZA) Atk Sample droplet& 5 ul silica-gel (PL-7, Fuso chemical)™}
7 zone-refined rhenium filament (99.999% Re, 0.7 mm wide, 0.04 mm thick, H.

et

Cross Company)o] =ZY3dct. 2do] 48w AMZe& SRM 981 standarde}f
204-Pb  enriched spike®} #Al Fol23sA A 7|9l Secondary Electron
Multiplier (SEM)Z ©]8-3}9] ion counting mode® 1007300 ratio® 22391

SRM 981 & <SHAsdLr "= #4243 118 AdeA 71719
fractionatione A2 ZAo=2 yglytow AFRAF (58 measurement)ol A & ¢

2 kol A ZAE0] AY AdATe] HE ATl BANFAL

3

o AEL olgasith oozl 74

acetic acidE ©]-83}l4 carbonate A& A A3 TE carbonated] 71 & ThA] A
wEste] HEFH O silicate RS o] &3taial s

2EEZ2F 24 9%E 2 5 dr 02 das9 AAE 8 column
chemistryZ ©] €3} th. EichromAle] SR spec resing 05 M &@ilo =z A H3F 5
MEZ S E3A7]3 Sub-boiled water2 ~EEZ2FS TG T. 2HE MZL hot
plateo] A droplete® W= %, TaO activator®}t &7 zone-refined rhenium
filamento]l 293ttt 290 $5H A1E2 SRM 987 standard®l 37 &o]>3}

Ao A 7] 9] Faraday cups ©]-83 100 ratios 43}t
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