c 2

o ¥

Aol

=) o s 5

zn Ol Ir -

N W s O

B oo D g °

I 1m0 o 5 S

Lo I

30 5 E

4 4 7oz

_s . OH WF gy i 9
) oF T oF S 2
Ho r wo g @
. 5 S

K il s 3

T o

g 5

records from an Antarctic deep ice core

7cm

"l WHooFoR<{ IDHZrED T aUR JOArFAr  OIFT0T M S or

Il

WooFoR <l EW N SlGTHE < 38—




Al

1o

S 21X

HAHE 2= JIX

=
=

=LA

“Lt
[}

o

I
Hr

)
il

oF)

I

o
oF
o

i

f)

.

wr

31

2026. 01.

LICt.

S

o
=

=
=

2UAMZ K

=

==
o

S| BSIRES

ni

3
ol

9)

ol

&0
%

fsY

-

wr

Ok

ol
X0

o0

ol
=

Y

-

wr

Ok

0
fs)

K0

wr

Ok

ol

il

ol o+ &

ol
K0

o)



o

-
mr o
~ S
S
) =
o
< S ]
Gl - B
o o
10 ‘.m _
nl ey ]
o I =
I | 5% x
o »AO
wm .
) B
e i
i B ~
=n 3T e
~ 7
wr 7 i
= wo g
L .
,_lr”
v
=
it
xr
I
A,W i’
oF X
e o™
Ho W T
= T olx
= =
sAO
o -
= K -
Y TR | B
- R | o
B NI | Ho
ur =4 | "
& B | A

LHKATEAE AR N2 5007 0]H)

o

oy

3}s}

Weh Az ) 3

K
T
o

o)

A

)

hin

=A% 71&E

L

L

5t

o]

Al
ol

F3l wet plasma ¥

o]

o3}

of. W& wRgkelA 20 ng ol SEIF HE 9% o3 wL IFEE AA

kel
* Jet-sampler/X-skimmer &

Fo2M R AYUE +0.20% (2SD)

5]6

pZs

g oaE B

wK

* Double-spike 7]

=

1=}

o] Alg¢ 2010 ol

&= Holuhraun 34 53 20154

2=

=

}= Y= EPICA Dome C H

o

ol A 2014/15\3 o}o]

=
A=A

ZAE E3H9F 2,000~38,00088 BP)

, 1Y%= EGRIP 244 A

=

=

£l

-

=]

1317
FFsl= 18T E EGRIP 24 Al o)A

H
« Y= EPICA Dome C

ToH

ofpy

7o

K

A

b, 712 47

)

o
-
ofpy

T

<

o
oF
Ho

R

—

iz

Al

T
mo

<5 °o|%, EGRIP

SERED

2

oA 1

=

=

ZEANZ &89

A=

Y ol A TALY TAEE MEFA AN 4.
Fe isotopes, Polar snow and ice samples, Anthropogenic effects, Volcanism,

Wildfire, Mineral dust

&
o]

4|

Z

2]
K

il

A
o]

il
(& 571 o1

S
ol

G

Al
AR




Hr

A

G

-
mr

o
B

3

4 % 24 7le A

g ARl A e

Ho

ol
=

3}

=R
] Ho]

37}

3

To°
Jo

259

N

7
wK
"
A

o
g

l

)

0

Ael 7]

o mW&

&
T

o= A AT 7]

3

< °

s=w ALY

[
fi

AT 7] &

1.

i

He| AA4 7}

2]

I

i

A

O

,_lryl

pzel

x
N
Tor
e
K
N

N+

AT E

Iv.

Class 109
MP-IM)E o] &3 vlo|32 AH HA T4

A AZoA 99% o3 =

I 20 ng ©]’e FHEF

3]

ol

oy m
= &
W
T g
w S
W
W g
TS
-
g =
P =
X o
o
MM oy
= <
B %
§
T &
T3
iEueY
oy B
s
T
™ o
K OBR
DTy
H
o))
e BT
]
oy e
— &
5w
e
o e
H "
__Q..._ E.T

o 71714 A

% A7 (Double-spike)= 283

B3H ) YFe-®Fe o)

3
el 7ol

=
AIFEE

29
Al

i

eyl

Vel

o

o

o

0.20%0 (2SD) "]

ot

TR

8

[e]
=

=)
=

ZF 2



4

A

gttt HEH o2 EFEH(IRMM-524B, SLRS-6 ) £4<& 53|

EDC) W3al=zo{(Zo] 87-709 m, 2F 2,000-38,000 BP) ¥4 ZA},

A 719l % #H(Total iron, TFe) FE+ 7] tiul ¢ 20u) o]

UL g6 Fe)ol Az MAS] thEFS +0.09%001 =73}
15 53 W] 9= o=z 448 Ho FUdo] A o

7] 8o g HR3 A4 7| BE HMAYLE FHAYLE T3 HExE FHEATH

<%= Holuhraun &4 & A]17]9]

=
oA wEd FH B T F5 A F 2 =9 SUVF AT v, 2 &

e

A=
slze) F2 S7hs WAl des SRS 20159 A5 A BelA 4E AE(GR
T ooled ZE o9 FW o d UL gl stgto] AFHTh sk st 48
el dlol2Ze) 4TS A FAUAE T3 BEY F A FAHAT

S5 Aol sl 2025 Goldschmidt =4 StEtislolA £ E4H7 A7 AAS TR(E
=8 g % wE)ste] IR F4 g9l WA s F FHYE ZoplA d=e AEA
d 71ede FATYT. FIHHR] FALL 24 g5 F, 24U IUTE EGRIP YA
solA e 719A FA A = 28 F1F Aot F FAYast AAH FAAAL,
Shat, AHE) T A19H BAJDRIBRT)S TR AHI S5 FHAKProxy) Y& Al

B e BES AL 2 FYFH A1UAY ALY wsE ATHY

re
-
=2
ik
oo
ol
o
H
_>|~I_‘
ol
o
2
)
il
oft
2
)
-
N



SUMMARY

(3 B 2 o %)

[. Title

Development of analytical methods for iron isotopes and reconstruction of iron

isotopic records from an Antarctic deep ice core

ll. Purpose and Necessity of R&D

O To develop a high-precision pretreatment process and analytical techniques for
ultra-trace iron (Fe) isotopes.

O To trace the provenance of Fe and evaluate anthropogenic effects in response
to past climate change through the analysis of Fe concentration and isotopic
compositions in Antarctic and Arctic ice and snow samples.

O To understand the global climate feedback mechanism by quantitatively
identifying Fe sources that regulate the primary productivity of the Southern

Ocean.

[II. Contents and Extent of R&D

O Optimization of pretreatment processes for ultra-trace iron isotopes and evaluation
of the suitability for polar ice and snow sample analysis using optimal
analytical conditions.

O Tracing the origin of substances through the analysis of iron concentration
and isotopes in polar ice core and snow samples, and generating scientific

achievements.



IV. R&D Results

A micro-column purification process using ion-exchange resin (AG MP-1M) and
a total digestion method for particulate matter were established in a Class 10
ultra-clean laboratory. These procedures achieved high recovery rates over 99%
for ultra-trace iron samples (over 20 ng), effectively removing interfering
elements such as nickel and Chromium. Sufficient analytical sensitivity was
secured by introducing a Jet-sampler and X-skimmer cone combination, and
an internal precision (<*0.40%o., 2SE) was maintained using the wet plasma
method. By applying the *’Fe-*®Fe double-spike technique to correct instrumental
mass bias and pretreatment errors, a high-precision analytical system was
completed with an external precision of less than +0.20%o (2SD). The accuracy
and reliability of the method were verified through the analysis of certified reference

materials (IRMM-524B, SLRS-6, etc.).

Analysis of the Antarctic EPICA Dome C (EDC) ice core (depth 87-709 m,
approx. 2,000-38,000 years BP) showed both a sharp increase in total iron
concentration during the Last Glacial Maximum (LGM), more than 20 times
higher than that of the deglacial period, and the iron isotope values 6°°Fe close
to the representative value of continental crust (+0.09%o). It identified for the first
time in the world that the primary source of iron in the Antarctic inland during
the glacial period was mineral dust of crustal origin driven by enhanced atmospheric

circulation.

Analysis of the Greenland EGRIP snow samples suggested an increase in total
iron concentration along with a surge in non-sea-salt sulfate (nss-SO,*) in
samples corresponding to the 2014/15 Holuhraun volcanic eruption in Iceland.
However, no significant increase in iron solubility was observed. In the summer
2015 samples, a rise in biomass burning tracers (ammonium and potassium ions)
and a decrease in iron isotope values were observed simultaneously. This
confirmed that iron isotopes can differentiate the impacts of volcanic activity and
biomass burning aerosols which are difficult to distinguish by sulfate indicators

alone.

The analytical methods and research results were presented at the 2025



Goldschmidt International Conference (poster and oral presentations), verifying
Korea's leading technological capabilities in polar ice and snow iron isotope
analysis. Upon completion of additional isotopic analyses, two papers regarding
the analytical methodology and provenance tracing in Greenland EGRIP samples
are planned for submission. This research established that iron isotopes are
powerful geochemical proxies for identifying natural (crustal, volcanic, wildfire) and
anthropogenic sources, providing new evidence for paleoclimate reconstruction

research.

V. Application Plans of R&D Results

The newly established analytical technology will be utilized to reconstruct temporal
changes in iron flux and provenance in polar regions, thereby identifying geochemical
variations caused by human activities. It will also be used to quantify the
long-ranged transport routes of anthropogenic iron aerosols and their contribution to
ocean iron fertilization. Ultimately, this research aims to provide fundamental
data for the reconstruction of the global climate system and long-term prediction

models.
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. 50 mL, Luer-lock
25 mm diameter Luer-lock
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ll

= 3)9] vtEgts BT o= AldA AHE ARES Md A 4340013 £ 0.011 ng;
Shen et al, 2024)¢F FAFS o=, FA9 A=Y §HEJASES AAFSTE 3 60 mL
o] 2T E A ¥ F5ot AT 360.289 £ 0.084 ng, n = 5)°] A HHA F 2TT 9
574340420 £ 0071 ng, n = H)ET YA yE, of 3 A wAEE FIFASd L Aol
A wek FEds itk web E Ao AbRske o3 ARl F pg T
of SuE &+ HS Edsts AA WA AR E4d 48T 5 Uvh 53], dAE AIFA
et g 28 7t Jeygel dHE E83owH, &5 & v ofye dye xHH
P Heol EA7A Aol 3 & dvks AEAQ FHS AdH
2. 2 479 &AE AT ¢4 E3 #A

YA 2 H T H B A, AR W YA RS s &alsty] fla Aaks ol &3
4% I &7 15 mL HXE wfo]d(Teflon vial)ell 250 pl ZHAE

H
d FaHes FIIH AR
(HNO3), 250 uL 4HHCD, 50

(Duprat et al., 2019). 714 % ‘61”3}9}% AFE 5k oF 10 mLe =5 H7Este] 384
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3. 74 €4 AAE A BA HA
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A (ion exchange resin)& &-83to] A o]99] 7|4 YA(matrix elements)E A A= Al
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stz Al ARG 2L wlolA R A Y (micro-column)] Abgo] Aol B oAt
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(column frit)S ZAgsle] AFE3gth. AzE A= 20 pb &3¢ AG MP-1M resin

(Biorad, USA)S FT33dle] ol 3k A=ZwlE 18 3] (anion exchange chromatography)s
A A S AT

ol

99 3 A A lelAR A Sole W FAT FEF W A Axw,

Ao g AlH(resin washing) 271& =&3817] 8 71 AFolA Aotd Al 7F# =7
¢l 10 M HCI + 0.001% H>0, (Conway et al., 2013), 5 M HCl + 0.001% H-O, (Schoenberg
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+ 0091 ng (n = 322 7k YA vetyth mep E AFoA s SrE F49 JexE
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Step Reagent Volume (pL)
1 Resin Loading AG MP-1M resin 20 X 1
9 Resin washin 5 M HCI + 0.001% H,0, 200 X 5
& Sub-boiled water 100 X 6

3 Resin conditioning 5 M HCI + 0.001% H,0, 100 X 2

4 Sample loading Sample mixture 100 X 2

5 Matrix removal 5 M HCI + 0.001% H;0, 20 X 12

6 Fe collection 1 M HCI 20 X 8

714 A A(matrix removal) 2 2 F%(Fe collection) ¥4l F8AS H7Ist7] Ys) 2 ¢
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A Aol A el vrEgk 0301 + 0.104 ng (n = 302 AZH A 4
Astr] sl A & HEE Z3H(E 2), 20 ng 2 &
+
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¥ 2. 4% AP S 453 v ¥ ZTEAY 348
Fe content (ng) Recovery (%) Reference (%)
2 b5+ 8. 1+ 1.1
[V-ICPMS-71A 00 99.5 + 8.7 99.1 1.1
20 101.1 + 2.7
SLRS6 20 106.5 + 3.8
IRMM-524B 20 104.8 + 6.8

F7HHo R, HS Xgs 2 nE 949 FxE HR-ICP-MS (Element 2, Thermo
Fisher Scientific)& &-&3sto] A&ttt A wpegh E4 BZoNA, 1% dit 34 A] &
A= AL #Rrg EAE sdstaat 71E] A §7H(%F 10 g)& AA sH9A 4
A5t AR (e 2g)0 2 51eF 2ASIATE ol T B4 wEe] AFEE RN
=3
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AetE A, 28 AYE (external precision, 2SD)7F £0.20%
ng g omo Aoz FAHQr} upgha] E Aol A %‘J B ZREZS A 3 25 ng

Aszel H w9dh 24 A BAs= A Hol(mass bias) R w4 ext& AEsHA B
4&t7] Jal “Fest PFed T3+ double-spike 71&S H&83th AR HXo] @3 ~3lo]
A% 994 v (PFe/'Fe)E Python 7]4ke] dlolg A g
= (Rudge et al, 2009)=2 #bsto] HF 2 A FAA g(EFe) S AEsoth

U
il
-\
s
e
A,
=
@
e
P
wn
fr

_17_



5

3. AFE d 994 B4 HFAstd MC-ICP-MS #d] =74,

Parameters Setting
RF power (W) 1200
Cool gas flow rate (L min™) 16.000
Auxiliary gas flow rate (L min™) 0.800
Sample gas flow rate (L min™) 1.000-1.100
Interface cone X-skimmer cone (Ni), Jet sampler cone (Ni)
Instrument resoluton Medium resolution (MR) > 7000

L4: %Cr, L1: *Fe, C: *Fe,

Detection system
Y H1: Fe. H2: Fe, HA: “Ni

10"°Q amplifier: *Cr, *'Fe, *Ni

Amplitier 10''Q amplifier: *Fe, “Fe, **Fe
Sample uptake rate (pL min™) 100
Integration time (s) 4.194
Idle time (s) 3.000
Number of blocks and cycles 1 block 50 cycles

2.0
1.5
1.0
0.5
0.0
-0.5
-1.0
-1.5
-2.0

<

10 ng g™ 25 ng g 35 ng g 50 ng g™

5%Fe (%o0)irmm.5248

% 7. Wet plasma 374049 T H F994 4.

271402 HR-ICP-MS R4S 23 A=
(total dissolvable iron, TDFe) %+ & Z djv] && Ho| =& Aitste] ZHe &=

(FFS ®+ SFe)& =3t}

FFS (Fractional Fe solubility) = DFe / TDFe x 100%
SFe (Solubility of Fe) = DFe / TFe x 100%

B AT AE ofsh ol HuE @ vEs falE, agn FAAs WEHS FPHo=
BAFgomM, WA AR W EFE 29 9 7192 FUs FA%a A B 2

4 =g iAUES YA Dk
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1. ¥= EPICA Dome C ®3t3ojoA e W3t7]-d 7)o g 2 5= 3 994 W5

Mgy EAWMS @ EPICA Dome C (The European Project for Ice Coring in Antarctica
Dome C, EDC) Wslzo] Algo] AH&sAth. vipxet o Wél7](Last Glacial Maximum,
LGM) A17] A5 7709 sl 7] 56 &2 A (Holocene)ol o2& Alx 7} 271E 2338t F 11

N A= (ZHe] 87-709 m, °F 2,000 -38,000 yr BP)& o= He| v& H FdLE 4
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¥ 4. EPICA Dome C W3l AlgoAe 2 3% 2 F9d4H B4 Ao

Concentrations (ng g™) 8 *Fe values (%o)
Depth Age SFe

(m)  (rBP) | TR [DFe] (%) | TFe 26 PFe 206 DFe 2o S:*le

87 2,015 1.655 0.181 10.92 +0.36 0.24 +0:53 0.28 —1.00
229 7,023 0.600 0.021 3.58 +0.33 0.22 +1.65 0.24 —35.32
316 10,289 0.110 0.017 15.24 +0.22 0.36 +0.24 0.29 +0.13
379 12,350 0.693 0.020 294 —0.09 0.21 +0.44 0.34 —17.72
489 18,769 34.846 0.203 0.58 +0.05 0.24 +0.13 0.25 =13.93
516 21,062 57.584 0.203 0.35 +0.11 0.28 +0.11 0.29 -1.22 0.25 +0.25
574 26,257 18.125 0.055 0.30 +0.07 0.24 +0.00 0.23 +21.64
598 28,465 16.206 0.053 0.32 +0.05 0.25 +0.01 0.22 +13.14
653 33,524 13.245 0.142 1.07 —0.06 0.32 +0.24 0.31 —27:93
681 35,952 4.986 0.114 2.28 +0.06 0.28 —0.14 0.34 +8.78
709 38,351 2.557 0.065 2.56 +0.16 0.26 +0.02 0.42 +5.44

+ Age dating was referenced by Vallelonga et al. (2005), Parrenin et al. (2007), and Hur et al. (2013).
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¥ 5 EGRIP WA Alge Zojd & F9Ua, vlald fal 2 o2, dEF o2, F H
2 9 B9L @, A A

Top 5180 nss-SOL NH" TOtal iron . FFaC’[iOI.IE.ll
# | depth B o Concentration 6Fe Fe solubility

(cm) (%o) (ng g7) (ng g7) (ng &) (%) (%)
1 0 -28.8 53 12 1.52 0.31 -
2 5 -38.5 38 3 1.00 0.19 5
3 10 -41.7 14 2 0.71 0.16 19
4 15 -37.3 12 2 0.27 - 7
5 20 -36.6 23 3 0.78 0.27 5
6 25 -32.5 50 6 0.64 0.19 6
7 30 -31.3 56 8 0.84 0.29 5
8 35 -28.8 88 18 0.71 0.04 3
9 40 -31.2 43 8 3.00 -0.04 2
10 45 -34.5 23 7 0.96 0.26 2
11 50 -38.6 19 0.73 0.33 2
12 55 -38.9 32 19 1.36 0.32 3
13 60 -40.4 43 4 0.93 0.59 2
14 65 -39.5 21 2 0.54 - 1
15 70 -39.5 15 2 0.28 - 5
16 75 -37.0 29 4 0.31 - 2
17 80 -34.4 66 20 0.52 - 8
18 85 -34.3 228 100 4.48 0.01 2
19 90 -36.9 200 6 1.84 0.15 1
20 95 -38.8 279 4 3.10 0.22 1
21 100 -38.6 469 6 0.64 0.57 3
22 105 -37.2 303 3 0.67 0.18 1
23 110 -34.7 241 6 0.70 0.36 2
24 115 -32.7 45 33 0.23 0.92 4
25 120 -33.2 75 10 7.68 0.34 0
26 125 -36.5 40 19 0.15 - 13
27 130 -35.8 17 0.45 - 4
28 135 -37.2 25 0.45 - 5
29 140 -35.9 11 0.07 - 39
30 145 -36.0 20 10 - - -
31 150 -36.0 28 13 0.11 - 11
32 155 -35.4 39 7 0.09 - 2
33 160 -34.4 40 15 0.17 - 60
34 165 -33.8 55 30 0.29 - 5
35 170 -36.1 188 28 17.17 -0.01 0
36 175 -39.2 42 2.24 0.21 1
37 180 -39.3 87 1.99 0.20 2
38 185 -38.7 93 1.37 0.22 -
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Analytical method for the determination of dissolved iron isotopes
in polar snow and ice using small sample volumes

Gaheun Mun’, Ahhyung Lee'2, Khanghyun Lee?, Yeongcheol Han?, Seokhyun Ro'?, Ruifeng Zhang?#, Sungmin Hong"* iy
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2 Unit of Antarctic Inland Research, Korea Polar Research Institute, Incheon, Republic of Korea gue 5‘

2 Division of Glacier & Earth Sciences, Korea Polar Research Institute, Incheon, Republic of Korea 2025 :
T

4 School of Oceanography, Shanghai Jiao Tong University, Shanghai, China

Introduction Study Objectives

< Iron (Fe), a limiting micronutrient for oceanic phytoplankton growth, influences carbon dioxide (CO,) uptake in the ocean, thus regulating global climate.

<@

To establish an ultraclean analytical protocol for determining
+ Dissolved Fe (dFe) is the only bio-available form; however, its are highly dynamic and sensitive to external Fe input, which are associated with anthropogenic emissions dFe isotopes in snow and ice using a sample volume of less
and natural events like volcanic eruptions.

than 100 mL.

@

Polar snow and ice provide valuable information about temporal variations in external Fe input, improving our understanding of its complex cycling in the climate system.

<

To reconstruct long-term records of atmospheric dFe isotopic

L3

Fe isotopes have emerged as a powerful tool for identifying the relative strength of Fe input from different sources,
compositions from polar snow and ice archives, with an emphasis

Despite the potential, determining dFe isotopes in snow and ice is analytically challenging due to extremely low dFe concentrations (down to the picogram-per-gram level, 1 pg = 10-12
g) and the limited sample volume available for analysis.

Materials and Methods

Sample Preparation

on pecifi ibutions to Fe

Allquotofice and snowsampie Flguice 1. PusticatiorT il ifcro-ookint. “ All sample treatments were conducted in a class- | | % Concentrations were measured using ICP-MS (Element Il)
<100 mL volume of original sample g i T
10-clean benchi ot hood installed in @ class-100 % Fe isotopes were determined by MC-ICP-MS (Neptune plus) at middle resolution (MR)
| clean room.
Titation Table 2. Faraday cup ion for Fe.
28 8 o PP s % The purification procedures were slightly modified cup [ 135 12 u c W1 H2 H3 Ha
PP syringe, and PP fiter holder from Conway et al. (2015) 7 to sut this study with Fe(MR) | scCr ®Cr %Fe  SFe  Fe Ni
| disposable micro-column self-produced by cutting
% Adesolvating nebulizer system (Aridus3) was used with argon (Ar) sweep gas only to reduce
Double-spike ~ . = "= PEPasteurpipettes (H 1.0 cm, @ 1.6 mm),
“Fe / Fe = 1, Sample : Double-spike = 1:2 Table 1. Steps of m the interferences on **Fe caused by AN", as well as oxide and hydride species.
| Step Reagent Volume (L) < For correcting mass bias during detecting, equal amounts of 5Fe and %Fe was spiked to
Resin loading AG-MP1 resin 20x1
Dry NG 40,60 1% 1552 s each sample at twice the dFe before and Sample-Standard
On the hotplate at 80 °C Resi washing Sub-boiled water 100x6 Bracketing (SSB) method was used.
i Resin conditioning 5MHCI +0.001% H202 100x2 . .
The relat topic fractionati luated by delta notation of Fe,
Sample loading Sample mixture pre-dissolved in § M HCI + 0.001% H202 100x2 + Iherelaive-bolopicracionation wes:evaluaied by:delia notalon.oths;
Purification i o S650 /54,
Anion exchange chromatography (AG-MP1 resin) MatiX removel 50 O\ +9I0IR HeOw WER 5%Fe ;,riw - 1] X 1000 %o
Fe collection 1 MHCI 20x8 CoFe/Fe)mum—s1s
L
Results and Discussion
P for i pi ysi: ™ i iti of dFe N
Procedural blank 1. Instrumental setup
Table 3. Total procedural blank value including fitration and purification (column) blanks. Table 5. Analytical parameters for Fe isotope by MC-ICP-MS.
Blank (ng) Reference blank (ng) Tuning Method
Filtration <LoD 0.420 £ 0.071 RF power 1200 - 1250 W. Integration time 41945
Purification 0.279 + 0.024 0.160 + 0.090 " Cool gas flow rate 16.0 L min" Idle time 3.000s
Total procedural 037120102 02807 Auxiliary gas flow rate 0.8 L min”! Block number 10
Sample gas flow rate 0.750 - 0.800 L min'" Cycles of each block 10
+ The fitration blank was below the limit of detection (LOD), suggesting that no additional P e\eep gadion 5.0-55L min" 10 Q amplifier L4 (5Cr), L1 (4Fe), Ha (N))
contamination occurred during the process.
% The purification blank (0.279 ng) enables accurate measurements for samples containing 2. Injection system
over27.9ng of Fe. Figure 2. Measured 5*Fe values using a a) only and b) with Aridus3 Figure 3. Mass scan of Fe isotopes using Aridus3.
a) Spraychamber b) Aridus3 E
% The total procedural blank (0.371 ng) was negligible, accounting for only ~1% of total dFe P P g — L
" . |
in 100 mL of Greenland and Antarctic snow samples (> 50 ng). v 08 08 - s0Fe + OAM0 L
06 | 08
2. Column recovery = - © sy r
£ o4 proven 2 04 10ngg? Fo | i
Table 4. The recoveries of Fe reference materials after purification. o s0ngg? 0108 = 5ngg 1 | L«
Recovery (%) Reference recovery (%) % 02 . :x: oz 1 | 4OAr150
200 ng 99587 991142 o 9 | |
A 02 02 1 |
20ng 101127 - / Peak center =
IRMM-5248 20ng 1048468 - 04 04 — e
SLRSE 20ng 1065+38 - Table 6. The measured 5%%Fe values and standard deviations (SD) by using different injection system.
+ The recovery of 200 ng 71A (99.5%) is consistent with that of previous studies (99.1%). Spray chamber (wet plasma) Aridus3 (dry plasma)
< All recoveries of materials were within the acceptable range of 100 + 10%. Concentration &%Fe values (%) 28D (%) &%Fe values (%) 28D (%)
50nggt 0.1 026 - -
+ These results demonstrate that our method provides reliable and stable purification for 20 25ngg" 2 005 039
\__ ng ofdFe n samples o nggt . ~ 602 038
- 5ngg’ - E 0.1 0
———————————————— Vostok ice core N 29
1. Sample information % Analytically reliable concentration thresholds were identified as 50 ng g™ for spray chamber and 10 ng g for Aridus3.
+ Vostok Antarctic deep ice cores were measured to validate the method employed in this L : §
% Unstable 5%Fe data exhibited significant uncertainties with 2 SD values exceeding 0.4% (3= color valies in Table 6), suggesting that 2 SD should

study.

<+ The selected sections have depths of 2984 and 3014 m, corresponding to 289 and 297 kyr
BP, respectively, within the Marine Isotope Stage (MIS) 8 glacial period.

remain below 0.4%s to clearly distinguish the dFe source.

% The Aridus3 injection system demonstrated superior reproducibility compared to the spray chamber, particularly in measuring low

2. Isotopic ratio and concentration concentrations of dFe, due to the Aridus3 system's enhanced analyte sensitivity and reduced solvent-based interferences.
Table 7. Data and information on from the Vostok ice core:
Depth (m) Total dFe (ng) [dFe] (ng o) 5% dFe + 2SE (%) 4. Acciimevand kedicisn
3. Accuracy and precision
2084 51.19 077 0.158 = 0.002 .
) o y Figure 4. 5°Fe ranges of Fe sources and of IRMM-524B analyzed in this study.
3014 15.94 023 £0.243 + 0.002 < The narrower 5*Fe range of IRMM-524B at the
10 ng g™ level, relative to both natural and

+ Acold glacier period is characterized by an increased flux of continental dust.
anthropogenic sources, enables precise source
“+ The measured 5*dFe values in both sections are 0.158%o and -0.243%s, respectively. discrimination.
< The latter value (-0.243%o) slightly differs from the typical ratio of continental dust, indicating

< Considering the results from the entire procedures
that the dominant sources of dFe varied even during glacial conditions. This necessitates a

including both sample preparation and analysis, our

study to Jimate-related changes in Fe sources
study demonstrates that reliable 5*Fe data can be T T
“ The isotopic composition of dFe measured in the Vostok core samples demonstrates that obtained for dFe concenirations exceeding 10 ng g | 20 6 20
our analytical method is sufficient to obtain reliable data, enabling the distinguishing of with Aridus3.
_ relative contributions from different Fe sources. ) )

< Inthis study, pretreatment was stable at 20 ng of dFe and the Fe isotope measurements remained reliable down to a Fe concentration of 10 ng g-'. This suggests that good reproducibility can be achieved for *dFe values in samples with concentrations above
10ngg™.
<« The isotopic compositions in Vostok ice core samples represent the first successful application of dFe isotope analysis to ultra-trace concentrations in polar snow and ice — a breakthrough requiring extreme cleanness and high analytical sensitivity.

% Our method will enable the reconstruction of 5*dFe records from polar snow and ice archives, offering insights into the biogeochemical cycling of dFe and the relative contributions of various natural and anthropogenic sources.

<+ This approach would be valuable for assessing the impact of volcanic dFe flux, thereby constraining its influence on global climate change over glacial to interglacial cycles.
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