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SUMMARY

. Title

The study of reconstruction of paleo-depositional condition and biogeochemical
alteration using clay minerals in marine sediments distributed in glacial retreating

area, West Antarctica

ll.  Purpose and Necessity of R&D

This research project focuses on tracing sediment provenance, reconstructing
paleo—depositional environments, and investigating biogeochemical reactions
between minerals and microbes in cold environments within the climate-sensitive
West Antarctic region. By analyzing the physicochemical properties of clay
minerals in sediments across glacial-interglacial cycles since the Pliocene, this
study aims to interpret comprehensive paleo—environmental changes through
statistical approaches. Furthermore, it seeks to understand the iron cycle in the
Southern Ocean by researching the biogeochemical alteration (bio-alteration) of
iron-bearing minerals facilitated by microbial activity in cold environments,

influenced by redox changes driven by ice sheet dynamics.

[ll. Contents and Extent of R&D

1) Analysis of West Antarctic Continental Shelf Sediments and Mineral-Microbial
Reactions at Low Temperatures:

@ Collection of piston cores from the West Antarctic continental shelf through
field expeditions.

@ Mineralogical analysis of collected marine sediments using XRD.

@ Batch experiments to confirm organic/inorganic reactions between iron—-bearing

minerals (maghemite, NAu-2 nontronite) and microbes in freezing environments.
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2) Interpretation of Paleo—-depositional Environments during Glacial-Interglacial
Cycles and Mineral-Microbial Reactions (I):

@ Measurement of illite/smectite integral breadth and illite chemical index
according to core location and depth.

@ Chemical composition analysis of clay minerals using TEM-Energy Dispersive
X-ray Spectroscopy (TEM-EDS).

@ Statistical analysis using clustering algorithms on the physicochemical
properties of clay minerals throughout West Antarctica.

@ Analysis of microbial population shifts and iron reduction rates over time in
batch experiments.

@ Structural analysis of minerals undergoing microbial reactions using TEM and
Selected Area Electron Diffraction (SAED) patterns.

@® DMineralogical analysis of secondary minerals formed through microbial

reactions using XRD, TEM, and SAED.

3) Interpretation of Paleo-depositional Environments during Glacial-Interglacial
Cycles and Mineral-Microbial Reactions (I):

@ Comprehensive interpretation of paleo—depositional environment changes in the
West Antarctic shelf based on results from the first two years.

@® Inference of sediment provenance, supply pathways, and depositional
environments based on statistical clustering of surface sediment clay mineral
characteristics.

@ Interpretation of ice shelf movement and paleo—environments by period through
statistical analysis of mineralogical and physicochemical variations with depth.

@ Interpretation of iron leaching and mineral alteration resulting from time-point
specific reactions between iron-bearing minerals and microbes iIn freezing

environments.

V. R&D Resulis

1) West Antarctic Continental Shelf Sediment Analysis and Low-Temperature
Mineral-Microbial Reactions

1-1) Sediment Collection:



@® Collected 10-15 ml of surface sediments (0-10 cm) along the Dotson-Getz
Trough in the Amundsen Sea.

@ Obtained 7m piston cores at ~20 cm intervals near the Dotson Ice Shelf front.
1-2) Mineralogical Characteristics:

@ Identified bulk and clay mineralogy (<2um) via XRD.

@ Results matched standard Antarctic mineral assemblages, showing high illite
and chlorite content, with characteristic kaolinite in the Amundsen Sea.

1-3) Batch Experiments:

@ Successfully initiated batch experiments to observe reactions between
iron-bearing minerals (maghemite, NAu-2 nontronite) and microbes under freezing

conditions.

2. Paleo—environmental Interpretation and Mineral-Microbial Reactions (I)

2-1) Physicochemical Properties:

@ Analyzed 16 surface samples along the Dotson-Getz Trough.

@ Dotson Ice Shelf samples showed relatively higher illite and lower smectite
compared to Getz A samples.

2-2) Statistical Clustering:

@ Clustering analysis based on mineral content and illite indices clearly
distinguished Dotson and Getz A sediments.

@® TEM-EDS revealed a higher distribution of Fe-rich illite in the Getz A region,
confirming differences in continental sediment input.

2-3) Structural and Chemical Analysis:

@® Batch experiments showed ~27% reduction for nontronite and ~20% for
maghemite.

@ Microbes remained viable after 10 days of freezing. TEM/SAED confirmed
structural changes, and XRD/SEM identified the formation of vivianite as a

secondary mineral from microbial iron reduction.

3. Paleo-environmental Interpretation and Mineral-Microbial Reactions (II)

3-1) Paleo-environmental Changes:

@ Confirmed depth-dependent variations in clay mineral ratios, suggesting shifts
in sediment provenance between past and present driven by glacial dynamics.
3-2) Provenance and Depositional Interpretation:

@® Dotson Trough smectite is predominantly Al-rich, whereas Getz A Trough
contains Al-Fe-Mg moderate compositions, indicating distinct sediment sources

for the two troughs.
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3-3) Comprehensive Iron Cycle Interpretation:

® TEM-EELS confirmed ~21% iron reduction in maghemite and ~28% in
nontronite after two freeze-thaw cycles.

@® This demonstrates that mineral-microbial reactions and subsequent mineral

transformation occur even in extreme Antarctic-like environments.

V. Application Plans of R&D Results

To track paleo—environmental changes following ice shelf retreat, clay minerals
will be utilized as a new nano-scale proxy. While traditional methods rely on
bulk mineral ratios, this study proposes the chemical composition of smectite as a
high—-precision proxy. Unlike conventional bulk analysis or radioactive isotope
methods, individual particle analysis allows for precise tracing of mineral
provenance and transport pathways, revealing differences previously unobservable.
Additionally, the identified mechanism of iron reduction and release through
mineral-microbial interactions in freezing environments highlights the role of
ice-hosted minerals as a significant iron source for the ocean. This contributes to
a better understanding of primary productivity and carbon sequestration in the
Southern Ocean, particularly in High-Nutrient Low-Chlorophyll (HNLC) regions
where dissolved iron (dFe) is a limiting factor. These findings will refine climate
prediction models and provide a scientific basis for environmental management

and policy-making regarding the global carbon cycle.
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ANEFAEE (Jung et al, 2019), ol HFo AL AR nAE

bio-alteration®] 7} 33 AlALEaL Qv 3 EH AR HEFES o] &3 o oA
=, Ot 137 H5Y& Akste WHoR A A gtk V&Y HEFES o] &

WA A B 54 %9y g6 ¥ ATE W Fays Advkn ¥ & vk

@ =L Ad+= A4 &3¢ American Chemical Society (ACS) ¢+ Goldshemidt, Clay
Minerals Society (CMS)olA &2 Al #ofF (target arecas)® AAA = “FE FA 2
HAY S (dissolution/solid state)” 2 “f-7]%& (organic matter) 2} HEZ =72 Hkg”
of F&st= AFHAelH, = BH A8HE A Scientific Committee on Antarctic
Research (SCAR)OIA A= 7oA Hreefole] A7 wlAYF] #3F HAE9

A3t Fol B ATE T8 B4 Bkl Ads A A siA HAEUe] 1

74 Wslte] wE AWE|E HEFES] HwH ol ofgh A A sheA wWol e g
Hzo Avolth

@ =AY sty FalFgo] AR 2 A HoA HEFES Ut 9 EE
gk Aol mAE 93 bio-alterations HEAIA Ak AZE AlZEo|t), EgH

A Y7-H 7)) wel 5ol FFolHA W& ofge] Ao Abst-3d 7o)
G} A= o olo] i FAEMN FE W bio-alterationd E4& g oM I

u
7 Bgel OF A AEe T F P Amo|th

Ry

d

@ = A7 He AEFES HEWHA (low-grade metamorphism) I A F &
o] HA g, MAE-HEZE F v, Alde] mAFx T F8 AFE 58
HA 53], nAlEo o3 dEFES 72 Ul He| 4tst 3 wkEy a2 Qs of7]

He= 2o E- o] ES] o] wheS MAAvFom He A5 FAT vt



mineral precipitation)S XRD<®} TEMS o] &3t 27|, F+x, i3 /I Ude s
ZALeE A= AF7HA a8 E vk A gl

@ = 7Y Intergovernmental Panel on Climate Change (IPCC) 6 R iAo u}
29 FH g43 F= Yot FEHE AU 5 Ass o 4 da, o= 9l

ol AL 2 9ol E F = WEE EsdT ol wEt AAAHeR 1

NFE Belam G 5 dZa] 9% A7k Bues] AAEn AT B Ay

2-3. AT 2 &4

H Aol ofstd, uhH glofoll ot AW EOE-UgolE FilolA] FyEHo=z 3
7 (secondary precipitation) ¥ = siderite (FeCO3)7} biosignature’} € <+ Jdv+= 715

dol AAHAT (Zhang et al, 2007). @b 2 AR Ad= AAA A A FRA
(hydrocarbon exploration), 2-+2] ©]% /%4l (hydrocarbon migration/maturation),
EFEY {7159 45 wg2EE (clay-organic matter interaction)A] ®Ahot HEF
T ety dA AT B2 dFS vAH, SEAdA A HEZES] du
AAE Esto] A 719 (origin of life)S S F ¥ wA], = “biosignature”
ATNE B 43S = 7 dve HoA wg Fasih
T 2 AT FTY A HAEAdA AEZ=I vAdEe] vk g wol
AT HAEE ARME e dArHAlolH, 5 A HA LA ndAS M= AA
o Aol HEFZES WHel % gdgAdS sfMste Aol BAseHY wsE Hots
of ofe] Ztmol M et Hito] Jheetth ¥ uobrt o]2 gk Biomarkerel °% %
AL 5 YA AAle] e AT Fag 4TS F ¢ don, AAR
oA B4 T FAL deoR 9 e B AF otdol= AA A
el Adg wrprt EAjsk=d o] 3tollA Al 23E Holu frlEH WES E
T 2 AEAY duAdoer &d&d F Y oF F
sUle dAFEe] daHI k. FHd e o9 Zo] FAR 9 "o T4
sk AT S A S A AL AL A HEFEC] X3
o] stite] A &gl A4S & F vk TheAe] AAHIL Ak A RE o
AT A At Y e SRe S5

o = vk o] e, s A FAAM =3 A A g Sl i HT AT

O

& AT} obH e RH Joln

o



(Bishop et al. 2013) oA % o]zl d m A& <3t

ANGD e ATAe] ATARE AT Yk,
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H 3 & dgd=sd g & A1

3-1. A7 = A A

b, o 2 x| o

¥ 1 Adgs oMEAl 3 (Amundsen Sea) WE & A
Dotson-Getz troughE wWel & 1671 J-olA 53 Alsd tiste] 418 3
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A QWA w7 ok obEAl o) gEARAE A2 dERES ogd NUAA ¥
e Ba Wr-dsle w7197 tens Aol AAHAEH Dotson

trough, Getz A trough Sol 22 siAEHAE] olifAl & HEAHIA =52 &

A7) M= g w4 5d8h7] fstel Z2ad dAgtolth 3 Dotson Ice

shelf¢} Getz A Ice shelfE Ed] Uor HAE 7dAE FALS d&=0 ¢

ol
Ll

AHRE T Weol 7H7kol 2o 9l
ol ZF A HelA 71Q1gE FEAdo]l Apol7k yEtu=Alo] i AR ob7kA] W

7w givh wEkbA B Ao FES 92 HEFE £A4S T AA U A

@ ITSHAEL ZF TroughES wetA Getz A Troughol A 770, Dotson Trougholl A

SME A5t (18 1). o] AGL FXoM MZFor s2% & 3F 94T

S WS F e AFo =z (ref) Dotson Trough® 2 2% e sediment pocket
3]

oRRE Il NEE H53el F 16749 ARE 590

@® Dotson Trough®t Getz A Trough W B8 ES 53] 34 WA 234 54
371 98] ZF Dotson Troughol Al GCO05, Getz A TrougholA GC09 F&€ oS 3
5ottt (¥ 2). o)== Troughs Wt o]l F3st= HAES EAA ZF Trough

‘I_:'Z___
 7F & Wad 5 e Zofek AgEe] AAsdn 74 Aol MS grol H

o] f o] YelyxA] e A ES o]E A Xt o]F V|FoR ZF Foj¥ F A
Zolo] HAES Fr7l2 AMZY Ak GC059 4% 110cm, 150cm, 300cme] Zol
3)

A 247 10cc AEE 58191 GC099 A9 100cm, 145cm, 350cm Z ol oAl 22
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= A& ol dol(m) | 4 (m)

BCO1 73° 39.1502'S | 113° 37.8846'W 6 789
BCO2 73° 46.3271'S | 113° 11.3696'W 3.42 775
BCO3 73° 57.7007'S | 112° 36.0902'W 4.46 919
BCO4 74° 3.4457'S | 112° 51.1896'W 7.1 864
BCO5 74° 7.8340'S | 112° 33.0079'W 3.37 967
BCO6 74° 7.4386'S | 113° 5.2900'W 2.15 670
BCO7 73° 30.2968'S | 114° 58.1792'W 3.78 916
BCO8 73° 40.8901'S | 115° 27.3836'W 42 971
BCO9 73° 49.1534'S | 115° 30.3821'W 5.51 876
BC10 73° 589701'S | 115° 46.1446'W 5.35 1248
BC11 74° 135203'S | 112° 37.1097'W 0.445

BC12 74° 13.2516'S | 113° 10.3642'W 0.52 864
BC13 73° 56.860'S | 112° 26.0850'W 2.55 686
S01 74° 4.7378'S | 115° 43.4448'W 1070
S02 74° 0.0074'S | 116° 5.9966"'W 911
S03 73° 16.7345'S | 114° 57.0371'W 831

3£ 1 BCO1™BC13, S017S03 aLojoll tigh 9], do], =4 Bx
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Glycol XRD 1
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Glycol XRD 3 Qquartz Sm: smectite Ch: chlorite
K: kaolinite I: illite
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Bl A A A (Maghemite, Fe203)2.= HA3IATH =EZUoEY 5 Fx U
Aol oF 99%7} Fe(lDe] Helz Sty AFHHe xgkata 9l 8
Hol Fe(lD®E E&AETE mAES Ao E¥eA grAdeEs &+ Ude
Shewaneel Vesiculosa &< A+-&3F1
@ —ERUOEE 7 2 ATHgA FE-HAE WSS AT ARE AFESHAY
v 22 AF 20S AAst] ettt g/l mERYOE FEE AESH S
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02 Ha 255 FHI/MAEA HAYstH i HE - 10°ColA o] HESAIZl o] & ThA]
15°CE Hol7by & F7]|E 3 ¥ wh&edu. &= F e AW-siy F7|7}
ARoW F 28U7TF wkSo] AP EAULE 74 AV|E, SEEE FE-UAAE WSS T
o15l7] Ysle] 7z Lz [0mLR AZYS syt
Ao 80 mM XIEHEAN 8 mM XIEEM 0.8 mM XM HEXM
(lg) (12775 g/L) (12775 g/L) (0.12775 g/L)
1 °C (mM) 4 °C (mM) | 1 °C (mM) 4 °C (mM) | 1 °C (mM) 4 °C (mM)
0 1.635 1.62 0.163 0.162 0.016 0.016
1 6.598 9.214 2.134 2.546 0.467 0.495
2 7.5 9.762 2.387 2.65 0.484 0.499
3 7.595 9.778 2.495 2.682 0.49 0.504
4 7.571 9.816 2.542 2.652 0.494 0.506
A sele 9.46 % 12.27 % 31.78 % 33.15 % 61.75 % 63.25 %
¥ 2 Shewanella vesiculosa &°l| t3t A dA sxo o2& d ¢U& (0.8mM, 8mM,

80mM). "9%¢] &S Hol=
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@ 5442 77 T studes d5 AlGHAEdNE Estar AdH ThEE ol
E &7t T16% AE=2 =t Holt. Pereira et al, (2020)& Pine Island
Glacier®} <+A ol A9k Thwaites Glaciero| A F-EHvF 7} U] E7F A @ol
U2th= vtE 913l vp 9dt). Dotson-Getz Trough # 92 Thwaites Glacieret 7}H7F
of f1Alal Sd=Hl olek ol W2 b UelEVF YEbE S Fal Hgh 7] A ¢
7hs/dol skl AAE 4 vk 53y JhE eyl Ew wd VT2 Fol
A Y= FEZZo7] wiel BA 2497l A17]dd Dotson Ice shelf$} Getz A Ice

YEIUYA = v AS 80 4 3ol F Trough’t +#8S AAT &5 gl
2w ElolEet defo]E ]l A9-o= Dotson Trough®t Getz A Troughol A 22
2ol kol ztol7b vEbdtl Getz A Troughol EAjste AdElo|E9] ghafu| =
36.68% (BCO7), 31.93% (BCO8), 36.16% (BC09), 35.69% (BC10), 33. 88% (S01),
38.8% (S02), 36.48% (S03) o2 K5 30% o] duzl 2dElo]E i &
Bolm Dotson Trough® 79 2549% (BCO01), 28.06% (BC02), 28.89% (BC03),
22.25% (BC04), 23.82% (BC05), 16.43% (BC06), 25.79% (BC11), 19.16% (BC12))=
BT 30% olshel #e vEhils AelE Btk 3, Getz A Troughdll A& iAo
2 Dotson Troughell H]& W2 o] ~HECES FFata doS Slstadt

al
@ JTtolExs dFoIA M B HEFER dwbAR]l I GEHA el v
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<™ ol E [} ol E < o o] ol E ()] oleE
= j(oE/;L E?%)L s G 7}22/31 AR ;@x;
BCO1 25.49 40.07 16.82 17.63 0.49 0.204
BCO2 28.06 39.48 15.37 17.09 0.49 0.203
BCO03 28.89 38.99 15.39 16.74 0.5 0.227
BC04 22.25 42.85 17.88 17.01 047 0.201
BCO05 23.82 40.56 17.05 18.56 047 0.241
BC06 16.43 46.94 20.94 15.69 0.47 0.219
BCO7 36.68 34.47 13.81 15.04 0.52 0.162
BCO8 31.93 36.53 15.22 16.33 0.5 0.178
BC09 36.16 33.81 14.90 15.13 0.52 0.185
BC10 35.69 33.44 14.85 16.02 0.52 0.179
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S01 33.88 34.04 15.10 16.98 0.49 0.211
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5 a @ Maghemite, bioreduced, 4°C
A Maghemite, bioreduced, -4°C

B Maghemite, bioreduced, -10°C
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