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Q9F: ¥ slehcubaie] W Yok 4 S FHUOE, B4 AT SR F9IUd(in-situ “Be, in-situ YANZ T
WA B 1 ATl HAS Bl AT A47] T kel ek A WBkE BAstath 71 A7E Bal AR e
2] i AFA) o] 5} mA| Q1o SISk MIS 3-1 417]9) itk "Bewhe o 8¢ Au7] g vk ALl Wst 77 wiskE )4
SH=t] Alato] Qlgitt. & ATl HATE ZESRT 717 M ALK 7]8IHS] MIS 3 (49.8-35.3 ka) B =% Atk Wst A%
WSLE HTh A5 Bk 0|8 BhO = hxat Joh Wyl UNEE O el7l MIS 2 A7) KTk b MIS 4 4710 Lhet
o 2404 ke 2 W) s o, ket W15t Wekel ARE okl £ 2Avt dolsteS wraiich. olelet
23k 8 Wate] wiol 715 Skt g2 AN AQWEl oheh, Wat-BHt HEAGI 2 AR BaBE FA A
2919] ok 3A WekeE olnl, nihel Wak 3 W AW A% oS B AUEE ol7] 915 FAH 4 240
dhet ;ei7h WAH Y2 AlAbi,

FR0|: QFHQY SOI2IA L SOIHEE, CIHZ 241, X OFX|9f 2ICH 1], Wok-SHt ASE, T wiAf

ABSTRACT: This study focuses on the ice loss patterns of the Campbell Glacier in Terra Nova Bay, Antarctica, and reconstructs glacial
dynamics during the Late Quaternary through surface exposure dating using multiple cosmogenic nuclides (in-situ '°Be and in-situ **Al).
Although previously analyzed exposure ages from the lower moraines behind the Jang Bogo Station, based solely on '°Be, had limitations
in reconstructing glacier thickness changes, this study provides more definitive insights into glacial behavior through simple exposure ages
(49.8~35.3 ka) from bedrock behind the Gondwana Station, corresponding to MIS 3. These findings suggest that the Local Last Glacial
Maximum (LLGM) occurred earlier, during MIS 4 rather than the traditionally identified MIS 2, and that there was significant glacier retreat
rather than stagnation through the Last Glacial Period. The results highlight that the variations in the Campbell Glacier were strongly influenced
not only by broad-scale factors such as climate and ocean conditions but also by previously underestimated local factors, such as glaciovolcanic
interactions, and they underscore the necessity of incorporating local environmental conditions into future models predicting accelerated
ice melt and sea-level rise.

Key words: cosmogenic nuclides surface exposure dating, multiple isotope analysis, local last glacial maximum, glaciovolcanic process,
Antarctic ice sheet

Copyright © The Geological Society of Korea 2025


https://crossmark.crossref.org/dialog/?doi=10.14770/jgsk.2025.018&domain=https://jgsk.or.kr/&uri_scheme=http:&cm_version=v1.5

248 e

1L.HE

A7) 715 sk, Wt Ae wsk S A4S A%
3171 918 4% mele] ATEL 3 Wt R sl o
3 o)1 Al QU olshS 7O Sof k.
o o2 mEe e 7] - Wk AR, R 7]
— Wt SE0 2o Tt AuaAE A2 A
2 TEAFOL, ol AA| Wate] whgat BUN S 2
32 2T FsHol 9 A muPel Jekwet Nz

£ A3}X]Z 4= 9th(Robinson and Dowsett, 2010). o|&
345t Yol HFERE ZoAtt Wt ZojoflA E 5=
A8 AANAE AFH o R BAst 17| 9 1S
Estele A7=0] Eo] o, oxs] gHE A
B}l AgHA oo} £35] Wste] Al i Halk=
st Fojet -2 JAY o= 4 7150 ST 5
Rom, HLFEHES] - 37 Aoz Qs A
Fer AN YA H5o A $F 7ETS
Lagali=g

wabA Wshe] 21 AR FA| I} 32 ARl HulE
AFH o2 55ty Sl 4 WA B& A5k o4
FHA O] SFAFE FHEAE B8 =5 AYSH
o] 293} oo & AREEITH(Lal, 1991; Balco et al., 2008).
Sefof] WEd AR UL 2 e B4
e FHUEE 4, Aibsket Hoh A8 A
Ao, B4 gt B B9 e ol o Y
3t =& A AXbo] 75 AL QItk(Lifton ef al., 2014).
Ak} 4 sie] SR BoiRlee] E4] 23,
28 B9 o g 3 Qo B 7 71 3
=9 Wet S8 AI7|E Hes] wlsket 583 9AE
Al&skaL ek

= S gt Y S 2 Qe A A4 s
H #3717} 2 Y 1A 7 Sl= A YolH, 71+
H3to] o TIZtelal WEA| ¥h-g-5h ARG A2 Ak
= sk Qlo] gy wislke] At Ao o] F
o= XY &= dlto|th A'g=HAKWest Antarctic Ice
Sheet, WAIS)2 7|7} At 2] o= gFar ©/4+o] 71 %7} of
B sirinc 8 TRe st SR ATt
Ao A 977} o9 It Bamber ef al., 2009). ATt
7h A=A sHtolle R 88hito] E2sial gl
™, o] 5 S| A F-2 A= Wote] = B ATFY] Zas
£ §x5}3 QQti(de Vries et al., 2018). T Yol7}, Ws}
A o) W A7 32 23518 i 5 7153}
AlA B Wot Ha5 F208= 4 e fAYESS
e 4= Qlof, FF s Wste] E 9 VA 9%
242 FEETHYao and Wortmann, 2022).

)

e, SES S AL WAl 99 o] it &
ol Erjute 97t B2, o= g JEt

¢ AR o= Buso] gy, T2y 2

0y
o
H 1o

=

[e)

o, E3) W3l TE|Z =5 vl E o} A =(Victoria Land)
A9 ddjellA= St S5} Wsh 93} Abo] 9] AT ARG
= BT XFEE FA=0] FRIFAL Jltk(Smellie et
al., 2018; Rhee, 2023a; Rhee ef al., 2025). & A= 59
oA TA He-aHit FT ARG 451, o] 25 E
= AT D AHBAE 2N FF Ad=H
Ao AT 5= e AR A2 A58k )
F 83 7| ZARE AlFTieh £3] W sk WakR| e
A BolH e =& Hd(simple exposure age or constant
exposure age) 2= B} Fgsta FEg Wste] £
W F4 7]5E AT, 0)F HEho R WIS Sl
of S 4l 8K o] 719 sfelat FpaA Watel F
S FHE SEY 4 4SS HolFt 2T Al 2
Ao 7|Hr}

e

2.

re

=\

FUINS ATANA 718 Adke ako=, oF 34
Maol g F4E 0% ¥ Al 43t S 35S 7%
™ §X| = o] (¥ 1a; Strand ef al., 2003; Denton and
Sugden, 2005; Baroni et al., 2005). 3344 9 =
= Zg|(Charlie), &= 2 (Talos), H| 4 &(Taylor) 52 Y&
ol HE A HS el 3=n WAt F95 BAEHL e
], F=3HAH(Transantarctic Mountains) & g@o] A=
23l(Southern Ross Sea)Z F-=5 3 Ut 1b). u}R
o Ho] ®3}7](Last Glacial Maximum, LGM) 529t 5=
WA @Auc BY TAA Agsta He) Agstel A
AT sl o, 24 tiEE(Ross Continental
Shelf) 9] tJEES FHF= YA 22 HE(Ross Ice Shelf,
RIS)S FAIstth(Halberstadt et al., 2016). 0] S Z2A|
of Fol=™ FA% S FE7F JFEHIUL, o] = 23)
ARt 22 e 228071 FAE UK Lowry et al., 2019;
Prothro et al., 2020; Rhee et al., 2020).

A A 22 430l 92 HlekeshTlTera Nova
Bay, TNB)ojl:= SE=10/004 7H & 22 &%=
EEHsHE0] EU ItHAY le). ol A Al

FOE2 5T = Utk L AZA &8 Soje= 7
2 =9 glo]¥l WsKDavid Glacier), 2. BA4ZoA ¢
%= Z2]&E](Priestley)2} 2]H(Reeves) WP} &HsH ¢
Al HlE-(Nansen Ice Shelf), 3. BZo|A Sojvto= 4l
(Campbell) %3} 5 o]o} hgro} gl |2 shaR|e] 2

12



OFXI2 5| S0t

A& gt i AFE HISFES(Mt. Melbourne piedmont glaciers).
W2 sk o] Wak T 2 Wit o 52
RS Pl Shte] WA oS Ao 25
tH(Rhee, 2023c).

A 2] 74wl W= Ex] Eg]o} Zi=(Northern Victoria
Land)®] Ate} 2|tf Afolol] weket A=-g uje} 520, B
2R AHMt. Browning)d} W E SHAEA|(Mt. Melbourne
volcano) Ato]E At H2heHho 2 {5531 Stk B
g A ddfolls L 71Hkte] =2 E 9T EE Al

S
WAIS i O,
e

Mt. Melbourne

Jangbogo Hills
3 Gondwana Hills

Inexpressible
Island

1

Mt. Priestley. ﬁu..x

David
i
a7
* ‘;15(:’ ¢ 5
PSS
o é}o N
.\"@{ <

Ricker Hils — § * 20

A

. KM | - km

249

2 s} 54 )12

ofat, ol o)A Walo] ols) gxkel Bo] HH
=o] PAE B9l o] EazstrkBaroni er al., 2005; Di
Nicola et al., 2009; Rhee et al., 2019). $F=2] AR 11 45}k
717 vl YA @l Ao 31 S5 (Jangbogo
Hills)’2, 59 ZToht 7]7] w30 7|9ket l=E4]Q1 ¢t
E|L} 5-%-2](Antenna Peak) % QIHFF HQl A HL2 L
Eoh} & X](Gondwana Hills)’ 2 W3}t o] 123X
L3 579, SNkl WA ete) s sE 7
A= o] Qlor, ol= 1l WSt AR Zuketoll Al A

Noﬁhe[n \ = g \
Victoriaglandy y o 3§ T ; ;

Talos w1
Dome

Western
Ross
Sea

Southern
Victoria Land

Dome
Charlie

50

Ny

Fig. 1. Satellite image map based on the Landsat Image Mosaic of Antarctica (LIMA), showing: (a) Antarctica and the surrounding
Southern Ocean, (b) the East Antarctic Ice Sheet (EAIS), extending over Victoria Land and flowing into the western Ross Sea,
and (c) the Terra Nova Bay region (RIS: Ross Ice Shelf, WAIS: West Antarctic Ice Sheet) (Bindschadler ef al., 2008).
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Fig. 2. (a) Simplified schematic illustrating glacial thinning and the subsequent exposure of glacial bedrock or glacially transported
erratics. Once exposed, these ice-free surfaces begin to accumulate cosmogenic nuclides produced by interactions between incom-
ing cosmic rays and minerals in the rock. (b) Continuous exposure results in the steady accumulation of cosmogenic nuclides,
while their concentrations are simultaneously reduced through radioactive decay, according to each nuclide's half-life. Because
the true timing of the most recent exposure cannot be determined using only a single nuclide, the resulting age estimate is referred
to as the “apparent exposure age.” A statistically significant number of samples, collected independently from nearby locations
and similar elevations, is required for reliable interpretation of exposure ages.
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Fig. 3. (a) Simplified schematic illustrating glacial thinning and subsequent readvance, showing the exposure of glacial bedrock
or erratics and their potential reburial due to ice re-coverage. The residual concentration of nuclides is referred to as "inheritance,"
leading to an overestimation of the concentration and exposure age compared to the actual most recent exposure event. (b) Using
multiple cosmogenic nuclides with different production rates (atoms per year) and distinct decay half-lives reveals the occurrence
of multiple exposure events. A nuclide with a shorter half-life experiences a greater decrease in concentration during the burial
period, as no further nuclear interactions or production occur, resulting in a lower isotopic ratio compared to cases of simple
exposure. These lower isotopic ratios appear in the lower range of the "simple exposure island" on the diagram.
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Fig. 4. (a) An aerial photograph of the study area, with a white dashed line indicating the longitudinal profile along Gondwana
Hills where glacial moraines and erratics are distributed. The white ellipsoid indicates the sampling area, Antenna Peak, where
bedrock is exposed. (b) '’Be exposure ages and result of the multiple isotopes analysis (in-situ '°Be and *°Al). Blue bold numbers
(with blue dots and 10 error ellipses in the diagram) represent simple exposure ages, while the red regular number (with a red
dot and ellipse) indicates an apparent exposure age that may reflect multiple exposure events or a substantial surface erosion of

the outcrop.
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Table 1. Result of '’Be and *°Al analysis and exposure age dating.

Sample Latitude Longitude Elevation Thickness® Shielding Qz mass Carrier
name (DD, S) (DD, E) (masl) (cm) factor” (2) mass°® (g)
GW42 74.62745 164.20067 78 5 0.999774 30.8590 0.4060
GW43 74.62682 164.20066 83 4 0.999774 30.0140 0.4040
GW44 74.62729 164.20029 81 4 0.999774 30.0790 0.3990
GWo6l1 74.62663 164.19781 87 4 0.999735 30.2070 0.3970
GW62 74.62667 164.19778 86 4 0.999735 30.5260 0.4080
Sample '"Be/’Beratio™” '"Be conc.®®  '"Be age™  *°Al/*’Al ratio®! %A1 conc.® Al age™™ 5 AL/Be ratio
name (E-13) (ES) (ka) (E-13) (ES) (ka)
GW42 3231+0.126 2.760+0.113 49.8+3.6  6.008+0.337 19.253+1.080 49.2+5.1 6.974+0.485
GW43 2.925+0.111 2.553+0.102 454+32 10.136+0.453 18.668+0.834 47.0+4.6 7.310+0.438
GW44 1.882+0.096 1.607+0.086 28.5+22 46810271 8540+0.494 212+2.2 5312+0418
GWo6l1 2357+0.113 2.002+0.100 353+2.7 9.564+0488 14.014+0.716 349+3.5 6.997+0.500
GW62  2.348+£0.106 2.029+0.096 359+27 16.921+£0.769 14.705+0.669 36.7+3.6 7.245+0.476

Thickness of collected granite bedrock surface fragment (density: 2.7 gecm™)
® Factors for correcting geometric shielding measured on intervals of 30°.

€ 983.56 ppm of *Be carrier was used.

4 Ratios of '°Be/’Be were normalized with 07KNSTD reference sample 5-1 (2.709E-11 + 1.230E-13; Nishiizumi et al., 2007).

¢ Uncertainties are calculated at the 16 confidence level.

TPrevious reported 1°Be/’Be ratio, '"Be conc., '"Be age data were compared with the %Al data analyzed in this study for the purpose

of multiple isotope analysis (Rhee et al., 2025).

& A process blank sample (3.842E-15 + 1.124E-15) was used for correction of background.
" Ages are calculated assuming zero erosion using the CRONUS-Earth online calculator of Balco et al. (2008) with scaling factors

of LSDn (Lifton et al., 2014).

'Ratios of *’Al/*’Al were normalized with KNSTD reference sample 4-1 (7.444E-11 + 4.365E-13; Nishiizumi et al., 2007)
J26A1/"Be ratios and 10 error ranges were checked for finding simple exposure.
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Fig. 5. (a) Previous study showing glacial lowering stages of the Campbell Glacier since MIS 5 in Jangbogo Hills (JBG) (Rhee
etal.,2019). A simple exposure age from the late MIS 5 led to independently formed clusters of apparent exposure ages at ~90
masl, on late MIS 3 and late MIS 2. It was interpreted to have experienced a Local Last Glacial Maximum (LLGM) between early
MIS 4 and late MIS 3, followed by a period of stagnation from late MIS 3 to late MIS 2, which corresponds to the globally recognized
Last Glacial Maximum (LGM). (b) Our newly analyzed simple exposure ages from the Gondwana Hills (GWH) through MIS
3 not only support continuous glacial lowering throughout the entire Last Glacial Period (MIS 4-2), rather than glacial stagnation,
but also constrain the spatiotemporal extent of both the LLGM and LGM.
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Fig. 6. Satellite image of the study area and the Campbell Ice Tongue, showing compiled '*Be exposure ages of glacially transported
erratics and subglacial bedrock (simple exposure ages in bold and apparent exposure ages in regular font), along with glacial extent
limits for each MIS, indicated by blue dashed lines. Based on our newly analyzed simply exposed bedrock dated to 49.8~35.3
ka (MIS 3), we propose a more detailed constraint on glacial dynamics throughout the Last Glacial Period (yellow dashed lines).
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Fig. 7. Glacial lowering stages in the terminal area of the Campbell Glacier during the late Quaternary (Rhee et al., 2019, 2025;
Rhee, 2023a; this study). Bold and regular fonts indicate simple and apparent exposure ages, respectively.
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Fig. 8. (a) Glacial lowering stages with exposure ages from Jangbogo Hills moraine are compared with climatic change patterns
(Rhee et al., 2019). §'%0 value and snow accumulation rate are derived from Talos Dome ice core records (Bazin et al., 2013;
Vallelonga et al., 2013). (b) Compiled exposure ages, particularly simple exposure ages, are compared with additional factors
that may have contributed to glacial lowering. Count of tephra layers are referred from Talos Dome ice core studies, along with
the volcanic eruption ages of Mt. Melbourne (Narcisi et al., 2010, 2016; Giordano et al., 2012). The unexpected ice-lowering
events coincide with volcanic activities, suggesting a strong likelihood of glaciovolcanic interactions rather than climatic change

patterns.
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