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- 북서로스해의 중앙분지에서 채취한 코아 LC42는 IRD가 빈약한 생교란 사질머드, IRD가 풍

부한 괴상의 머드와 8개의 층리 머드층이 약 1백만년 동안의 퇴적을 기록함

- 층리 머드층은 밝은 층리와 어두운 층리가 교차 반복하는 뚜력하게 다른 구성이 특징됨

- 현미경 관찰 및 후산란 전자영상에 의하면 밝은 층리는 쇄설성의 각진 실트입자들과 규조

파편들 그리고 화석이 포함된 머드가 모래크기로 침식된 덩어리로 구성됨

- 어두운 층리는 주로 쇄설성 점토와 생물기원 점토입자로 구성됨

- 코아 LC42의 층리 머드는 남극 대륙주변부의 전형적인 층리 쇄설성 머드, 층리 생규질 머

드 또는 빙하기 콘투라이트와는 다르게 형성됨

- 코아 LC42의 층리 머드는 빙하기 동안 반건조된 규조가 풍부한 이전의 퇴적층을 전진하며 

침식시키는 빙상 아래에서 용융수에 의해 퇴적되는 것으로 해석됨

- 층리 머드의 대부분의 생물 구성물질은 이전 퇴적층에서 재퇴적된 것으로 퇴적 당시의 생

산성 증가와는 관련이 없음

- 층리 머드내의 황철석의 발견은 머드 퇴적동안 저층수의 용존산소가 적었음을 지시함

- 빙해양 층리 머드의 기원과 고기후 고해양 의미를 해석하는 경우 생물 기원 물질의 재순환

을 특별하게 고려해야 함

색  인  어
(각 5개 이상)

한  글  남극해, 기후변화, 고환경, 퇴적물, 미세조직

영  어  Southern Ocean, Climate Change, Paleoenvironment, Sediments, Microfabric



- 4 -

요   약   문

Ⅰ. 제    목

- 서남극 퇴적물 미세조직의 현미경 관찰을 통한 퇴적과정과 기후변화 연구

Ⅱ. 연구개발의 목적 및 필요성

- 북서로스해의 중앙분지에서 새로운 빙해양 층리머드의 퇴적 발표

- 중앙로스해의 힐라리협곡 동쪽의 대륙사면 및 대륙대에서 채취한 세 개의 시

추코아 퇴적물 연구

Ⅲ. 연구개발의 내용 및 범위

- 퇴적물의 조직, 구성 및 구조의 다양한 관찰을 통한 퇴적동안의 퇴적과정과 조

건을 해석

- 해양과 빙상 사이의 상호관계를 규명하기 위하여 플라이스토세 층리머드의 고

기후학적 의미를 토의

- 다양한 자료를 이용하여 빙하기동안 로스해 빙상의 발달에 대한 힐라리협곡 

동쪽의 대륙사면과 대륙대의 증가된 퇴적물에 대한 빙해양 퇴적과정 이해

Ⅳ. 연구개발결과

- 북서로스해의 중앙분지에서 채취한 코아 LC42는 IRD가 빈약한 생교란 사질머

드, IRD가 풍부한 괴상의 머드와 8개의 층리 머드층이 약 1백만년 동안의 퇴적

을 기록함

- 현미경 관찰 및 후산란 전자영상에 의하면 밝은 층리는 쇄설성의 각진 실트입

자들과 규조파편들 그리고 화석이 포함된 머드가 모래크기로 침식된 덩어리로 구

성된 반면에 어두운 층리는 주로 쇄설성 점토와 생물기원 점토입자로 구성됨
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- 코아 LC42의 층리 머드는 남극 대륙주변부의 전형적인 층리 쇄설성 머드, 층

리 생규질 머드 또는 빙하기 콘투라이트와는 다르게 형성됨

- 코아 LC42의 층리 머드는 빙하기 동안 반건조된 규조가 풍부한 이전의 퇴적층

을 전진하며 침식시키는 빙상 아래에서 용융수에 의해 퇴적되는 것으로 해석됨 

- 코아 LC42의 층리 머드의 대부분의 생물 구성물질은 이전 퇴적층에서 재퇴적

된 것으로 퇴적 당시의 생산성 증가와는 관련이 없음

- 코아퇴적물에서 측정된 방사성탄소동위원소의 연대와 관계없이 분석된 자료에 

근거하여 퇴적상은 A, B1, B2로 구분되고 각각 홀로세, 후빙기 그리고 빙하기를 

지시함

- 코아퇴적물의 퇴적률은 수심이 증가하면서 감소하며 홀로세(A층)보다 후빙기

(B1층)에서 증가함

- 코아퇴적물의 생물생산성 지시자들은 간빙기 A층보다 빙하기 B2층에서 더 높

게 나타나고 후빙기 B1층은 전이적인 값을 보임

- 코아퇴적물 B2층의 높은 생물기원물질 함량은 로스빙상이 전진하며 빙상아래

에 대륙붕퇴적물을 침식 재동시켜서 대륙사면과 대륙대에 퇴적물 운반을 증가시

킨 결과임

Ⅴ. 연구개발결과의 활용계획

- 남극해 다른 지역의 심부시추 사업을 통해 획득된 자료의 장기 역사의 해석을 

위한 기초자료로 활용

- 국제학술지 논문 작성을 위한 자료로 활용
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S U M M A R Y

(영 문 요 약 문)

I.  Title
- Depositional process and Climate Change through the Microscopic Observation of Sediment Microfabric in the West Antarctica

II.  Purpose and Necessity of R&D
- To report a previously undocumented type of glaciomarine laminated muds from the Central Basin of the northwestern Ross Sea
- To investigate three sediment cores that were collected across the continental slope and rise on the east of Hillary Canyon in the central Ross Sea

III.  Contents and Extent of R&D
- To interpret the depositional processes and conditions during their formation, based on the macro- to microscopic observations of sediment texture, componentry, and structure
- To discuss the paleoclimatic implications of these Pleistocene laminated muds to shed light on the interplay between the ocean and the ice sheet
- To understand the glaciomarine depositional processes related to the RIS, emphasizing the enhanced re-sedimentation of shelf sediments in the continental slope and rise to the east of the Hillary Canyon in response to the advance of the RIS during the glacial periods using multi-proxy 
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data, mainly focused on geochemical and isotope signatures
 
IV.  R&D Results

- Core LC42 from the Central Basin of the northwestern Ross Sea contains eight laminated mud intervals that are intercalated with IRD (ice-rafted debris)-poor bioturbated sandy mud and IRD-rich massive mud deposited over the last 1 Ma. 
- Microscopic observation and backscattered electron imagery reveal that the light laminae comprise terrigenous angular to subangular silt-sized particles, scattered diatom fragments, and eroded sand-sized lumps of fossil-bearing mud. In contrast, the dark laminae are clayey and biogenic. 
- The laminated muds of LC42 are different from typical laminated terrigenous muds or biosiliceous muds and glacial contourites in the Antarctic continental margin. 
- These laminated muds are interpreted to have been deposited during the glacial periods by meltwater milky plumes underneath the glaciers that advanced upon and teared off the earlier-deposited and semi-consolidated diatom-rich sediments. 
- Most biogenic components of the laminated muds were recycled from older deposits, indicating that they are not related with enhanced biological production at the time of mud deposition.
- Besides older AMS 14C ages of bulk sediments, based on the analytical results, sediment lithology was divided into units A, B1, and B2, representing Holocene, deglacial, and glacial periods, respectively. 
- The sedimentation rate decreased as the water depth increased, with a higher sedimentation rate in the deglacial period (unit B1) than the Holocene (unit A). 
- Biological productivity proxies were significantly higher in glacial unit B2 than in interglacial unit A, with transitional values observed in deglacial unit B1. 
- The higher biogenic contents in unit B2 are primarily attributed to the 
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increased transport of eroded and reworked shelf sediments that contained abundant biogenic components to the continental slope and rise beneath the advancing RIS.
V.  Application Plans of R&D Results

- Application to the interpretation on the long-term history of ice sheet evolution by the deep-sea drilling data in the other regions of the Southern Ocean
- Utilization to prepare for the international scientific paper
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제 1 장 서론

Approximately 98% of Antarctica is covered with ice; thus, the continental 

ice plays an important role in the global water cycle and climate change (Pattyn 

et al., 2018). If the entire Antarctic Ice Sheet (AIS) were to melt, the global sea 

level would rise as high as ~60 m above the present-day level, which is 

equivalent to almost half of the range that it fell during the last glacial period 

(Nakada et al., 2000; DeConto and Pollard, 2016). The AIS is geographically 

divided into the West Antarctic Ice Sheet (WAIS) and East Antarctic Ice Sheet 

(EAIS) by the Transantarctic Mountains. The marine-based WAIS is largely 

below sea level and flows rapidly, compared to the EAIS (Fretwell et al., 2013). 

Hence, the WAIS is more sensitive to changes in seawater temperature and sea 

level (DeConto and Pollard, 2016). The AIS plays an important role in 

controlling global climate change, with variations in the extent of the AIS 

affecting the surface albedo, global sea level, ocean circulation, and the 

production of bottom water (e.g., Ogura and Abe-Ouchi, 2001; Mackensen, 2004; 

Ritz et al., 2015).

The WAIS discharges ice into the central and eastern sectors of the Ross 

Sea, while the EAIS supplies ice to the western sector (Rignot et al., 2008). The 

extensive Ross Ice Sheet (RIS) primarily developed from portions of both with a 

comparatively higher contribution from the WAIS. The RIS advanced to the 

shelf edge in the eastern Ross Sea during the Last Glacial Maximum (LGM) 

(Fig. 1; Anderson et al., 2019, Lowry et al., 2020). Contrastingly, the RIS did not 

reach the shelf edge in the central and western Ross Sea, where it ceased its 

advance at Mawson Bank, Pennell Bank, JOIDES Basin, and the Pennell Trough 

during the LGM (Fig. 1; Howat and Domack, 2003; Anderson et al., 2019; 

Prothro et al., 2020; Torricella et al., 2021). The advance and retreat of the RIS 

significantly influences the depositional processes and environments in the Ross 

Sea (Domack et al., 1999; Anderson et al., 2014; Prothro et al., 2018; Smith et 

al., 2019; King et al., 2022).

The Antarctic sedimentary and climate history during the last glacial 

period, the glacial termination, and the Holocene has been subject to extensive 

modeling and empirical reconstruction over the past few decades (e.g., Barker et 
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al., 1999; Yokoyama et al., 2000; Licht et al., 2005; Weber et al., 2011; Golledge 

et al., 2013; Anderson et al., 2014, 2019; Mezgec et al., 2017; Bart et al., 2018; 

Prothro et al., 2018; 2020; Kim et al., 2021, Melis et al., 2021; Torricella et al., 

2021, King et al., 2022). The unique sedimentary successions that are associated 

with RIS activity on the continental shelf of the Ross Sea have thus been well 

established. Anderson et al., (2014) reported that diamicton was deposited 

extensively in the subglacial or glacial-marine setting of the continental shelf 

during the LGM. Diamicton or subglacial till was also found to have been 

deposited widely under the grounded ice sheet during the LGM (Prothro et al., 

2018; Smith et al., 2019). At this time, frequent debris flows and turbidity 

currents from the front of the grounding line supplied large quantities of 

sediments to the deep basin (Barker et al., 1999; Weber et al., 2011). During the 

glacier retreat (i.e., transition time or deglaciation), the ice shelf and the distance 

from the grounding line controlled the sedimentary processes in the continental 

shelf (Bart et al., 2017; Prothro et al 2018). The supply of ice-rafted debris 

(IRD) increased and laminated sandy silt was deposited as a result of the 

seasonal melt-water outflow from the front of the grounding line (e.g., Smith et 

al., 2019). The warm climate and seasonally open marine conditions in the 

Holocene thus allowed a high primary productivity of diatoms in the surface 

water, leading to the deposition of abundant biogenic sediments (i.e., siliceous 

mud and ooze) on the western side of the continental shelf, while the Holocene 

muds on the eastern side are characterized by scarce and reworked diatoms 

(Langone et al, 1998; Domack et al., 1999; Melis and Salvi, 2009; Anderson et 

al., 2014; McGlannan et al., 2017).

The glaciomarine sedimentation on the continental slope and rise around 

Antarctica was also influenced by the dynamics of the AIS (Pudsey, 2000; 

Caburlotto et al., 2010; Kim et al., 2020; Hillenbrand et al., 2021). During the 

glacial period, the AIS advanced beyond the continental shelf toward the shelf 

edge on most of the Antarctic continental margins (e.g., the Ross Sea, the 

Weddell Sea, and around the Antarctic Peninsula), resulting in the transportation 

of eroded and unsorted sediments from the continental shelf toward the upper 

continental slope by melt-water (Escutia et al., 1997; Weber et al., 2011; Khim 

et al., 2021). The turbidity current also transported the eroded and reworked 
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hemipelagic sediments of the continental shelf farther onto the lower continental 

slope and rise (Kuvaas and Leitchenkov, 1992; Weber et al., 1994; Escutia et al., 

1997; Stow and Smillie, 2020). Bottom currents formed contourite deposits on the 

Antarctic continental margin under the high sedimentation rates and lack of 

bioturbation that occurred during the glacial period (Pudsey 1992; Gilbert et al., 

1998; Lucchi and Rebesco, 2007; Rebesco et al., 2014). Such depositional 

processes led to an increase in the sedimentation rate in the continental slope 

and rise (Pudsey, 2000; Weber et al., 2011; Rebesco et al., 2014; Stow and 

Smillie, 2020); however, evidence for the erosion and reworking of shelf 

sediments has not yet been reported.

Most previous studies on the continental slope and rise of the Ross Sea 

have examined the western part of the region (Tolotti et al., 2013; Kim et al., 

2020; Kim et al., 2021; Melis et al., 2021; Torricella et al., 2021). In the Central 

Basin to the western of the Iselin Bank, the terrigenous sediment supply 

increased during the glacial period due to strong glacial influence (Torricella et 

al., 2021). The following deglaciation is characterized by an abrupt increase in 

biogenic materials consisting mainly of diatoms and silicoflagellates, which led to 

the maximum of primary production. Then, the Holocene period is characterized 

by high, albeit lower, biogenic flux (Hartman et al., 2021). The similar results 

were reported by Kim et al. (2020) using the two gravity cores from the 

western side of the Iselin Bank.

The previous studies were conducted lesser[have been carried out less] 

on the eastern side of Iselin Bank than on its western side. The physical 

properties (i.e., magnetic susceptibility, bulk density, and P-wave velocity) of the 

sediments comprising the continental slope on the eastern side of the bank 

indicate that sedimentation patterns were different between the glacial and 

interglacial periods (Bonaccorsi et al., 2000). For example, structureless or 

stratified diamicton were deposited during the glacial period, while laminated 

sediments that were affected by biogenic productivity were commonly deposited 

during the interglacial period. However, the sedimentary records are incomplete 

and discontinuous because the studied cores were collected from channel 

systems. Furthermore, the geochemical and isotope signatures of the continental 

slope and rise sediments on the eastern part of the Iselin Bank have not yet 
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been studied.

In this study, we investigated three sediment cores that were collected 

across the continental slope and rise on the east of Hillary Canyon in the 

central Ross Sea. For the first time, multi-proxy data, mainly focused on 

geochemical and isotope signatures, were used to understand the glaciomarine 

depositional processes related to the RIS, emphasizing the enhanced 

re-sedimentation of shelf sediments in the continental slope and rise to the east 

of the Hillary Canyon in response to the advance of the RIS during the glacial 

periods.

In this study, we also reported a previously undocumented type of 

glaciomarine laminated muds from the Central Basin of the northwestern Ross 

Sea. Based on the macro- to microscopic observations of sediment texture, 

componentry, and structure, we attempt to interpret the depositional processes 

and conditions during their formation. We also discuss the paleoclimatic 

implications of these Pleistocene laminated muds to shed light on the interplay 

between the ocean and the ice sheet.
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제 2 장 국내외 기술개발 현황

The Ross Sea is characterized by steep shelf edges, many north-northeast 

trending basins, troughs and banks (the Drygalski, JOIDES, and 

Glomar-Challenger basins, Pennell Trough, and the Crary, Iselin, Mawson, and 

Pennell banks), and a landward deepening of the continental shelf (Fig. 1). The 

banks are generally shallower than 500 m. The continental shelf in the Ross Sea 

is geographically divided into eastern and western sectors at 180°. The eastern 

continental shelf consists of broad basins and low-relief banks, while the 

western continental shelf is characterized by narrow basins and high banks (e.g., 

Halberstadt et al., 2016; Gales et al., 2021). The topography of the inner 

continental shelf has resulted from the repeated advance and retreat of the RIS, 

where ice streams may have flowed toward the deep basin through the many 

deep troughs (Livingstone et al., 2012). These ice streams advanced to the shelf 

edge, forming submarine canyons on the continental slope that then supplied 

more sediments to the continental slope and rise. The continental slope of the 

Ross Sea is also divided into eastern and western parts by the Iselin Bank (Fig. 

1). The eastern continental slope is gentle with numerous submarine canyons, 

whereas the western continental slope is steep with fewer submarine canyons 

(Gales et al., 2021).

The water masses in the Ross Sea include the Antarctic Surface Water 

(AASW), Circumpolar Deep Water (CDW), Antarctic Bottom Water (AABW), 

and the dense shelf waters that include the Ice Shelf Water (ISW) and High 

Salinity Shelf Water (HSSW) (e.g., Castagno et al 2019). The CDW, which is 

characterized by higher temperature (>1.5°C) and salinity (>34.60‰), flows along 

the Ross Gyre and enters into the Ross Sea via the Antarctic Slope Current 

(ASC), which flows westward along the continental slope following the 

Antarctic Slope Front (Fig. 1). Some of the CDW flows across the ASC and 

onto the continental shelf, where it mixes with the low temperature (<-1.85°C) 

and low salinity (<34.50‰) AASW. The dense shelf waters (ISW and HSSW) 

flows in a cyclonic direction on the continental shelf and connects the grounding 

line of the Ross Ice Shelf with the continental slope through the troughs on the 
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continental shelf. The HSSW is exported from the continental shelf at the 

northwestern corner of the Ross Sea and mixes with the CDW as it descends 

the continental slope, producing the AABW that then flows out into the abyssal 

Australian-Antarctic Basin.

The study area comprises the continental slope and rise on the eastern 

side of Hillary Canyon in the central Ross Sea (Fig. 1). The Hillary Canyon, 

developed on the continental slope and rise, is characterized by many gullies on 

the upper continental slope (Gales et al., 2021). The Hillary Canyon is one of 

the main pathways for a downslope flow of HSSW and upslope flow of CDW 

(Conte et al., 2021). The ASC on the continental slope carries the CDW onto the 

continental shelf (e.g., Smith et al., 2014; Thompson et al., 2018.). This intrusion 

of the CDW onto the continental shelf was blocked by the advancing ice sheet 

during the glacial period; however, it was still able to affect the continental 

slope on the eastern side of Hillary Canyon because the ASC moved northward 

(Gales et al., 2021).

The biogenic productivity in the surface water along the continental 

margin of the Ross Sea depends on both the degree of seasonal sea ice 

coverage and the availability of nutrient (Arrigo and van Dijken, 2004; Smith et 

al., 2014). The surface water is covered with sea ice during winter; thus, very 

low amounts of biogenic flux are supplied only from the polynya areas that 

form in front of the Ross Ice Shelf due to katabatic winds (Langone et al., 

2000). During the period from spring to summer, the sea ice begins to disappear 

from the western part of the continental shelf, and phytoplankton (Phaeocystis 

antarctica) starts to bloom in the surface water (Arrigo et al., 2000). After the 

sea ice disappears completely, a second bloom composed of diatoms 

(Fragilariopsis curta) forms at the front of the Ross Ice Shelf, leading to the 

deposition of sediments comprising siliceous ooze on the continental shelf 

(Arrigo et al., 2000). The appearance of F. curta has been reported in the 

Glomar-Challenger Basin in the central Ross Sea and in the outer continental 

shelf of the Wales Deep Basin in the eastern Ross Sea (Tolotti et al., 2013; 

McGlannan et al., 2017).

The surface sediments on the continental shelf of the Ross Sea consist of 

siliceous ooze and residual glaciomarine sediments (Langone et al., 1998; 
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Prorthro et al., 2018). These present-day siliceous mud and ooze are associated 

with seasonal sea ice and polynya in the surface water (Arrigo et al., 2000; 

Mezgec et al., 2017). Conversely, the residual glaciomarine sediments that lie at 

the top of the banks were mostly deposited via the reworking of surface 

sediments by the strong bottom current (e.g., Prothro et al., 2018). The total 

organic carbon (TOC) content of the surface sediments on the present-day 

continental shelf of the Ross Sea is between ~0.2% and ~2.0% (Ledford-Hoffman 

et al., 1986; Frignani et al., 1992; Langone et al., 1998; McKay et al., 2008; 

Tolotti et al., 2013), while that of the continental slope/margin areas range 

between ~0.1% and ~0.5% (Melis et al., 2021; Kim et al., 2021). The total 

nitrogen (TN) content is ~0.1% and the biogenic opal content varies from ~10% 

to >30%. The TOC content increases alongside the biogenic opal content; 

however, the biogenic opal content is higher in the western part of the Ross 

Sea than in the northern and central parts, probably due to more diatom 

blooming and/or diatom preservation in the sediments (e.g., Langone et al., 1998; 

Anderson et al., 2014).
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제 3 장 연구개발수행 내용 및 결과

1 절.  Recycled biogenic components of the Pleistocene 

glaciomarine laminated muds in the Central Basin of the 

northwestern Ross Sea and their paleoclimatic 

implications

1. Summary

Glaciomarine laminated muds around the Antarctic continental margin 

preserve an important marine geological record of the cryogenic paleoclimate 

changes related to ice sheet dynamics. Core LC42 from the Central Basin of the 

northwestern Ross Sea contains eight laminated mud intervals that are 

intercalated with IRD (ice-rafted debris)-poor bioturbated sandy mud and 

IRD-rich massive mud deposited over the last 1 Ma. The laminated muds are 

characterized by distinctly different componentry of the alternating light and 

dark laminae. Microscopic observation and backscattered electron imagery reveal 

that the light laminae comprise terrigenous angular to subangular silt-sized 

particles, scattered diatom fragments, and eroded sand-sized lumps of 

fossil-bearing mud. In contrast, the dark laminae are clayey and biogenic. The 

laminated muds of LC42 are different from typical laminated terrigenous muds 

or biosiliceous muds and glacial contourites in the Antarctic continental margin. 

These laminated muds are interpreted to have been deposited during the glacial 

periods by meltwater milky plumes underneath the glaciers that advanced upon 

and teared off the earlier-deposited and semi-consolidated diatom-rich sediments. 

Most biogenic components of the laminated muds were recycled from older 

deposits, indicating that they are not related with enhanced biological production 

at the time of mud deposition. In addition, occurrence of framboidal pyrites 

supports an oxygen-depleted bottom water condition during the mud deposition. 

Our study thus suggests that the recycling of biogenic particles should be 

considered when interpreting the origin of glaciomarine laminated muds and their 
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paleoclimatic and paleoceanographic implications.

2. Materials and Methods

The Central Basin is located at the mouth of the JOIDES Basin in the 

northwestern Ross Sea (Fig. 1), forming a deep semi-closed tectonic depression 

characterized by different morphological features, including continental slope, 

intra-slope basin, ponded basin, basin floor, and topographic highs. Based on the 

seismic stratigraphic analysis, Kim et al. (2018) reported that the sediment 

stacking patterns reflect distinctive glacial/interglacial changes of sediment 

supplies related to the ice sheet dynamics and bottom current activity. 

An 11.75 m-long core RS15-LC42 (hereafter LC42) was collected in the 

northwestern moat (71°49.40′S, 178°34.76′E, 2084 m water depth; Fig. 1) 

between the small contour-parallel mounds near the right flank of the Hallett 

Ridge in the Central Basin using jumbo gravity coring system during the cruise 

of R/V Araon in the austral summer of 2015. Optical images of LC42 were 

obtained using ITRAX core scanner and X-ray radiographic images were taken 

on 1-cm thick sediment slabs using X-ray inspection equipment (SOFTEX 

W-100W). 

Twenty thin and polished sections from eight intervals of laminated 

sediments of LC42 (Fig. 2) were prepared using a fluid displacive resin 

embedding technique modified from Pike and Kemp (1996). These sections were 

examined using Nikon polarizing microscope (×100–1000) and scanning electron 

microscope (SEM) (×100–10000) with backscattered electron imagery (BSEI) of 

JEOL (JZA-8530F PLUS) Field-Emission Electron Probe Micro-Analyzer.

3. Results

The sediment facies of LC42 can be divided into 1) IRD (ice-rafted 

debris)-poor bioturbated sandy mud, 2) IRD-rich massive mud, and 3) laminated 

mud (Fig. 2). These facies are arranged without any obvious order or cyclicity. 

It is worthy of note that the IRD-poor bioturbated sandy mud and IRD-rich 

massive mud overlie the laminated mud in the uppermost part of LC42. Eight 
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laminated mud intervals are identified with variable thicknesses (10 cm to about 

2 m) and with generally sharp boundaries with the other facies. Throughout the 

core, laminations are very similar and devoid of IRD and bioturbation, and 

consist of alternating relatively thicker light laminae and relatively thinner dark 

laminae, which are mostly plane-parallel, locally pinch-and-swelling and 

low-angle inclined. 

Microscopic observation of thin sections clarifies that the light and dark 

laminae are millimeter- to submillimeter-thick and composed mainly of silty and 

clayey particles, respectively (Fig. 3, Supplement Fig. S1). The contacts between 

these laminae are either sharp or transitional and planar to undulatory. SEM 

examination reveals that the fine-grained lamina consists of sparsely scattered 

silt-sized particles of terrigenous or biogenic origin in a clayey matrix. In 

contrast, the coarse-grained lamina is composed dominantly of very fine sand- 

to silt-sized angular to subangular quartz and feldspar grains, and contains 

considerable amounts of sand- to silt-sized biogenic fragments and sand-sized 

lumps of coagulated very small diatom fragments and clay particles (Fig. 3, 

Supplement Fig. S1). In addition, framboidal pyrites are observed in all laminated 

mud layers (Fig. 3, Supplement Fig. S2).

4. Discussion

The glaciomarine laminated muds in the Central Basin seem unique in 

terms of depositional age, compositional variations, and depositional conditions. 

Despite uncertainty, LC42 accumulated over ~1 Ma that covers at least ten 

glacial-interglacial cycles (Ohneiser et al., 2019). The exact ages of individual 

laminated mud intervals are difficult to date. Nevertheless, deposition of the 

eight laminated mud intervals, despite the variable thicknesses, must have 

occurred during the repeated advance and retreat of the Ross Ice Sheet. 

Occurrence of the IRD-poor bioturbated sandy mud and IRD-rich massive mud 

intervals at the top of the core (Fig. 2) can be regarded as an indirect evidence 

against the deposition of the laminated mud intervals under warm conditions, 

suggesting laminated mud deposition without IRDs in the glacial periods. As the 

currently reported geological period of laminated mud deposition in the Antarctic 
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continental margin is limited mainly to the Holocene to the last glacial period 

(Stickley et al., 2005; Maddison et al., 2012; Alley et al., 2018), the laminated 

muds of LC42 can provide new information on the glaciomarine sedimentation in 

the polar slope basin over a much longer geological time span. 

The laminated muds of LC42 are distinguishable from the laminated 

terrigenous muds and laminated biosiliceous muds, in terms of the particle 

compositions (Fig. 3). The lamination of LC42 is characterized by the 

alternations of light and dark laminae that are composed of particles from 

diverse origins. Albot (2016) reported that the detrital particles in these 

laminated muds show bimodal (silt and clay, corresponding to the light and dark 

laminae) grain size distribution. However, the particle composition in these 

laminae is unusual in that the coarse-grained light lamina contains sand-sized 

biogenic fragments and eroded lumps or chips of semi-consolidated diatom-rich 

sediments that were definitely deposited much earlier in addition to mostly very 

fine sand- to silt-sized angular to subangular siliciclastic particles (Fig. 3). In 

contrast, the clayey particles of dark lamina are dominantly composed of 

biogenic powders of ground fossils with very fine silt-sized biogenic fragments. 

Bollen (2019) reported the abundant old (Pliocene to Miocene) diatom species 

(e.g., Coscinodiscus rhombicus, Denticulopsis hustedtii, Fragilariopsis arcula, 

and Thalassiosira oliverana) from these laminated mud layers, although some 

archives of young diatom fossils were observed (Fig. 3). Thus, a significant 

portion of the sedimentary particles in the laminated muds was derived from 

older diatom-rich sediments that were eroded and transported by moving 

glaciers to the Central Basin. 

During the Last Glacial Maximum, the Ross Ice Sheet did not advance 

to the shelf edge in the central and western Ross Sea (Hall et al., 2013; 

Anderson et al., 2014; Lee et al., 2017). These advance and retreat of the Ross 

Ice Sheet between the glacial and interglacial periods were recorded in the 

sedimentary sequences (coarse-grained grounding line-proximal sediments, 

transition from coarse- to fine-grained sediments, and open marine diatom-rich 

muds) in the continental shelf areas (Smith et al., 2019). During the glacial 

periods, the grounding line was located near the shelf edge of the northwestern 

Ross Sea, where the glacial activity of ice sheet had a greater influence on the 
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depositional condition in the continental slope and rise (Anderson et al., 2014). In 

general, IRD deposition increased during the warm period by increased calving 

and floating ice, whereas the lack of IRD seems to be due to the wide 

development of sea ice during the glacial period. Instead, meltwater-derived 

debris flows occur frequently to cause mass transport toward the continental 

slope proximal to the grounding lines (Anderson, 1999). Fine-grained sediments 

might be transported farther away from the ice-shelf zone, and glacial marine 

muds with well-sorted and very fine sand are deposited by basal debris settling. 

Other glacial fine-grained laminated sediments are deposited as contourites in 

the drift areas of the deep continental margin by the intensified activity of 

bottom current (Sprenk et al., 2014). 

The absence of IRD and bioturbation in the laminated muds of LC42 in 

the slope basin of the Hallett Ridge suggests that the mud deposition occurred 

in the glacial periods. These laminated muds were deposited by the continuous 

supply of meltwater milky plume generated underneath the advancing glacier 

that contained the eroded lumps of semi-consolidated diatom-rich fossiliferous 

sediments. After the glacial pumping, the density-based segregation of grain size 

and selective settling during the continuous flow may have facilitated the 

formation of laminated muds. The pinch-and-swelling and low-angle inclined 

lamination of the light laminae with possible internal truncation surfaces and 

imbrication of particles (Fig. 3) suggests the mud deposition from dilute density 

currents. The density currents might have been fed either from the waxing and 

waning subglacial meltwater discharges or from buoyant suspensions associated 

with mass wasting processes (slide/slump and debris flows) near the grounding 

lines (Mulder et al., 2003; Tripsanas and Piper, 2008). 

In general, the Antarctic continental margin is characterized by decreased 

productivity during the glacial periods, depending on the light and nutrient 

availability (e.g., Bonn et al., 1998). Such coupling between productivity and 

climate has been well observed from the sedimentary records in the Antarctic 

continental shelf (e.g., Frignani et al., 1998). The glacial productivity was also 

reduced in the Antarctic continental slope and rise due to much wider expansion 

of seasonal or permanent sea ice coverage (e.g., Wu et al., 2017). On the other 

hand, it was found recently that the deglacial and glacial sediments of the Ross 
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Sea continental slope and rise are characterized by higher levels of biogenic 

components than the Holocene sediments, which were interpreted to be due to 

the glacial supply of reworked diatom-rich shelf sediments (Khim et al., 2021; 

Ha et al., 2022). Under this situation, the application of a simplistic 

productivity-climate model to LC42 would lead to a wrong interpretation that 

the fossiliferous laminated muds represent enhanced productivity during the 

warm climate conditions. However, such high biogenic components of the 

laminated mud result from the abundant supply of either tiny fragmented and 

congregated diatoms during periods of increased glacier activity or even the 

clay-sized diatomaceous powders finely ground by advancing glaciers also 

during increased glacier activity. In particular, these diatoms are distinguished in 

that they are mostly old and reworked (Bollen, 2019), and are not related with 

diatom production in the surface water of the Central Basin at the time of mud 

deposition. Thus, the laminated muds of LC42 present insightful evidence on the 

Pleistocene paleoclimate in the Central Basin.

5. Conclusions

The light and dark laminated muds of core LC42 from the Central Basin 

are characterized by distinctly different componentry, distinguishable from typical 

laminated terrigenous muds or biosiliceous muds and glacial contourites in the 

Antarctic continental margin. Terrigenous silt-sized particles, scattered diatom 

fragments, and eroded sand-sized lumps of fossil-bearing mud are dominant in 

the light lamina, whereas biogenic clayey particles are enriched in the dark 

laminae. However, because most biogenic components of the laminated muds 

were recycled from older deposits, in situ paleoproductivity information during 

the mud deposition seems difficult to interpret in terms of biogenic proxies. 
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Figure 1. Bathymetric map of the Ross Sea (modified 

from Kim et al., 2018) with the location of core 

RS15-LC42. Blue arrows represent the likely LGM ice 

flows along the main glacial troughs on the continental 

shelf. AB = Adare Basin; CB = Central Basin; DB = 

Drygalski Basin; IB = Iselin Bank; JB = Joides Basin; MB 

= Mawson Bank; PNB = Pennell Bank. 



- 24 -

Figure 2. Core photos and X-ray photographs of core LC42, consisting of three 

major lithologic facies (IRD-poor bioturbated sandy mud, IRD-rich massive mud, 

laminated mud). Sample horizons for the thin and polished sections are indicated. 
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Figure 3. Photomicrographs of thin sections (A1 to A8, scale bar: 0.5 mm) and 

BSEI of polished sections (B1 to B20) of core LC42. A1: alternations of 

submillimeter-thick, light and dark laminae (TL2), A2: couple of dark and light 

lamina containing very thin laminae (TL4), A3: light lamina with sharp upper 

and lower boundaries and internal grain size variations (TL5), A4: a series of 

thin light and dark laminae (TL9), A5: dark clay lamina (TL12), A6: boundary 

between light and dark lamina (TL13), A7: dark and light lamina truncated by a 

microfault (TL18), A8: microfaulting of dark and light lamina (TL20), B1: typical 

dark and light lamina (TL10, x100, 100 μm), B2: multiple layering of laminae 

with different grain sizes (TL13, x100, 100 μm), B3: a dark lamina intercalated 

by light laminae (TL2, x100, 100 μm), B4: very thin light laminae within dark 

lamina (TL19, x100, 100 μm), B5: a very thin light lamina with diffuse upper 

and lower boundaries (TL17, x100, 100 μm), B6: a dark lamina containing 

silt-sized clastic particles (TL9, x100, 100 μm), B7: microfault surface between 

dark and light lamina (TL18, x200, 100 μm), B8: light and dark laminae bounded 

by a microfault (TL20, x200, 100 μm), B9: massive clay-rich dark lamina (TL12, 

x200, 100 μm), B10: close-up of fine silt-sized particles in the light lamina (TL1, 

x500, 10 μm), B11: close-up of coarse silt-sized particles in the light lamina 

(TL9, x500, 10 μm), B12: inverse grading of coarse particles (TL13, x500, 10 μ

m), B13-B16: close-up of mixed terrigenous and biogenic sediment lumps or 

aggregates containing tiny biogenic fragments (TL4, TL7, TL8, TL13, x500, 10 

μm), B17: archived diatom fossil and fragments (TL2, x1000, 10 μm), B18: fossil 

containing the biogenic fragments (TL8, x1400, 10 μm), B19: framboidal pyrites 

within diatom fossil (TL13, x1400, 10 μm), B20: pyrite patches (TL20, x1500, 10 

μm). For the position of TL and further relevant photos, please see Supplement 

Figure S3 and S4.
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2 절.  Glaciomarine sediment deposition on the 

continental slope and rise of the central Ross Sea since 

the Last Glacial Maximum

1. Summary

The continental margin of the Ross Sea has been consistently sensitive to the 

advance and retreat of the Ross Ice Sheet (RIS) between the interglacial and 

glacial periods. This study examines changes of the glaciomarine sedimentation 

on the continental slope and rise to the eastern side of Hillary Canyon in the 

central Ross Sea, using three gravity cores collected at increasing water depths. 

Besides older AMS 14C ages of bulk sediments, based on the analytical results, 

sediment lithology was divided into units A, B1, and B2, representing Holocene, 

deglacial, and glacial periods, respectively. The sedimentation rate decreased as 

the water depth increased, with a higher sedimentation rate in the deglacial 

period (unit B1) than the Holocene (unit A). Biological productivity proxies were 

significantly higher in glacial unit B2 than in interglacial unit A, with 

transitional values observed in deglacial unit B1. Biological productivity generally 

decreased in the Antarctic continental margin during the glacial period because 

of extensive sea ice coverage. The higher biogenic contents in unit B2 are 

primarily attributed to the increased transport of eroded and reworked shelf 

sediments that contained abundant biogenic components to the continental slope 

and rise beneath the advancing RIS. Thus, glacial sedimentation on the 

continental slope and rise of the central Ross Sea was generally governed by 

the activity of the RIS, which generated melt-water plumes and debris flows at 

the front of the grounding line, although the continental rise might have 

experienced seasonally open conditions and lateral effects due to the bottom 

current.

2. Materials and Methods

Three gravity cores (GC1, GC2, and GC3) and three box cores (BC1, BC2, 

and BC3) were obtained at three stations (RS14-C1, C2, and C3) across the 
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continental slope and rise on the east of Hillary Canyon (central Ross Sea) 

during the XXIX Italian PNRA (National Antarctic Research Program) 

Expedition (PNRA–ENEA/UTA, 2014) under the Italian project ROSSLOPE Ⅱ 

(Fig. 1, Table 1). The box cores were used to check the extent of loss from the 

gravity cores and the core-top age, whereas the gravity cores were used to 

reconstruct the changes in glaciomarine sedimentation. The obtained cores were 

split, visually described, and photographed at the University of Trieste (Italy). 

The box cores and the upper parts (core-top to 34 cm in GC2 and to 38 cm in 

GC3 and GC1) of gravity cores were sampled at every 4 cm intervals, whereas 

the lower parts of the gravity cores (rest of the core sections to the 

core-bottom) at every 8 cm intervals. All analytical data are summarized in 

Supplementary Data File. 

Magnetic susceptibility (MS) measurements were conducted using a 2G 

cryogenic magnetometer equipped with a Bartington magnetic susceptibility 

meter at 1 cm interval in the paleomagnetic laboratory of the Istituto Nazionale 

di Geofisica e Vulcanologia (INGV, Italy). Samples for grain size analyses were 

treated with hydrogen peroxide in order to remove the organic matter and the 

remaining sediments were sieved using a 2-mm sieve. The biogenic silica and 

carbonate were not eliminated due to the abundance of the siliciclastic particles, 

which preserve the non-biogenic silica component (glass ash or IRD) derived 

from glacial abrasion. Chemical treatment for the removal of biogenic silica can 

damage the terrigenous silica components (e.g., McCave and Andrews., 2019). 

Sediment particle sizes (<2 mm) were determined using a Malvern Mastersizer 

Hydro2000S diffraction laser unit at the University of Trieste (Italy). Sand, silt, 

and clay fractions were classified according to the scheme of Friedman and 

Sanders (1978). Because the diatom abundance and carbonate content were quite 

low, the inclusion of these components would not strongly bias the analytical 

results of grain size. Further, the proportional trend among sand, silt, and clay 

may be similar under removed and unremoved conditions, although the absolute 

content was different in each component. In this study, the coarse particles 

(sand and IRD) that were used to interpret the depositional processes were not 

affected by the overestimated silt content. Particles with sizes >2 mm were 

counted. Preliminary mineral composition identification of IRD was carried out at 
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a depth of 38 cm (i.e., the horizon with the highest amount of IRDs) in GC3, 

with several IRD samples powdered for observation using an X-ray 

diffractometer (XRD; Siemens/Brucker D5005). Selected grains were 

photographed and examined using a scanning electron microscope-energy 

dispersive spectrometry (SEM-EDS) analyzer (JSM-6380LV) at Gyeongsang 

National University (Korea).

The sediment samples were then freeze-dried and powdered for 

geochemical analyses at Pusan National University (Korea). Total carbon (TC) 

and TN contents were measured using a CHN elemental analyzer (Flash 2000 

Model) with an analytical error of ±0.1%. Total inorganic carbon (TIC) was 

measured using a UIC CO2 Coulometer (CM5014 Model), with an analytical error 

of ±0.1%. Calcium carbonate (CaCO3) content was calculated by multiplying the 

TIC content by 8.333. TOC was calculated by subtracting TIC from TC. The 

C/N ratio was calculated by dividing the TOC by TN. The biogenic silica 

content was analyzed using the wet alkaline extraction method (DeMaster, 1981) 

with the analytical precision measured using relative standard deviation (±1σ) at 

1%. The biogenic opal content was calculated by multiplying the biogenic silica 

concentration by 2.4 (Mortlock and Froelich, 1989).

The carbon isotopic composition (δ13C) of the carbonate-free sediments and 

nitrogen isotopic composition (δ15N) of bulk sediments were measured using a 

Finnigan Delta Plus XP mass spectrometer directly coupled with a Thermo 

Fisher Scientific FLASH 2000 isotope ratio mass spectrometer elemental analyzer 

at Istituto di Scienze Polari-Consiglio Nazionale delle Ricerche (ISP-CNR, Italy). 

All isotopic compositions were expressed in conventional δ notation and reported 

as parts per thousand (‰):

δ13C = [(13C/12C)sample / (13C/12C)VPDB – 1]  103

δ15N = [(15N/14N)sample / (15N/14N)air – 1]  103

As determined from the routine repeat measurements of the reference sample 

IAEA-CH7 (polyethylene, -32.15‰ vs. Vienna Peedee Belemnite, VPDB), 

uncertainties were lower than ±0.5‰. The internal standard for δ15N 

measurements, IAEA-N-1 (ammonium sulfate, +0.4‰ vs. air) was used and the 

error for repeated analyses of the standard was ±0.2%.

Accelerator mass spectrometry (AMS) was used for 14C dating the 
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core-tops of the box cores (BC1, BC2, and BC3) and four horizons in each 

gravity core (GC1, GC2, and GC3) (Table 2). Due to the scarcity of foraminifera 

in the studied samples, the AMS 14C activity of the sediments was measured 

using the acid-insoluble organic matter (AIOM) of the bulk sediments at the 

Poznàn Radiocarbon Laboratory of Adam Mickiewicz University (Poland) and 

MICADAS (Wacker et al., 2013) at the AWI (Mollenhauer et al., 2021) 

(Germany). Results for AMS 14C that are obtained using the AIOM fraction of 

bulk sediments are often compromised by contamination from older carbon 

derived from glacial erosion and/or the reworking of unconsolidated sediments 

(e.g. Andrews et al., 1999; Pudsey et al., 2006; Mezgec et al., 2017; Tesi et al., 

2020). The AIOM ages of the core-top (0–1 cm) of BC01, BC02, and BC03 

were used to correct the ages of the deeper parts of each gravity core. These 

ages embed the regional marine reservoir effect (MRE) and the local dead 

carbon contamination offset (LCO). Before calibrating the 14C ages, the LCO 

obtained for the study area was subtracted from the AIOM 14C box core ages 

(LCO-corrected ages), assuming that neither the MRE nor the LCO changed 

during the Holocene and the glacial periods (see Hall et al., 2010; Hillenbrand et 

al., 2010). The LCO-corrected AMS 14C ages were then converted into calibrated 

ages using CALIB REV 7.1 (Stuiver et al., 2018) at a 95% confidence level. The 

MARINE 13 calibration curve (Reimer et al., 2013) was then produced by 

assuming the regional marine offset (ΔR) to be 0.79±0.12 ka from the global 

MRE (Hall et al., 2010). The new calibration curve (MARINE 20) was not us-ed 

because it is not suitable for the calibration of Antarctic sediments (Heaton et 

al., 2020). The uncorrected and calibrated AMS 14C ages are summarized in 

Table 2. All ages reported in this study are calibrated ages (cal. yr BP), unless 

otherwise specified. The calibrated 14C ages of the three gravity cores do not 

show age reversal except for one result of GC1, indicating the reasonable 

establishment of a sequential stratigraphic order that corresponds to the 

lithologic units. Although the 14C dating on the AIOM leads to some 

uncertainties in age determination widely discussed (Andrews et al., 1999; 

Mezgec et al., 2017; Tesi et al., 2020), the 14C age data in this study are 

consistent with the results reported previously by Andrews et al. (1999).
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3. Results

3.1. Core-top comparison

A fair amount of material from the top of gravity cores was lost during 

the coring process. The geochemical properties of the box core and the upper 

part of the gravity core were compared to estimate the core-top loss. Figure 2 

shows a comparison of TOC, TN, and CaCO3 contents between the two cores, 

for which the variation patterns were found to coincide. Differences of <0.06% 

for TOC, <0.01% for TN, and <0.2% for CaCO3 were obtained for the core-tops 

at sites C1 and C2, while those of 0.3% for TOC, 0.02% for TN, and 2% for 

CaCO3 were observed at site C3. Most of these differences were within the 

analytical error range. Based on this comparison, it was estimated that a few 

centimeters of sediment were lost from the core-top of the gravity cores. The 

differences in the core-top ages between BC2 and GC2 was greater (~5100 yr) 

than that for the other two cores (Table 2). In the case of GC2, the estimated 

core-top loss was ~5 cm based on the calculation of the sedimentation rate in 

the upper part. No high-resolution study was conducted for the Holocene; 

however, features describing the glacial, deglacial and interglacial periods were 

estimated by sedimentological and geochemical analyses. Thus, we consider that 

the loss of some core-top sediments is not a critical problem. Such minor loss 

suggests that the core-tops of the gravity cores were well preserved and that a 

record of the late to latest Holocene period is available, despite the relatively old 

14C ages (Table 2).

3.2 Lithologic units (A, B1, and B2) and their occurrence in each gravity core

Based on the sediment color, core description, and analytical properties, the 

lithology of the three gravity cores was divided into two main units (A and B), 

and lithologic unit B was further divided into two subunits (B1 and B2) (Fig. 

3). Lithologic unit A is characterized by brownish hemipelagic silty mud, 

enriched IRDs (~14 #/cm3 in GC3 and ~5 #/cm3 in GC2 and GC1), and high sand 

fraction (from 9% in GC1 to 32% in GC3) with high fluctuations in the MS 

(Fig. 3). The amount of IRD and the sand content of unit A decreased away 

from the shelf margin toward the continental rise (Fig. 3). The MS appears to 
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depend on the amount of IRD and the sand content.

Grayish sediment is common in unit B, however, the lithologic features of 

units B1 and B2 differed considerably. Unit B1 consisted of sandy mud, whereas 

unit B2 was composed of hemipelagic silty mud with sparse/scattered IRDs 

(Fig. 3). An upward increase in the IRD and sand fraction was observed in unit 

B1, with the MS peak at the top. In contrast, unit B2 contained very rare to 

sparse IRD (2~4 #/cm3) and low sand fractions (~13%), with more IRDs in the 

lower part.

Characteristic mineral and elemental compositions were obtained from a 

representative IRD in GC3 (Fig. 4). The IRDs mainly consists of quartz and 

mica with accessory chlorite, kaolinite, plagioclase, and muscovite (Fig. 4a). A 

distinct peak indicating the presence of hornblende was observed at the 38 cm 

horizon, which also contained abundant mica. According to SEM-EDS analysis 

(Fig. 4b), the IRD grains were enriched in Si and Al, confirming that the 

dominant mineral composition was aluminosilicate. Another interesting feature 

was the detection of a Ca peak in some grains, which may be attributed to 

carbonate minerals. However, no distinct calcite peak was detected in the XRD 

studies, presumably because of its very low content. Nevertheless, the high 

CaCO3 content (~8%) at this horizon of GC3 might be due to the occurrence of 

detrital grains.

The bulk and isotope geochemistry of unit A generally revealed low 

biogenic opal (3.6~5.4%), TOC (0.16~0.22%), δ13C (-25.2 to -24.7‰), CaCO3 

(0.2~0.3%), and C/N ratio (6.7~9.1), with slightly high TN (~0.03% in GC3 and 

GC2) and δ15N (4.6 to 4.9‰) (Fig. 6). Units B1 and B2 could be also 

distinguished by their bulk and isotope geochemistry. Unit B2 was characterized 

by a lower TN (~0.02%) and δ15N (3.8‰ to 4.9‰) and higher biogenic opal 

(~11.0%), TOC (0.30~0.36%), δ13C (-24.8‰ to -24.6‰), and CaCO3 (~1.7% in GC3 

and GC2 and ~0.3% in GC1). Conversely, unit B1 was characterized by 

transitional values between those of units B2 and A, i.e., biogenic opal 

(11.1~5.0%), TOC (0.33~0.19%), δ13C (-24.7‰ to -24.8‰), CaCO3 (1.2~0.2%), TN 

(0.02~0.03%), and δ15N (4.5‰ to 4.7‰) (Fig. 5).

The three gravity cores (GC3, GC2, and GC2) showed the same lithologic 

succession (units A, B1, and B2) (Fig. 3). GC3 consisted of the three units (A, 



- 33 -

B1, and B2). In addition to these units, GC2 had an additional very thin layer 

(comprising 10 cm) of unit A at the bottom of the core. Contrastingly, the same 

lithologic sequence (A, B1, and B2) was repeated 3 times in GC1. The 

lithological boundary is not certain and its position can be shifted up or down 

by correlating the sites. In addition, the age of older units below the uppermost 

set in GC1 could not be dated. Thus, in this study, the comparison among the 

lithologic units is concerned with the uppermost sets of unit A (Holocene), B1 

(deglacial), and B2 (glacial). Downcore geochemical and isotopic profiles of the 

three gravity cores confirmed the configuration and succession of the lithologic 

units within them (Fig. 6). Despite the different contents, the variation patterns 

in the geochemical and isotopic results for each lithologic unit were similar 

among the three cores.

4. Discussion

4.1. Sediment deposition on the continental slope and rise of the central Ross 

Sea

The core-top ages for GC3, GC2, and GC1 were found to be 1.5 ka, 5.7 

ka, and 2.5 ka, respectively (Table 2). Such old ages are generally observed in 

core-tops from the Antarctic Ocean (Licht et al., 1996; Andrews et al., 1999). 

The older AMS 14C ages at the core-top sediments of box cores and gravity 

cores are due to a combination of the old carbon effect in the seawater and 

surface sediment loss during coring operation. The old carbon effect depends on 

the inclusion of old "particulate" organic carbon by the erosion of surface 

sediments or resuspended materials transported by lateral advection. Each site is 

characterized by a different proportion between old and new organic carbon. Our 

results show that three sites, despite very close, date the different ages of the 

core-top. Based on the comparison of geochemical properties with these older 

AMS 14C ages, the uppermost part of the three gravity cores should represent 

the Holocene accumulation, rendering lithologic unit A an interglacial sediment. 

Consequently, lithologic unit B, which underlies unit A, represents the deglacial 

and glacial (B1 and B2, respectively) sediments, based on their depositional order 

(Fig. 5). The old AMS 14C ages in unit B1 mainly occurred due to the 
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redeposition of old sediments onto the continental slope and rise by turbidity 

currents or mass accumulation processes during the deglacial period (e.g., 

Pudsey, 2000). Recently, Khim et al. (2021) reported that the deglacial sediments 

in the Central Basin of the northwestern Ross Sea were found to be older than 

expected by AMS 14C dating due to the transportation of old shelf sediments. 

The high IRD content and physical characterization may be related to a 

deglacial period with strong iceberg transit in close proximity to a calving zone. 

Although GC3 includes both units A and B, a complete interglacial-glacial cycle 

may not be recorded in this section, as compared to GC2 and GC1, which show 

repeated lithologic successions.

The sedimentation rate of unit A decreases prominently with an increasing 

water depth (6.3 cm/kyr at GC3, 2.0 cm/kyr at GC2, and 1.2 cm/kyr at GC1). In 

general, the supply of terrigenous sediments and biogenic productivity decreases 

further from the Antarctic coastal regions (Grobe and Mackensen, 1992; Domack 

et al., 1999; Pudsey., 2000; Arrigo et al., 2004; Prothro et al., 2018). Thus, the 

lowered Holocene sedimentation rate with the increasing water depth is typical 

because the continental shelf of the Ross Sea lay at a further distance from the 

continental slope and rise. Similar to unit A, the sedimentation rate of unit B1 

(~9.0 cm/kyr at GC3, 2.6 cm/kyr at GC2, and 1.7 cm/kyr at GC1) also decreases 

with increasing water depth. However, it should be noted that the sedimentation 

rate is distinctly higher in unit B1 than that in unit A, which indicates that a 

greater sediment supply reached the continental slope and rise during the 

deglacial period than during the Holocene. Increased sedimentation rates during 

the deglacial period have been reported in the continental slope of the Antarctic 

Peninsula and Wilkes Land (Weber et al., 1994; Pudsey and Camerlenghi, 1998; 

Pudsey, 2000; Tooze et al., 2020). The absence of a reliable date for the bottom 

of unit B2 means that the sedimentation rates of the glacial period could not be 

calculated. Similar to the continental shelf, sediment deposition on the continental 

slope and rise around Antarctica has changed in response to the activity of the 

AIS between the glacial and interglacial periods (e.g., Anderson et al., 2014). 

During the glacial period, glacial tills were deposited on the edge of the 

continental shelf and the upper continental slope and then transferred to the 

lower continental slope and continental rise by turbidity currents (Larter and 
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Barker, 1989; Pudsey, 2000). For example, Grobe and Mackensen (1992) 

highlighted the importance of the melt-water beneath the ice sheet and the 

gravity flow from the shelf edge or upper continental slope for transporting 

sediments to the lower continental slope and continental rise in the Weddell Sea 

at the LGM. Thus, the glacial activity led to increased sedimentation in the 

continental slope and rise of the central Ross Sea during the glacial period, 

although some sediments may have been input from the bottom current as well.

The sediments of unit A commonly contained IRDs (Fig. 3). The brownish 

sediments in the Antarctic Ocean generally represent seasonal sea ice conditions 

during warm interglacial periods (Grobe and Mackensen 1992; Pudsey and 

Camerlenghi, 1998; Pudsey, 2000). The MS intensity is normally high for both 

diamicton and glacial till on the continental shelf during the glacial period (Licht 

et al., 1999). In contrast, during the interglacial period, the MS intensity 

increases with the IRD-enriched coarse-grained sediments (Licht et al., 1999; 

Salvi et al., 2006; Smith et al., 2019). The abundance of IRDs in the interglacial 

sediments is related to the presence of icebergs owing to an instability phase in 

the RIS system during the retreating phase. Ó Cofaigh et al. (2001) reported 

that IRDs peaked during the interglacial period in the Bellingshausen Sea and 

Weber et al. (2014) reported that the IRDs increased during the deglacial period 

in the Weddell Sea with an increase in the seawater temperature and a sea 

level rise. McGlannan et al. (2017) reported that the high IRDs occurred during 

the deglacial period due to the increasing icebergs by the unstable Ross Ice 

Sheet at the outer shelf of Wales Deep Basin in the Ross Sea, in addition to 

the continuous supply of the IRDs transported by the icebergs from the inner 

shelf. The MS intensity of unit A in the three studied cores was influenced by 

the number of IRDs and the sand fraction (Fig. 3). Many IRDs in unit A 

indicated that the deposition of sediments was influenced by an increase in the 

number of calving events during the warm period, although the exact age of 

unit A seems uncertain. Nonetheless, IRD contents in unit A decreased from 

Site C3 to C1, with increasing water depth and farther away from the 

continental shelf (Fig. 3). The IRDs originating from the continent were 

transported by icebergs from the calving line of the RIS to the continental shelf. 

Ha et al. (2018) reported that the clay mineral composition of the fine-grained 
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sediments in GC2. Unit A of GC2 was characterized by lower illite and higher 

smectite and kaolinite than unit B2. This indicates that the supply of illite by 

melt-water from the Ross Ice Shelf decreased whereas the supply of smectite 

and kaolinite increased due to the ASC that flowed westward from the Marie 

Byrd Land to the study area during the Holocene. Thus, the supply of unit A 

sediments that were transported by icebergs from the inner continental shelf and 

currents from the eastern side of the Ross Sea increased in the continental slope 

and rise to the east of Hillary Canyon, whereas the supply by melt-water or 

debris flow under the ice sheet or ice shelf decreased due to the retreat of the 

RIS on the continental shelf.

Unit B1 of GC3 and GC2 is characterized by an increasing amount of IRD 

upward from the lower to upper parts and fluctuations in the MS intensity with 

the sand fraction, suggesting that unit B1 could represent the transitional phase 

between the last glacial and Holocene periods. McKay et al. (2008) reported that 

the sandy sediments in the Ross Sea were supplied from the Transantarctic 

Mountains, including the McMurdo volcanic group, during the advance and 

retreat of the RIS. The mineral composition of the IRDs at 38 cm in unit B1 of 

GC3 is mainly aluminosilicates accompanied by significant amounts of 

hornblende and mica (Fig. 4). The hornblende may have been supplied from 

igneous and high-grade metamorphic rocks in the Transantarctic Mountains 

(Licht et al., 2005). The grayish sediments in unit B2 of GC3 and GC2 are 

characterized by sparse IRDs and slight fluctuations in the MS (Fig. 3). These 

sediments were commonly deposited in the Antarctic Ocean during the glacial 

period (e.g. Grobe and Mackensen, 1992; Pudsey and Camerlenghi, 1998; Pudsey, 

2000; Weber et al., 2014). In addition, fewer IRDs were supplied to the formation 

of unit B2 in GC3 and GC2 during the glacial period because of lower iceberg 

formation (Smith et al., 2019). The fine-grained sediments of unit B2 in GC2 are 

characterized by more illite and less smectite and kaolinite than unit A (Ha et 

al., 2018). This indicates that during the glacial period, fine-grained sediments 

containing more illite may have been transported from the Antarctic continent 

toward the continental slope and rise to the east of Hillary Canyon by the 

melt-water flowed beneath the RIS that advanced to the shelf edge. This also 

indicates that unit B contains continental shelf sediments that were reworked 
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and transported by melt-water or debris flow beneath the advancing RIS. 

However, no significant difference of the number of IRDs and MS intensity was 

observed between units A and B2 of GC1 (Fig. 3). This may indicate the 

possibility of a different sedimentation environment on the continental rise of the 

central Ross Sea.

4.2. Change in the geochemical and isotopic properties among lithologic units

Unit A is interpreted as interglacial sediments and shows a low degree of 

biogenic productivity, as denoted by the TOC, TN, and biogenic opal contents, 

in the continental slope and rise of the central Ross Sea, as compared to the 

surface sediments on the continental shelf. The low biogenic productivity in the 

continental slope and rise can be attributed to the decreased phytoplankton 

bloom during the long period of sea ice coverage on the surface water, which 

led to low nutrient availability (Arrigo et al., 2000; Smith et al., 2014). The 

surface water conditions on the Antarctic continental margin have changed from 

permanent multi-year ice to seasonal open marine conditions over time, 

depending on the sea level and seawater temperature (e.g. Grobe and 

Mackensen, 1992; Pudsey, 2000; Kim et al., 2020). Following the LGM, the 

biogenic properties increased along with the development of seasonal open 

marine conditions on the continental shelf (e.g. Cunningham et al., 1999; Domack 

et al., 1999; Salvi et al., 2006) and the continental slope of the Ross Sea (Kim et 

al., 2020; Khim et al., 2021; Melis et al., 2021). The distinct increase in the 

biogenic properties within unit A in the three cores indicates the development of 

seasonal open marine conditions accompanied by an increase of primary 

productivity in the surface water during the late Holocene.

The geochemical properties of unit B1 demonstrate the transition from 

glacial unit B2 to Holocene unit A (Fig. 5). Notably, the TOC, TN, and biogenic 

opal contents of unit B2 are higher than those of unit A, which indicates the 

enhanced biogenic productivity. This implies that productivity was higher during 

the glacial period than during the Holocene in the study area. However, this 

contradicts the previous results indicating that biogenic productivity was higher 

during the interglacial period (Brambati et al., 1997; Cunnuningham and 

Leventer, 1998; Salvi et al., 2006; Kim et al., 2020). The biogenic production in 
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the continental shelf of the Ross Sea decreased significantly during the glacial 

period because of the advancing RIS and the permanent sea ice. During the 

same period, primary production generally decreased on the continental slope and 

rise of the northwestern Ross Sea because of the limited light conditions (Kim 

et al., 2020). Thus, the higher geochemical contents in unit B, which represents 

a high degree of productivity, probably occurred due to alternative processes.

The TOC, TN, and biogenic opal contents of unit B2 are almost similar to 

those of the present-day sediments on the continental shelf (Prorthro et al., 

2018). The continental shelf sediments were covered with the advancing RIS 

during the glacial period (Anderson et al., 2014). The increase in the sediment 

supply to the continental slope and rise as a result of glacier activity and the 

melt-water of glacial plumes is evidenced by the higher sedimentation rate in 

unit B. The continental shelf sediments containing high biogenic components 

that were deposited during the interglacial periods were found to be eroded by 

the advancing AIS and transported by melt-water or ice along with other 

terrigenous materials from the shelf edge to the continental slope and rise 

(Grobe and Mackensen, 1992; Weber et al., 1994; Pudsey, 2000; O’Brien et al., 

2020). Thus, the glacier activity and melt-water beneath the ice sheet, which 

advanced to the shelf edge during the glacial period, led to the reworking and 

transportation of the biogenic particle-enriched shelf sediments to the continental 

slope and rise, resulting in the high biogenic contents of unit B2. In addition, 

the upward decreasing biogenic content from unit B2 to unit B1 may indicate a 

lower supply of shelf sediments during deglaciation because of the retreat of the 

RIS. Our results confirm Khim et al. (2021) who reported that the deglacial and 

glacial sediments in the Central Basin of the northwestern Ross Sea were 

characterized by higher TOC and biogenic opal contents than the Holocene 

sediments.

Our interpretation is also supported by correlation between the geochemical 

properties (Fig. 6). In general, the TOC and TN contents are linearly correlated 

with different slopes depending on the marine or terrestrial origin. The C/N 

ratio identifies the origin of organic matter, with a higher C/N ratio representing 

a greater contribution of terrestrial or regenerated organic matter (Meyers, 1994). 

The relationship between the TOC and TN contents in unit A of the cores is 
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different from that in units B1 and B2, except for GC1 (Fig. 6). Organic 

nitrogen degrades more easily than organic carbon during post-depositional 

oxidation of organic matter within the sediments (Kristensen and Blackburn, 

1987). It implies that degraded organic matter is slightly enriched in organic 

carbon. Compared with unit A, the TOC contents of units B1 and B2 are 

enriched relative to the TN content, indicating the presence of degraded organic 

matter in units B1 and B2.

The positive relationship between the TOC content and C/N ratio 

demonstrates that the higher TOC contents and C/N ratios in units B2 and B1 

could be attributed to the input of terrestrial organic matter rather than marine 

diatom production. The supply of large amounts of terrestrial organic matter to 

the study area would be difficult in a present-day scenario because of the 

further distance away from the coastal areas. However, during the glacial period, 

the advancing RIS may have transported terrestrial organic matter toward the 

shelf edge, which may be the reason for the prominent terrestrial influence on 

the continental slope and rise. However, the differential degradation between 

organic carbon and nitrogen during post-deposition led to an increase in the 

C/N ratio (Kristensen and Blackburn, 1987), resulting in its positive relationship 

with the TOC content. Thus, rather than glacial activity, the strong correlation 

between the high TOC content and C/N ratio in units B1 and B2 can be 

attributed to the presence of regenerated organic matter in the eroded shelf 

sediments, which preserved the interglacial biogenic components.

Although Site C1 in the continental rise is located farther from the shelf 

edge than Sites C2 and C3 (Fig. 1), the TOC (~0.6%), TN (up to 0.033%), and 

biogenic opal (up to 30%) contents of unit B2 in GC1 are higher than those in 

GC2 (~0.2%, 0.025%, and ~16%, respectively) and GC3 (~0.3%, 0.026%, and 

~16%, respectively) (Fig. 5). If the sedimentation rate in unit B2 decreased as 

the water depth increased, the sediment supply that transported biogenic 

components from the shelf edge to Site C1 would be reduced, leading to the 

observed decrease in biogenic contents. However, the high biogenic contents of 

GC1 as compared to those of GC2 and GC3 might be due to some other factors. 

Furthermore, it is noteworthy that the relationship between the TOC and TN 

content is similar between units A (r2 = 0.62) and B2 (r2 = 0.79) in GC1 (Fig. 
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6). This implies that additional seasonal production may have occurred at Site 

C1 in the surface waters of the continental rise during the glacial period. Ice 

free areas or polynyas generally develop by either katabatic winds from the 

continent or the upwelling of relatively warm deep water (Martin, 2001). Grobe 

and Mackensen (1992) and Smith et al. (2010) suggested the possible formation 

of polynya in the continental rise of the Weddell Sea during glacial periods. 

Pudsey (2000) also reported that diatom production occurred in the polynya that 

developed on the continental rise of the Antarctic Peninsula during the glacial 

periods. The warm CDW could not intrude onto the continental shelf during 

glacial periods because of the advancing RIS; thus, the warmer water would 

have melted the ice front (e.g. Gales et al., 2021). The temporary polynya at the 

front of advancing ice sheet margin might have formed on the continental rise 

area because of the upwelling warm water. Therefore, the higher biogenic 

contents in unit B2 of GC1, which represents the degree of productivity, indicate 

that permanent sea ice did not cover the entire continental rise in the central 

Ross Sea during glacial periods.

The CaCO3 content in the studied cores was generally low (up to ~0.2%) 

in unit A, and slightly higher (~2% in GC2 and GC3 and ~0.5% in GC1) in unit 

B (Fig. 5). Such low CaCO3 contents are common in the Holocene sediments of 

the Antarctic continental margin. Anderson (1975) reported that the dissolution 

of the CaCO3–bearing phases during the interglacial periods in the Weddell Sea 

was caused by an increase in the production of corrosive dense bottom water 

(i.e., CO2-rich AABW), which intensified the dissolution of CaCO3 on the 

seafloor. Kim et al. (2020) reported that the continental shelf edge sediments of 

the Iselin Bank in the central Ross Sea contained low CaCO3 contents during 

interglacial periods, which is partly attributed to the increasing effect of the 

dense shelf water and the CO2-enriched CDW and partly to dilution by fine 

siliceous detritus. Thus, the slightly high CaCO3 content during glacial periods 

may also be due to lower dissolution on the continental slope and rise in the 

central Ross Sea. During the glacial period, the polar front in the Southern 

Ocean migrated northward because of an increased glacial formation and lower 

temperatures in Antarctica (Govin et al., 2009). In addition, the effects of CDW 

and AABW decreased on the eastern side of Hillary Canyon, leading to the 
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sinking of the calcite compensation depth (Anderson et al., 1975).

The δ13C and δ15N values of sedimentary organic matter are controlled by 

diverse factors (summarized in Altabet, 1996). The δ13C values of organic 

particles mainly depend on changes in [CO2]aq and seawater temperature, the 

types of autotrophic species (marine or terrestrial), and/or diagenetic alteration, 

along with the growth rate and species diversity of phytoplankton (Rau et al., 

1997). Similarly, the δ15N values of particulate organic matter are mainly 

influenced by the dynamics of inorganic nitrogen compounds in surface water 

(Altabet, 1996), and to a lesser extent, by the trophic structure of the ecosystem 

(DeNiro and Epstein, 1981). The δ13C and δ15N values of the deep-sea sediments 

have been used to trace paleobiogeochemical changes in the surface ocean that 

can be related to paleoproductivity and atmospheric pCO2 levels (Francois et al., 

1992; Altabet et al., 1995). Despite many complicated factors along the Antarctic 

continental margin, the δ13C and δ15N values of organic matter are generally 

higher when they are assimilated during enhanced production conditions in the 

warm interglacial period (Rau et al., 1991; Villinski et al., 2000; Robinson and 

Sigman, 2008). It is interesting, within an analytical precision, that unit A is 

characterized by low δ13C (-25.2‰, -24.8‰, and -24.7‰ in GC3, GC2, and GC1, 

respectively) and high δ15N (4.6‰, 4.7‰, and 5.5‰ in GC3, GC2, and GC1, 

respectively) values whereas unit B2 is characterized by slightly high δ13C 

(-24.8‰, -24.6‰, and -24.6‰ in GC3, GC2, and GC1, respectively) and slightly 

low δ15N (3.8‰, 4.0‰, and 4.9‰ in GC3, GC2, and GC1, respectively) values 

with transitional values in unit B1 (Fig. 5). However, these isotope results seem 

unlikely to vary depending on the interglacial and glacial conditions. The δ13C 

and δ15N values of unit A are assumed to represent the seasonal production of 

in situ organic particles during the warm interglacial periods. The slightly 

higher δ13C values of units B1 (deglacial) and B2 (glacial), as compared to those 

of unit A, are not a result of enhanced production as in the case of biogenic 

TOC and TN. Such a slight increase in the δ13C values of units B1 and B2 

may be attributed to the incorporation of regenerated organic matter from the 

shelf sediments that were subject to selective diagenesis and/or a greater 

contribution of organic matter that originated from sea ice. The slightly low 

δ15N values of units B1 and B2 also support the theory of limited production 
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during cold glacial periods, together with a relatively higher contribution of sea 

ice-originated organic matter (Cozzi and Cantoni, 2011). Although units A and B 

might be distinguished by their δ13C and δ15N values with respect to in situ 

surface water productivity, more precise examination and robust interpretation 

are required due to the complicated factors responsible for their values in the 

Antarctic organic particles.

4.3. Paleoenvironmental reconstruction in the continental slope and rise of the 

central Ross Sea

Figure 7 depicts the schematic paleoenvironmental model in terms of 

glaciomarine sedimentation in the continental slope and rise to the east of 

Hillary Canyon in the central Ross Sea. The Antarctic environment is strongly 

affected by the advance and retreat of the ice sheet, which interacts with the 

developing ice shelf and seasonal sea ice (Anderson et al., 1980; Grobe and 

Mackensen 1992; Domack et al., 1999; Pudsey 2000; Gales et al., 2021). During 

the glacial period, the grounding line of the advancing RIS was located near the 

shelf edge on the east of the Pennell Bank and the sea ice coverage extended 

toward the continental slope and rise (Shipp et al., 1999; Halberstadt et al., 2016; 

Bart et al., 2018; Anderson et al., 2019). During this time, the pressure of the 

advancing RIS led to extensive erosion on the continental shelf, resulting in the 

deposition of diamicton (Anderson et al., 1984; Domack et al., 1999). Unit B2 in 

the study area represents the glacial sediments, with permanent sea ice covering 

the continental slope and rise on the east of Hillary Canyon. Thus, the unsorted 

sediments of unit B2 were mainly supplied from the continental shelf by 

melt-water or debris flow by the erosion of the advancing RIS to the 

continental slope and rise (Fig. 7a). The degree of sediment transport decreased 

further from the continental shelf, where the sediments were eroded and 

reworked. Consequently, the sedimentation rate of unit B2 decreased from GC3 

to GC1 (Fig. 3). Reduced primary productivity (in terms of biogenic content) 

was observed in the continental slope and rise of the central Ross Sea, 

compared with that during the interglacial periods. Glacial productivity was also 

very low on the continental slope and rise of the western Ross Sea (Ceccaroni 

et al., 1998; Kim et al., 2020), Antarctic Peninsula (Pudsey, 2000), and Weddell 
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Sea (Grobe and Mackensen, 1992). Based on TOC and biogenic opal contents, 

GC1 located in the lower continental rise recorded seasonal sea ice coverage or 

occurrence of limited polynya, that supplied in situ biogenic sediments. The low 

smectite content of unit B2 in GC2 indicates that the clockwise surface current 

in the continental shelf was blocked by the advancing RIS (Ha et al., 2018). In 

addition, because of the advancing RIS on the eastern continental shelf, the 

production of corrosive AABW was restricted, resulting in slightly better 

preservation of CaCO3 in the study area.

After the LGM, the RIS began to retreat rapidly on the continental shelf of 

the eastern Ross Sea (Mosola and Anderson, 2006; Bart et al., 2018). During the 

deglacial period, the depositional process depended on the distance from the 

grounding line of the retreating ice sheet and ice shelf (Domack et al., 1999; 

Smith et al., 2019). A grounding zone wedge formed at the front of the 

grounding line, fine-grained sediments were deposited beneath the ice shelf, and 

biogenic particles sunk under the seasonal open marine conditions that occurred 

on the continental shelf of the western Ross Sea (Domack et al., 1999). The 

permanent sea ice developed a multi-year or seasonal sea ice coverage on the 

continental slope and rise of the Weddell Sea and the Antarctic Peninsula during 

this period (Grobe and Mackesen 1992; Pudsey, 2000). Similarly, the sea ice on 

the continental slope and rise of the central Ross Sea, which resulted in a 

gradual increase in biological production, might have attained multi-year or 

seasonal coverage (Fig. 7b). The effect of the RIS on the continental slope and 

rise was significantly reduced, and the supply of sediments from the continental 

shelf by melt-water or debris flow also diminished. The sediment properties of 

unit B1 changed gradually from unit B2 (glacial) to unit A (Holocene). An 

increase in the IRDs in unit B1 reflects the seawater temperature rise, the 

collapse of the retreating ice shelf, and the production of icebergs during 

deglaciation (Barker et al., 1999; Salvi et al., 2006).

During the Holocene, the environment in the continental margin of the 

Ross Sea is characterized by seasonal open marine conditions, with the 

biological productivity of the surface water being enhanced in spring and 

summer (Prothro et al., 2018; Khim et al., 2021; Torricella et al., 2021). However, 

biological productivity mainly occurs in the southern and western parts of the 
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continental shelf in the Ross Sea (Arrigo et al., 2000; Arrigo and van Dijken, 

2004). The surface sediments in the Ross Sea are characterized by abundant 

biogenic particles in deep basins and troughs, remnant sediments that have been 

winnowed by the bottom currents on shallower banks, and IRDs transported by 

icebergs from the calving line (McGlannan et al., 2017; Prothro et al., 2020; 

Hartman et al., 2021). The higher percentage of gravel and sand in unit A is 

related to the increasing supply of IRDs by icebergs due to the increase in 

seawater temperature and the sea level rise. The increase in the biogenic 

contents within unit A, represented as surface water productivity, indicates the 

enhanced biological productivity during the late Holocene (Fig. 7c). The high 

smectite content of unit A reflects that the surface current in the continental 

shelf of the Ross Sea flows clockwise from Victoria Land toward the continental 

slope (Ha et al., 2018). With the complete retreat of the RIS, nutrient-enriched 

CDW has intruded the inner continental shelf and corrosive AABW is actively 

produced in the inner shelf and flows toward the continental slope and rise 

(Jacobs, 2004), where it results in the poor preservation of CaCO3 within the 

sediments.

5. Conclusions

To comprehend the changes in glaciomarine sedimentation on the 

continental slope and continental rise of the central Ross Sea since the LGM, 

box and gravity cores were obtained at three sites (C1, C2, and C3), on the 

eastern side of Hillary Canyon. The sedimentological, geochemical, and isotopic 

properties of the core sediments were analyzed along with AMS 14C dating of 

the bulk sediments. A comparison of the box cores with the tops of the gravity 

cores demonstrated the minimal core-top loss of the gravity cores and the 

favorable preservation of the Holocene record. The core-top sediments yielded 

relatively old AMS 14C ages (2.5 ka, 5.7 ka, and 1.5 ka in GC1, GC2, and GC3, 

respectively), because of the old carbon in the seawater around the Antarctic 

continental margin. Based on the analytical results and preliminary descriptive 

data, the lithologic facies were divided into two units (A and B), and unit B 

was subdivided into two subunits (B1 and B2), related to the Holocene, 
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deglacial, and glacial periods. The sedimentation rates estimated by the AMS 14C 

ages decreased as the water depth increased, but were higher in the glacial 

period than in the interglacial period.

Unit B2, interpreted as a sedimentary stratum laid during the glacial 

period, shows relatively low δ15N and TN with high biogenic opal, TOC, δ13C, 

C/N ratio, and CaCO3 content. The sediments of unit B2 were transported from 

the continental shelf by melt-water under the ice sheet or from the distal part 

of the debris flow in front of the grounding line of the continental shelf. Based 

on the expected sedimentation rate for unit B2, the degree of sediment transport 

from the shelf area seems to decrease as the water depth increases. Unit B1 

may correspond to the sediments deposited during the transition period from the 

glacial to interglacial periods. In this unit, the biogenic opal, TOC, δ13C, C/N 

ratio, and CaCO3 content decrease, while δ15N and TN gradually increased 

upward. The geochemical signatures of unit B1 indicate that glacial sediment 

supply was progressively reduced, accompanied by a gradual increase in the 

biogenic productivity of the surface water. Unit A, interpreted as the sediments 

deposited during the Holocene, shows relatively low biogenic opal, TOC, δ13C, 

C/N ratio, and CaCO3 with high δ15N and TN. The biogenic components of unit 

A were mainly supplied by the biogenic productivity in surface water under 

seasonal sea ice conditions, but the degree of productivity was lower than the 

continental shelf. The biogenic opal and TOC contents during the glacial period 

at Site C1 in the continental rise reflect seasonal sea ice conditions; however, 

Sites C2 and C3 were covered with permanent sea ice.

Similar to the continental shelf of the Antarctic continental margin, 

sedimentation on the continental slope and rise of the central Ross Sea was 

largely affected by the advance and retreat of the RIS. Due to the advancing 

RIS toward the shelf edge during the glacial period, more sediments were 

transported from the continental shelf to the continental slope and rise by 

melt-water under the ice sheet or the debris flow at the front of the grounding 

line. During the transition period, the effect of the ice sheet was gradually 

reduced because of the retreat of the RIS and more biogenic sediments were 

supplied from the surface water. The downward settling of the biogenic particles 

generated by the enhanced biogenic productivity in the surface water during the 
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interglacial period was the main source of biogenic components of sediments in 

the continental slope and rise on the east of Hillary Canyon in the central Ross 

Sea.
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Figure 1. Map of the study area showing the locations of the coring sites. 

Three gravity (GC3, GC2, and GC1) and box (BC3, BC2, and BC1) cores were 

obtained, respectively, at the three sites (RS14-C3, C2, and C1) in the 

continental slope and rise to the east of Hillary Canyon in the central Ross Sea. 

The solid-dotted line represents the limit of the RIS advance during the LGM 

(after Anderson et al., 2019). ASC: Antarctic Slope Current, AABW: Antarctic 

Bottom Water, CDW: Circumpolar Deep Water, HSSW: High Salinity Shelf 

Water, ISW: Ice Shelf Water (Smith et al., 2014). Blue dots are coring sites of 

previous studies.
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Figure 2. Comparison of geochemical properties (TOC, 

TN, and CaCO3) between the box cores (BC) and the 

upper part of the gravity cores (GC), confirming the 

minor loss of core-top in the gravity core. (a) Site C3, 

(b) Site C2, (c) Site C1.
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Figure 3. Downcore variation of sediment properties (magnetic susceptibility 

(MS), number of gravel-sized particles, and grain size). (a) GC3, (b) GC2, (c) 

GC1. Lithologic units (A, B1, and B2) are divided by solid and dotted lines and 

AMS 14C ages are also shown.
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Figure 4. (a) XRD results for the mineral composition of IRD (bulk 

and ground) at 38 cm of GC3. Distinct peaks of hornblende and 

mica are clearly observed. Hb: hornblende, Qz: quartz, Pl: 

plagioclase. (b) SEM-EDS photos of IRDs at 38 cm of GC3. The 

dominant minerals are aluminosilicates including quartz. A Ca peak 

was observed in some grains.
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Figure 5. Downcore variation of geochemical (biogenic opal, TOC, 

TN, C/N, and CaCO3) and isotopic (δ13C and δ15N) properties. (a) 

GC3, (b) GC2, (c) GC1. Lithologic units (A, B1, and B2) are divided 

by solid and dotted lines and AMS 14C ages are also shown. 
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Figure 6. Correlations between TOC and TN contents and between TOC 

content and C/N ratio. (a) GC3, (b) GC2, (c) GC1. 
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Figure 7. Schematic model of paleoenvironmental condition showing the activity 

of the RIS and glaciomarine sedimentation on the continental slope and rise of 

the central Ross Sea. (a) glacial period, (b) deglacial period, and (c) interglacial 

period.
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Table 1. Locations of the three sites (RS14-C1, RS14-C2, and RS14-C3) in the 

study area.

Label Latitude (S) Longitude (W) Depth (m)

RS14-C1 74°30.54’ 172°51.16’ 2372

RS14-C2 75°00.04’ 173°55.16’ 1757

RS14-C3 75°20.41’ 174°36.47' 1215
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Table 2. AMS 14C ages of box and gravity cores.

Core
Depth 

(cm)

Conventional 

14C ages 

(yr BP)

Error LCO

LCO- 

corrected 

ages 

(yr BP)

ΔR

Calibrated 

14C ages 

(yr BP)

Laboratory 

code

BC1 0-1 5106 34 4006 1100 1100 0 Poz-79258

GC1

0-1 7533 38 4006 3527 1100 2442 Poz-69628

4-5 11040 57 4006 7034 1100 6701 Poz-79257

8-9 19319 286 4006 15313 1100 17095 AWI-4811.1.2

26-27 29074 299 4006 25068 1100 28040 Poz-69629

52-53 36913 715 4006 32907 1100 35837 Poz-69630

BC2 0-1 4275 34 3175 1100 1100 0 Poz-79261

GC2

0-1 9317 48 3175 6142 1100 5724 Poz-69631

6-7 13801 67 3175 10626 1100 10787 Poz-79266

16-17 16649 140 3175 13484 1100 14448 Poz-79267

48-49 26636 243 3175 23461 1100 26580 Poz-82577

BC3 0-1 3448 32 2348 1100 1100 0 Poz-79268

GC3

0-1 5133 38 2348 2785 1100 1568 Poz-69632

12-13 6281 36 2348 3933 1100 3287 Poz-79272

24-25 8135 44 2348 5787 1100 5281 Poz-82578

50-51 26570 241 2348 24222 1100 27210 Poz-82580



- 56 -
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제 5 장 연구개발결과의 활용계획

Our contemporary understanding of the state of the West Antarctic ice sheet is 

often traced to the prescience of Mercer, who 40 years ago suggested that 

anthropogenic climate warming would destabilize ice shelves, leading to ice sheet 

collapse. Recent observations certainly support Mercer’s understanding of the 

crucial role of ice shelves. Yet a solicitation of researchers’ views conducted as 

recently as 2013 concluded that expert opinion is both “uncertain and undecided” 

on whether recent trends in Antarctic ice sheet behavior are owing to natural 

variability, or are a response to climate change. The reason for this ambiguity 

is simple: the record of direct observations of Antarctic ice sheet change is 

insufficient in length. The earliest application of satellite radar interferometry to 

obtain flow velocities for the Antarctic ice sheet was in 1993, and most other 

observational products, such as the satellite altimetry critical for evaluating 

thinning rates, are even more recent. Modern geophysical observations of the ice 

sheet thus comprise a period less than the standard textbook requirement for a 

representative climatology – 30 years – against which trends can be evaluated. 

This is surely too short a time to have observed the Antarctic ice sheet, 

characterized by intrinsic variability on even longer timescales than the 

atmosphere, and expect a definitive answer. Unless we are willing to wait 

another few decades or more – by which time the answer may well be clear, 

but no longer as useful – we need to incorporate information from 

paleoclimatology.
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