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Abstract: The second Antarctic station of South Korea was constructed at Terra Nova Bay, East
Antarctica, but local seafloor morphology and clay mineralogical characteristics are still not fully
understood. Its small bay is connected to a modern Campbell Glacier, cliffs, and raised beaches
along the coastline. Fourteen sampling sites to collect surface sediments were chosen in the small
bay for grain size and clay mineral analyses to study the sediment source and sediment-transport
process with multibeam bathymetry and sub-bottom profiles. Under the dominant erosional features
(streamlined feature and meltwater channel), icebergs are the major geological agent for transport and
deposition of coarse-sized sediments along the edge of glaciers in summer, and thus the study area
can reveal the trajectory of transport by icebergs. Glacier meltwater is an important agent to deposit
the clay-sized detritus and it results from the dominance of the illite content occurring along the edge
of Campbell Glacier Tongue. The high smectite content compared to Antarctic sediments may be a
result of the source of the surrounding volcanic rocks around within the Melbourne Volcanic Province.

Keywords: Antarctica; Ross Sea; Terra Nova Bay; multibeam bathymetry; surface sediments;
clay mineralogy

1. Introduction

The Ross Sea is adjacent to the Southern Ocean and is bounded by the Antarctic
continent to the South. The Ross ice shelf, the largest ice shelf in Antarctica, is developed
and distributed widely along the continental shelf [1]. The grounding line advanced near
the continental shelf edge at the end of the Last Glacial Maximum (LGM, ca. 20 ka) and now
is located within the Ross Sea [2,3]. The advance and retreat of the ice sheet caused by global
climate change has had a significant impact on the depositional condition of the continental
shelf [4]. Particularly, the Ross Sea is an important area for such study as the largest ice sheet
that discharges into the embayment [5]. Terra Nova Bay, Ross Sea, is a bay which is often ice
free, lying from Cape Washington in the north to the Drygalski Ice Tongue in the south [6].
Terra Nova Bay splits Victoria Land into southern and northern regions: (1) southern
Victoria Land, where outlet glaciers and ice streams cross the Transantarctic Mountains
and drain the East Antarctic Ice Sheet (EAIS) to the Ross Sea and (2) northern Victoria
Land, where a dendritic pattern of glacial valleys has no direct connection to the EAIS,
but is supplied by extensive ice fields [7,8]. Glaciomarine environments in high latitude
regions are geologically important in that they contain the sedimentary history trapped
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by their basin morphology that might preserve detailed paleoclimate history of Antarctic
regions [9]. Acoustic surveys have been performed to understand glacier-influenced
continental shelves in Ross Sea, Antarctica [10]. Multibeam bathymetric surveys to map the
seafloor morphology of Antarctic regions have been used widely to identify glacial erosion
of the seabed and other megascale glacial lineations related to ice sheet movement [11–13].
In order to determine the glaciomarine depositional environments, acoustic seafloor data
have been collected from Ross Sea since 1990 [14–16]. The behavior of marine-based
ice sheets across continental shelves was mostly reported and interpreted using regional
seafloor bathymetric data [10,17] and satellite-based observations [18]. However, the local
seafloor morphology and mineralogical characteristics of Terra Nova Bay have never
been reported, so we provide general geological information including new multibeam
bathymetry, sub-bottom profiles (SBP), grain size, clay mineralogy, and full width at half
maximum 10 Å peak of illite/muscovite (FWHM-10 Å) for future study based on the
Antarctic station. In the Antarctic region, the mineralogical characteristics of clay minerals
in continental shelf sediments have been used successfully to describe the provenance of
clay minerals and stratigraphic correlations in catchment areas draining into the Weddell
Sea, Bellingshausen Sea, and Amundsen Sea, Antarctica [19–21]. The clay minerals that are
common to Antarctic marine sediments include smectite, illite, chlorite, kaolinite, and illite-
smectite(I-S) mixed layered clay [22,23]. These clay minerals are generally detrital and their
distribution is affected by the the bedrock composition of source area [24]. The present
study demonstrates a comprehensive understanding through geomorphological data,
sedimentary sequences, grain size distributions, and clay mineralogy of surface sediments,
where the second Antarctic station of South Korea was constructed. Then, this information
contributes to interpreting those sediment-transport processes that influence sedimentation
in Antarctic glaciomarine environments for future study.

2. Study Area

The study area in Terra Nova Bay of the Ross Sea was located offshore within 20 km
from Jang Bogo Station (JBS) and Mario Zucchelli Station (MZS) (Figure 1). Seasonal sea
ice, approximately 2 to 2.5 m thick, covers the sea surface for nine to ten months of the year.
Terra Nova Bay has a winter coastal polynya. The inner bay of the study area is Gerlache
Inlet between JBS and MZS. Tethys bay near MZS is a small cove (1.6 km wide and 3.0 km
long), is very deep (a maximum depth of 280 m), and is surrounded by steep rocks and
glaciers. The coastline from MZS to JBS is characterized by rocky cliffs with large boulders
forming raised beaches. The raised beaches are present on the coast south of JBS and are
composed dominantly of angular and sub-angular boulders formed by wave activity [25].
Campbell Glacier is located east of the JBS and is approximately 100 km long and approxi-
mately 4000 km2 in the basin area. The Campbell Glacier Tongue (CGT), approximately
75.5 km2 in surface area, is composed of one main stream (approximately 13.5 km long
measured from the grounding line and 4.5 km wide) and another branched stream [26].
Air temperature varies from −30 to 5 ◦C annually, according to the measurement by an
Automatic Weather Station installed at JBS.
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Figure 1. Sampling location, multibeam bathymetry data, and sub-bottom profiles of Terra Nova Bay, Antarctica. The arrows
on the sub-bottom profiles indicate coring stations.

3. Materials and Methods
3.1. Sampling Locations

To understand the surface sediment characteristics in the glacial embayment adjacent
to JBS in Terra Nova Bay, 14 sampling sites were chosen. However, 11 surface sediments
were obtained using a box corer during the Ross Sea geological expedition in 2019 by the
Korea Polar Research Institute (KOPRI) (Figure 1). Soft sediment at the three sampling
sites (JBG05, JBG09 and JBG11) was not acquired, and some gravel or failed samples from
the box corer indicated that the sites are likely till or rocky bottoms. Water depths at these
sites vary between 150 and 523 m (Table 1). The sampling locations are given in Table 1.

Table 1. Sampling location and type of samples collected from Terra Nova Bay, Ross Sea, Antarctica.

Sampling Site Latitude (S) Longitude (E) Water Depth (m) Type of Sample

JBG01 74◦38.40 164◦15.60 150 Sediment
JBG02 74◦39.00 164◦21.00 390 Sediment
JBG03 74◦40.20 164◦23.40 225 Sediment
JBG04 74◦42.60 164◦24.00 523 Sediment
JBG05 74◦43.80 164◦15.60 328 Rocky bottom
JBG06 74◦41.40 164◦10.20 386 Sediment
JBG07 74◦40.20 164◦14.40 390 Sediment
JBG08 74◦39.00 164◦11.40 255 Sediment
JBG09 74◦38.40 164◦06.60 230 Rocky bottom
JBG10 74◦40.20 164◦06.60 235 Sediment
JBG11 74◦41.27 164◦25.93 280 Rocky bottom
JBG12 74◦41.25 164◦20.99 270 Sediment
JBG13 74◦41.90 164◦16.44 515 Sediment
JBG14 74◦42.60 164◦12.37 388 Sediment
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3.2. Multibeam Bathymetry and Sub-Bottom Profiles

Multibeam swath bathymetry data were collected during a geophysical research
expedition near JBS aboard the RV/IB Araon. Multibeam soundings were collected in a
swath perpendicular to the ship track using a hull-mounted Kongsberg EM122 (Kongsberg
Maritime, Kongsberg, Norway), with a swath of 432 beams, operating at a frequency of
12 KHz. Acquired bathymetry data were processed onboard using CARIS (HIPS&SIPS 9.0,
Teledyne CARIS, Fredericton, NB, Canada), specialized bathymetry-processing software,
and the results were plotted using Generic Mapping Tools (GMT 6.1.1, School of Ocean
and Earth Science and Technology of University of Hawaii at Manoa, HI, USA) software.
To understand ice flow activity, we compared the submarine landforms to the seafloor
lithology based on sub-bottom profiling results. Shallow sub-bottom profiling data were
collected in the sampling area using an SBP120 Sub-bottom profiler with an optional
extension to the highly acclaimed EM122 multibeam echo sounder. The data were logged
in the TOPAS raw format and can be saved in SEG-Y format for postprocessing with
a standard seismic package. The data were used to identify seafloor lithology and the
thickness of surface sedimentary units (unconsolidated sediments up to 100 m below
the seafloor).

3.3. Analysis of Grain Size and Clay Mineralogy

Grain size analysis of surface sediments was performed to determine the size fractions
of gravel (>2 mm), sand (62.5 µm to 2 mm), silt (2 µm to 62.5 µm), and clay (<2 µm) [27].
The contents of coarse particles larger than 4ϕ (>62.5 µm) were determined by wet sieving,
and particles smaller than 62.5 µm were measured using Micrometrics SediGraph III 5120
(Micromeritics Instrument Corporation, Norcross, GA, USA). X-ray diffraction (XRD) anal-
ysis was performed using a Rigaku HR-XRD SmartLab (Rigaku, Tokyo, Japan) with Cu-Kα
radiation (20 kV and 10 mA). The XRD profiles over a range of 2θ angles from 2◦ to 70◦ were
measured at step sizes of 0.02◦ and a scan speed of 1.5◦/min. Size-fractionated samples
(<1 µm) were dispersed in deionized water (0.5 mg/mL) and put in an ultrasonicator bath
for 20 s to prevent particle flocculation. The oriented (air-dried) samples were placed onto
glass slides for XRD analysis [20]. Then, air-dried samples were treated with ethylene-
glycol under a vacuum desiccator for 48 h [28,29]. Quantitative estimations of clay minerals
were measured after the glycolation treatment. The relative percentage of each clay mineral
was calculated using weighting factors [29,30]. Search-Match software (version 2.0.3.1,
Oxford Cryosystems, Oxford, UK) was used to identify the clay mineralogy [31]. FWHM-10
Å [32] and the relative percentage sof smectite, chlorite, illite, and kaolinite were measured
and calculated by using OriginPro 2020b [20,28].

4. Results
4.1. Geomorphology

We described the seafloor landforms identified in the sampling area [33]. Gerlache
Inlet (a maximum depth of 350 m) located between JBS and MZS is surrounded by steep
bedrocks and glaciers in the western side. Tethys Bay, adjacent to MZS, is very deep (about
280 m water depth in the central part). The sampling area is characterized by a rugged
seafloor with meltwater channels west of CGT and a large (7.3 km2), deep (520 m water
depth) flat-bottomed basin east of MZS (Figure 2). Elongated streamlined features are found
west of CGT. In the sub-bottom profiles, the sampling area shows a strong surface with
no internal reflectors (Figure 1). The meltwater channels have a V-shaped cross-sectional
profile cutting through bedrock and flowing between the streamlined features. The reticular
channels between streamlined features mainly terminate beneath CGT, and the arboriform
channels in the offshore of the JBS terminate in the deep basin.
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Figure 2. Multibeam swath bathymetry and geomorphology of the study area. (a) The study area is included in the
Melbourne Volcanic Province. (b) The solid line is the boundary of CGT [34] and the dotted line [35].

4.2. Granulometric Composition

Table 2 shows the results obtained by grain size analysis of the surface sediment
samples. The sediments of sampling sites are largely coarse-grained. Sand contents
generally exceed 87.5% except at JBG03 and JBG13, while mud (silt + clay) contents do not
exceed 9.3% except at JBG13 (27.0%). JBG03 has large amounts of gravel (35.4%), while
the gravel contents of other sites are relatively low (<6.2%). The sediment is generally
moderately sorted to very poorly sorted (0.7 to 3.2 ϕ). The mean grain size is generally
medium sand (1.7 ϕ) to very fine sand (3.2 ϕ) except for very coarse sand (0.5 ϕ) at
JBG03 and coarse silt at JBG13 (5.1 ϕ). The components more coarse than medium sand,
a combination of gravel, coarse sand, and medium sand contents, were examined to
distinguish coarser fractions from finer fractions of grain size distribution in the surface
sediments. The coarser components of JBG02, JBG03, and JBG04 exceed approximately
49.1%, while other sites show low contents below 32.5%.

Table 2. Grain size distribution of surface sediments collected from Terra Nova Bay, Ross Sea, Antarctica.

Sampling Site Gravel (%) Sand (%) Silt (%) Clay (%) Gravel + Coarse/Medium Sand (%) Mean Size (ϕ) Sorting (ϕ)

JBG01 0.2 89.9 5.2 4.7 10.1 3.0 1.4
JBG02 6.2 88.1 2.8 2.9 49.1 1.9 1.8
JBG03 35.4 61.0 1.4 2.5 68.3 0.5 2.4
JBG04 0.1 99.5 0.1 0.2 73.6 1.7 0.7
JBG06 3.2 95.0 0.6 1.2 32.5 2.4 1.1
JBG07 0.6 90.1 3.7 5.6 13.3 3.2 1.7
JBG08 0.0 87.5 7.2 5.3 9.6 3.2 1.5
JBG10 0.0 91.9 1.4 6.7 5.3 3.2 1.6
JBG12 0.1 97.2 1.0 1.8 24.5 2.5 0.9
JBG13 0.0 73.0 10.0 17.0 9.3 5.1 3.2
JBG14 0.0 95.9 1.3 2.7 15.8 2.8 0.8
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4.3. Semi-Quantification of Clay Minerals and Full Width at Half Maximum of Illite

Oriented and ethylene-glycolated samples were used to determine the clay mineralogy
in sediments. In general, the mineralogical assemblages evidenced in surface sediment
samples collected at Terra Nova Bay (Figure 1) were expandable clay minerals (smectite (S)
and/or mixed layers illite-smectite R0), chlorite (Ch), illite (I), kaolinite (K), plagioclase (Pl),
and clay-sized quartz (Q). Unfortunately, JBG04 and JBG10 have no results because there
were no samples to conduct clay mineral analysis after grain size analysis. A slight peak
was observed between 9–10 2-theta degrees, indicating an I-S mixed layer. There were no
significant mineralogical variations with a distance from the coastline. The average clay
mineral composition was dominated by illite (53.7–74.0%, avg. = 64.9%) and chlorite (10.0–
16.8%, avg. = 12.8%) with less abundant clay minerals of smectite (6.5–20.1%, avg. = 12.4%)
and kaolinite (7.0–13.8%, avg. = 10.0%, Table 3). The relative peak intensity of the minerals
showed little difference in intensities through Terra Nova Bay, but the intensities of quartz
peaks increased in JBG08 compared to other sites (Figure 3). In addition, smectite peaks
(~17 Å) were very weak at JBG 08, corresponding to the lowest concentration of smectite
(6.46%). The values of FWHM-10 Å in ◦∆2θ show a narrow variation with sampling
location ranging from 0.40–0.54 and an average value of 0.47.

Table 3. Relative abundance of clay minerals and full width at half maximum 10 Å peak of il-
lite/muscovite (FWHM-10 Å) of surface sediments collected from Terra Nova Bay, Antarctica.

Sampling Site Smectite (%) Illite (%) Kaolinite (%) Chlorite (%) FWHM (◦∆2θ)

JBG01 8.6 74.0 7.5 10.0 0.49
JBG02 12.0 67.7 7.8 12.6 0.52
JBG03 11.2 71.3 7.0 10.6 0.49
JBG06 12.7 58.4 13.0 15.9 0.43
JBG07 13.8 65.3 9.3 11.6 0.48
JBG08 6.5 70.3 10.9 12.4 0.41
JBG09 12.9 62.3 11.7 13.2 0.47
JBG12 10.6 69.2 9.1 11.1 0.42
JBG13 15.7 53.7 13.8 16.8 0.40
JBG14 20.1 56.5 9.6 13.8 0.54

Avg. 12.3 64.6 10.0 12.8 0.47

Figure 3. The XRD profiles of air-dried and glycolate-treated clay (<1 µm) in surface sediments form
Terra Nova Bay (S: smectite, Ch: chlorite, I: illite, K: kaolinite, Pl: plagioclase, Q: quartz).
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5. Discussion

The investigation of clay mineralogy in surface sediments recorded from the proximal
zone of the coastline provides evidence of source areas and transport paths. In a polar
setting, physical weathering prevails and chemical weathering is negligible. Detrital clay
mineral assemblages in the surface sediments reflect the average rock composition in
the surrounding outcrops [23]. In particular, illite and chlorite are typical clay minerals
indicating the physical weathering in the soil environments [24]. The dominance of illite
in the sampling area (Figure 4) likely reflects the supply of detritus from outcrops of
the local sources, because clay mineral assemblages in the surface sediments are formed
by the weathering of the outcrops [36]. The narrow variation of FWHM values (◦∆2θ =
0.40–0.54, avg. = 0.47) indicates the good crystallinity of illite which is less-altered illite
close to the surface. The chemical index of illite (5/10 Å peak area ratio) less influenced
by sediment dynamic differentiation was ~0.2 (calculated from Figure 3), indicating that
Fe–Mg-rich illite resulted from the physical weathering of bedrocks [23,37], suggesting that
the illite originated in dry and cold environments. Furthermore, the clay-sized fraction
of quartz and plasioclase suggests little chemical weathering of glacially-derived source
materials [38]. It may have resulted from the glaciomarine environment of the study
area, characterized by a limited moisture supply and short summer season, which do not
enhance chemical weathering.

Figure 4. Average clay mineral composition of surface sediments collected from Terra Nova
Bay, Antarctica.

On the other hand, expandable minerals (smectite and/or mixed layers illite-smectite
R0) were derived from hydrothermal alteration of volcanic ash supplied from the sur-
rounding areas or weathering and erosion of exposed volcanic rocks [39]. The content
of expandable minerals is relatively high in the quaternary sediments, indicating that
sediments originated from basic volcanic rocks in the Ross Sea area [40]. This is consistent
a the previous study, i.e., that the smectite distributed in the Ross Sea was supplied by the
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McMurdo Volcanic Group on the coast of Victoria Land [41]. The content of smectite in the
study area (Table 3) is largely high compared to general Antarctic marine sediments with
a relatively low content of smectite. The Melbourne Volcanic Province, a member of the
McMurdo Volcanic Group, is divided into four subprovinces: Malta Plateau, the Pleiades,
Mount Overlord, and Mount Melbourne. The study area is situated about 30 km away
from Mount Melbourne that is in the center of Mount Melbourne subprovince adjacent
to the CGT, and so smectite in the sampling sites may have originated from the outcrops
(Figure 2a) [42,43]. Kaolinite is very resistant, and reworked kaolinite from older sediments
may be found in polar environments [22,43]. Kaolinite might be derived from the pale-
osol and sedimentary rocks containing kaolinite near the Ross Sea, but it is still not fully
understood. For this reason, it is necessary to determine the provenance of clay minerals
more clearly through the analysis of rare earth elements (REE), sand fraction by optical
microscopy, and Scanning Electron Microscopy of the sediments [44,45].

Surface sediments provide a useful material to reveal how modern environmental
conditions are reflected, especially in transportation and depositional processes of clastic
materials farther offshore from the surrounding sources. The analysis of the grain size of
surface sediments showed that the finer components (silt and clay) of all sampling sites are
very low. This indicates that the silt- and clay-sized components on the surface sediments
of all sites are involved in an insignificant sedimentary process. The study area is free
from sea ice only from the beginning of January to the end of February. In fact, there is
no river on the local coast and little turbid onshore meltwater streams entering the ocean
since the study area is located at a high latitude in a polar setting. However, the relative
illite abundance is higher on the surface sediments close to CGT, suggesting that illite is
derived from the meltwater input of CGT in summer. Strong winds are frequent from the
hinterland in winter. They result in the rugged surface (e.g., crevasses) of glaciers due to
physical weathering in winter, and thus the clay fraction may deposit along the edge of
CGT through the direct glacier meltwater in summer. The fine-sized detrital components
can be transported farther seaward by ocean currents. It turns out that surface sediments
in the deep basin (e.g., Drygalski Basin) of Terra Nova Bay predominantly consist of mud.
Some fine-sized components are likely to be transported into the study area alongshore
by ocean currents. There is prevailing north-eastward alongshore transport between the
surface and deep layers from current measurements in Terra Nova Bay [46].

Elongated streamlined features or elongated hills are found near CGT (Figure 2) with
no internal hummocky reflection in the sub-bottom profiles (Figure 1). Linear and sinuous
meltwater channels are more frequent near CGT. Streamlined features and meltwater
channels are erosional seafloor features, which likely indicate till and/or bedrock. Multiple
glaciation events are likely to allow actively flowing ice to carve into the bedrock [47]. It is
reported that some of the proximal areas are modern erosional features when ice recently
advanced [33]; some at the proximal bay in front of JBS and the surrounding CGT likely
formed during a recent glacial event, the Little Ice Age. On the other hand, a deep basin
shows a very thin drape overlying a strong reflection on line SL03 (Figure 1). JBG13 has
more abundant mud contents than other sites and is a representative deposition site of
fine-sized components among all sampling sites (Table 2).

The coarse components (gravel + sand) are largely supplied from the source rocks
(Late Precambrian metamorphic rocks and Late Cenozoic Volcanics) fringing the coast of
the sampling area. The dominance of coarse components occurs at all sites except at JBG13.
It can be considered that one of the dominant transport media for coarse-sized material
into the study area is sediment gravity flow, especially turbid currents [48]. However,
the study area has no hydraulic potential to yield density flow such as the continental
slope and no sedimentary sequence of density flow in the sub-bottom profiles. Another
possible transport medium is the ice-rafted materials supplied to the ocean by drifting
icebergs from the glaciers of the surrounding sources. The components more coarse than
medium sand become one of the criteria of ice-rafted transport because sometimes eolian
transport from the surrounding outcrops can be composed of large-sized materials (>4 µm
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fine sand) [49]. The main source of ice-rafted detritus is from the Campbell Glacier that
largely releases small-scale icebergs to the study area with increased temperature (>0 ◦C)
in summer. The terminus of CGT retreated about 4.4. km between 1984 and 2016 due to
local warming [50]. The dominance of the components more coarse than medium sand
along the edge of CGT (Figure 5) may result from the deposition of ice-rafted detritus in
summer. The coarse components of the JBG06 and JBG14 sites in front of MZS are likely
due to the surrounding glaciers, especially in Tethys Bay. It was reported that the seafloor
is primarily granitic rock composed of coarse sand or gravel [51].

Figure 5. The relative mean size and coarse-sized component of surface sediments.

6. Conclusions

Systematic analysis of the grain size and clay minerals in glaciomarine surface sedi-
ments delivered to a small bay of Terra Nova Bay was performed with geophysical char-
acteristics from bathymetry and sub-bottom profiles. Our findings suggest the sediment-
transport processes of glaciogenic detritus under the influence of recent regional warming.
The following conclusions are presented:

1. The relative abundance of clay minerals in the surface sediments of the study area
is largely dominated by illite, reflecting the supply of physical weathering products
from the surrounding outcrops. The expandable mineral (smectite and/or mixed
layers illite-smectite R0) content is largely high compared to general Antarctic marine
sediments, indicative of delivery of products of weathering and erosion of exposed
volcanic rocks from the Melbourne Volcanic Province close to the sampling sites.

2. Erosional features (streamlined features and meltwater channels) are found near CGT
with many coarse-sized components compared with medium sand on till ando/r
bedrock except in a deep basin representing a deposition area of fine-sized compo-
nents in the study area.

3. Clastic materials are mainly transported offshore into the sampling site through two
agents: icebergs and glacier meltwater. Icebergs detached from the surrounding
glaciers mainly deposit the gravel and medium/coarse sand components (>49.1%)
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on the rugged bedrocks along the edge of CGT and offshore near the coastline of
Tethys Bay. When the study area is free from sea ice for about two months in summer,
some wind-blown materials (fine sand and silt components) are transported into the
sampling sites. Glacier melting occurs in summer, and the clay-sized component of
physical weathering products from the surrounding land is deposited along the edge
of CGT.
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