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The provenance of modern beach sands from the Bar-
ton and Weaver peninsulas of King George Island, South
Shetland Islands, West Antarctica was investigated based
on their modal composition and geochemical data. The
source rocks and provenance tectonic setting are inter-
preted as volcanic and plutonic rocks formed in the mag-
matic arc setting. This interpretation is generally consistent
with the currently distributed bedrocks in the ice-free areas
and tectonic setting of King George Island. However, the
composition of beach sands of the Barton and Weaver
peninsulas is different from distribution of bedrocks exposed
in the ice-free areas of both peninsulas. The present beach
sands are interpreted as previous subaqueous moraines
that were eroded and transported by advancing glaciers
across the both peninsulas and deposited in front of the
glacier grounding line. In other words, sand sediments in
the beaches of the two peninsulas were not derived from
bedrocks currently exposed in ice-free areas, but it is inter-
preted that they were subaqueous moraines before degla-
ciation and were mixed with sediment derived from wave
erosion of bedrocks and sediments of the paleoshoreline
during the isostatic uplifi of King George Island. Finally,
they were reworked under the current beach environments.

Introduction

The petrological characteristics of the clastic sediments are influ-
enced by factors such as the tectonic setting, lithology of source rocks,
intensity of weathering, sediment transport process, depositional envi-
ronment, and diagenesis (see Johnsson and Basu, 1993). The first two
of these factors are related to each other, and may be the most import-
ant and dominating controls that affect the composition of sand sedi-
ments (sandstones). Geochemical composition of clastic sediments
has been widely used to interpret the source rock characteristics (Loring
and Asmund, 1996; Madhavaraju and Ramasamy, 2001; Lee et al.,
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2005; Etemad-Saeed et al., 2015), weathering conditions in the source
areas (Nesbitt and Young, 1982; Qiu et al. Al., 2014), and reconstruc-
tion of tectonic setting of sedimentary basins (Bhatia, 1983; Roser and
Korsch, 1988; Verma and Armstrong-Altrin, 2013; Armstrong-Altrin,
2015). A combination of petrography and geochemical data is consid-
ered as a suitable approach for interpretation of the provenance of
clastic sediments (Madhavaraju et al., 2010; El-Anwar and El-Wekeil,
2013; Armstrong-Altrin et al., 2015).

Many studies have been done on the texture and composition of
beach sand sediments (e.g., Clemens and Komar, 1988; Carranza-Edwards
and Rosales-Hoz, 1995; Morrone et al., 2017 amongst others). These
studies provided information on the weathering conditions in the source
regions, the slope of the coastal terrain, the relationship between sedi-
ment transport and energy related to waves and currents, and prove-
nance of heavy minerals. In recent years, studies on the weathering in
the source and the tectonic setting have been conducted actively using
the geochemical composition of the beach sediments (Hegde et al.,
2006; Carranza-Edwards et al., 2009; Armstrong-Altrin et al., 2012,
2014, 2015a, b; Barnard et al., 2013). The sediment production and
depositional process acting on beach sediments in polar regions are
different from those of tropical and temperate regions. In glacial set-
tings, the effects of physical processes are the main factors involved in
the formation and composition of sediments, while chemical processes
are thought to be negligible (Nesbitt and Young, 1996). Loring and
Asmund (1996) also reported that glaciomarine sediments in high lati-
tude coastal and offshore regions are composed of physically commi-
nuted but chemically undecomposed debris that have been derived from
adjacent coastal rocks by glacial erosion and deposition. Accordingly,
the chemistry of beach sediments would faithfully reflect the sediment
mineralogy, which in turn is governed by the geology of the glacial
terrain and adjacent coastline. However, there are no studies on beach
sediments in polar regions we know of.

King George Island located in the South Shetland Islands (Fig. 1) is
one of the volcanic islands that were formed by the subduction of the
oceanic plate beneath the Antarctic Peninsula during the late Meso-
zoic to early Cenozoic era (Smellie et al., 1984). The Barton and Weaver
peninsulas are located southwest of King George Island. Geological
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studies on these peninsulas have reported a geologic map (Lee et al.,
2001), age of rocks (Park, 1989; Jin et al., 1991), and hydrothermal
alteration (Park, 1991, So et al., 1995). However, there exists little study
on modern beach sands of the two peninsulas. On both peninsulas,
modern and raised beaches are distributed along the coastline. In
many cases, the late Holocene beach sediments were uplifted and are
composed mostly of rounded gravels (Lee, 1992; Koh et al., 1993).
On modern beaches, sand-sized particles are distributed in a restricted
area such as small pocket beaches and as matrix of gravel deposits. By
studying texture, mineralogy, and geochemistry of modern beach
sand samples collected from part of the Barton Peninsula, Choi et al.
(2003) reported the sediment composition and speculated their depo-
sitional processes including iceberg rafting. In this study, we collected
more beach sand samples distributed along all coastlines of the Barton
and Weaver peninsulas. The purpose of this study is to reconstruct the
provenance and tectonic setting of the Barton and Weaver peninsulas
by using the modal and geochemical compositions of modern beach
sandy sediments from both peninsulas. The results of this study are then
compared with the geology of ice-free areas and a known tectonic set-
ting of both peninsulas to propose the depositional process of modern
beach sands.

Geological Setting

The Barton and Weaver peninsulas are located on King George
Island in the South Shetland Islands off the northernmost tip of the
Antarctic Peninsula (Fig. 1). The South Shetland Islands belong to
part of magmatic arcs (Scotia Arc), which is closely linked to the for-
mation of the Antarctic Peninsula (Smellie et al., 1984). King George
Island is the largest island of the South Shetland Islands and is located
in the center of the archipelago. The Barton and Weaver peninsulas
are located at the southwestern end of the island, which is mostly cov-
ered by Sejong Ice Cap (Yoon et al., 2010). The ice-free area of the
Barton Peninsula has a gentle topography with a wide central plain
lying at 90-180 m above sea level. The ice-free area of the Weaver
Peninsula is smaller in size and lower in altitude than the Barton Pen-
insula, and consists of a central plain. King George Island is undergo-
ing an isostatic uplift after the removal of the ice sheet (Barsch and
Maéusbacher, 1986). The morphology of both peninsulas is predomi-
nantly characterized by a glacial landscape, in parts steep cliffs along
the coast, and a rather smooth, hilly interior. Both peninsulas are sepa-
rated by a small tributary fjord, Marian Cove, which has a length of
ca. 4.5 km, a width of ca. 1.5 km, and a maximum depth of 120 m.
The outlet of the cove is Maxwell Bay, the main fjord formed during
the Last Glacial Maximum (LGM), and the cove is bounded by the
Weaver Peninsula to the northwest and the Barton Peninsula to the
southeast (Simms et al., 2011). Marian Cove has been enlarging
towards northeast since 1.7 ka by ice cliff retreating (Simms et al.,
2011). Retreat of 1,050 m in length of the ice cliff in Marian Cove has
occurred between 1956 and 2001 (Chung et al., 2004). The retreat
rates have since increased from 6 m/yr of the first investigated period
to 54 and 81 m/yr in recent years.

During the LGM, King George Island was covered by a large ice
cap and the Barton and Weaver peninsulas became progressively ice
free since the LGM (Chang et al., 2003). Based on cosmogenic **CI

age-dating, Seong et al. (2009) reported that the exposure age of the
highest areas on the Barton Peninsula was 15.5 + 2.5 ka, which rep-
resents the timing of the beginning of deglaciation. They further sug-
gested that the Marian Cove Glacier has been progressively downwasted
since the LGM up to the present at a long-term rate of ~12 mm/yr on
the Barton and Weaver peninsulas. The deglaciation from Maxwell
Bay occurred around 14.1-14.8 ka and Maxwell Bay gradually became
open ocean conditions since 9.1 ka by retreat of persistent ice cover,
possibly an ice shelf (Simms et al., 2011).

Much of the bedrock in ice-free areas of both peninsulas is covered
by glacial till. Landscapes modified by periglaciation are widespread.
The ice-free areas comprises five geomorphic elements, bedrock, gla-
cial till, mechanical weathering products, patterned ground, and raised
beach (Araya and Hervé, 1972). Bedrock is exposed in places where
debris is difficult to accumulate, such as high peaks and cliffs. The
glacial till remains at the end of ice where it flowed down or where ice
had been pushed past, and is most widely distributed. Mechanical
weathering products are distributed at the foot of steep slopes. Pat-
terned ground is distributed in the central parts of both peninsulas and
there are two types of patterned ground according to the slope of the
ground: polygons and sorted stripes. Raised beaches are distributed in
geographically low areas along the coast (Chang et al., 2003). The
Barton and Weaver peninsulas are drained by small seasonal streams
(Lopez-Martinez et al., 2012).

The Barton Peninsula has the ice-free area 5 times larger than the
Weaver Peninsula. The geology of the ice-free areas in the Weaver
and Barton peninsulas is somewhat different (Fig. 1). The Barton and
Weaver peninsulas are composed of three lithologies: volcaniclastics
(the Sejong Formation), calc-alkaline volcanic rocks, and the intru-
sive rocks (Lee et al., 2001). The Sejong Formation forms the lowest
stratigraphic unit in both the Barton and Weaver peninsulas and is of
Eocene in age (Yoo et al., 2001). The maximum thickness is about
200 m. In the Barton Peninsula it is distributed in the southwestern
and southern parts forming cliffs close to the coastline, whereas in the
Weaver Peninsula the Sejong Formation is distributed in most of the
ice-free area. It is composed of subaerial volcaniclastic sediments such as
agglomerate, tuff breccia, and lapilli tuff (Yoo et al., 2001; Kim et al., 2005).

Mafic to intermediate volcanic rocks overlie the Sejong Formation
and are most widely distributed in the Barton Peninsula, but in the
Weaver Peninsula they are narrowly present only in the southwestern
and northern parts. Although the eruption timing is not precisely spec-
ified, most of the lava is believed to have erupted in the Eocene (Jwa
et al., 1992; Willan and Armstrong, 2002). Most of these lava flows
are basaltic andesite containing plagioclase or pyroxene phenocrysts
and are associated with some massive andesites. Two fairly thick
lapilli tuffs are intercalated in the lava flows in the eastern part of the
Barton Peninsula. In the central northwestern part of the Barton Penin-
sula, there are very small mass of fine-crystalline diorite and rela-
tively large stock of medium-crystalline granodiorite. The whole-rock
“Ar/°Ar age of the diorite is 48.4 + 0.5 Ma (Early Eocene; Kim et al.,
2000) and the K—Ar ages of two biotite crystals isolated from the gra-
nodiorite are 41.9+ 0.9 Maand 41.2+ 0.9 Ma (Lee et al., 1996).

The volcanic rocks surrounding the granodiorite in the Barton Pen-
insula were mostly altered extensively by hydrothermal fluids and in
some parts they were altered multiple times. This hydrothermal alter-
ation is interpreted as a consequence of shallow hydrothermal pro-
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Fig. 1. Geological map of the Barton and Weaver peninsulas, King George Island, West Antarctica. The inset shows the location of King
George Island (simplified from Lee et al., 2001). Solid circles are the sampling locations (black: Weaver, green: NW Barton, blue: SW Barton,

red: S Barton, yellow: SE Barton).

cesses associated with the intrusion of granodiorite (Hwang and Lee,
1998). The hydrothermal alteration zone in direct contact with the
granodiorite is dominated by chloritization of amphiboles and albiti-
zation, but sericitization of feldspars occurs as distance increases, and
kaolinitization of sericite becomes more dominant at a further dis-
tance (Hur et al., 2001). In the Barton Peninsula, three nearly parallel
strike-slip faults develop in the northwest—southeast direction.

Most of the sediments that make up the beach of the Barton and
Weaver peninsulas consist of particles over gravel size, and the sand
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beach is present in places between gravel beaches and in places pro-
tected by beach gravels. The fact that the beach sediments of the both
Barton and Weaver peninsulas are composed of gravels indicates that
the studied beaches are under strong wave energy influenced by
strong winds (Choi et al., 2003). The wind field in Maxwell Bay is
distinctly bidirectional (Kloser et al., 1994) with predominant wind
direction of E or NW throughout the year. Both Marian Cove and
Maxwell Bay are covered by sea ice from June to October and are
usually open ocean frequently covered with drift ice along the shore
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from November to May.

In Marian Cove, eastern winds will inhibit the inflow from and
enhance outflow to Maxwell Bay, whereas northwesterly to westerly
winds generates a cyclonic circulation with an enhanced inflow to the
cove and a retarded outflow (Yoo et al., 2015). There is no well-devel-
oped longshore currents along the coastlines of both peninsulas. The
tidal range of Marian Cove is less than 2 m (Yoo et al., 2015), and it is
considered less likely that sediment is transported from other coastal
zones of Maxwell Bay and accumulated on the beaches of the two
peninsulas. However, in coastal areas along Marian Cove, it is believed
that some sediments would be transported by meltwater from the
Marian Cove head.

Methods

A total of 32 sand samples (26 samples from the Barton Peninsula
and 6 samples from the Weaver Peninsula) were collected at the pres-
ent-day coastlines of the Barton and Weaver peninsulas and were
observed using a polarizing microscope after making thin sections.
Each sample was examined for modal composition using quartz, feld-
spar, rock fragment, and accessory grains by counting 500 points.

Chemical compositions of sand samples were analyzed at the Korea
Basic Science Institute. Each sample was powdered in an agate motar.
Major elements of sand samples were analyzed using X-ray fluores-
cence spectroscopy (XRF: Philips PW244 model) and the analyzed
elements are Si, Al, Fe, Ca, Na, Mg, K, P, Ti, and Mn. The analytical
error of the major elements is + 5%. Each sample was analyzed three
times, and the results were then averaged. Total Fe content is reported

as Fe,O;. Loss on ignition (LOI) was measured by weighing before
and after 1 h of calcination at 1000 °C. Rare earth elements (REE) were
analyzed using an inductively coupled plasma mass spectrometer
(ICP-MS: VG Elemental PQII Plus model). The accuracy of the REE
analysis is better than 5%. In this paper, the median is used as the
summary statistic because it provides a robust estimate of central ten-
dency for datasets drawn from a population whose distribution pat-
tern is unknown (Lister, 1982; Rock et al., 1987).

Results

Sand Composition

Particle size of beach sand samples from the Barton and Weaver
peninsulas belongs mostly to coarse-sand grade as reported in Choi et
al. (2003), and the sorting is good to moderately good. The modal
compositions of the studied beach sand samples are combined with
the results of Choi et al. (2003) and are shown in Table 1. The components of
sand grains were categorized into nine types: volcanic rock fragment,
plutonic rock fragment, sedimentary rock fragment, monocrystalline
quartz, polycrystalline quartz, plagioclase, heavy mineral, altered grain,
and other unidentified grain. K-feldspar does not occur as a single
sand grain except for its occurrence in igneous rock fragment. Most of
the sand grains are volcanic rock fragment, altered grain, and plutonic
rock fragment (Fig. 2). Volcanic rock fragment has microlitic and
lathwork textures, with the latter being slightly higher content (Choi
et al., 2003; this study). Particles other than volcanic rock fragment,
altered grain, and plutonic rock fragment have low contents less than

Fig. 2. Representative of (a) volcanic rock fragment, (b) altered grains, (c) igneous rock fragment, and (d) possible altered ignimbrite fragment.

June 2019



(a) Q

Quartzarenite

Subarkose Sublitharenite

Lithic
Arkose

Arkose Feldspathic\ Litharenite

Litharenite

153

Craton
Interior

Transitional
Continental

Recycled
Orogen

Dissected

Basement Arc

Uplift

Transitional
Arc

Undis.sected

F RF L

Fig. 3. (a) Sandstone classification (after Folk, 1974) and (b) clast source terrane (after Dickinson, 1985) of the Barton and Weaver peninsu-
las’ beaches. Beach sands of both peninsulas are classified as lithic arenite and plot in the undissected arc field. Q: total quartz; F: total feld-
spar [K(potash feldspar) + P(plagioclase)]; R and L: total lithic fragments.

10% of the framework grains. The altered grains are severely altered,
making it difficult to distinguish the original rock component. However,
considering very little chemical weathering of soil (Lee et al., 2004), most
of the altered grains are regarded as a rock fragment derived from
hydrothermally altered volcanic rocks. Altered pyroclastic rock frag-
ments are rarely visible (Fig. 2d).

The average quartz—feldspar—rock fragment (Q—F—R) ratio of the
beach sands of the Weaver Peninsula is Q;,—F5s—Ry, ;. In the Barton Penin-
sula the average Q—F—R ratio of the beach sands of the northwestern
beach is Q,4—Fs5~Rsss, of the southwestern beach is Q, 7—F;gRoy s, and of
the southern beach is Qy,—F;,—Roge, and of the southeastern beach is
Qoo F17Rs3. Beach sediments of both peninsulas all plot in the litharenite
clan with tight clustering (Fig. 3a). In addition, the studied beach sand
samples plot in undissected-arc setting field in a tectonic environ-
ment-discriminating QFL diagram of Dickinson (1985) (Fig. 3b).

The modal composition of beach sand samples is divided into two
groups. One group consists of sand samples of the Weaver Peninsula and
the northwestern beach of the Barton Peninsula, and the other group con-
sists of sand samples from the southwestern, southern, and southeastern
beaches of the Barton Peninsula. The modal composition of the first
group samples is almost identical. The median values of volcanic rock
fragment content in sand samples from the Weaver Peninsula beach
and the northwestern beach of the Barton Peninsula were 31.9% and
30.9% of the framework grains, respectively. The median values of
igneous rock fragment content were 17.4% and 17.6%, respectively,
and median plagioclase contents were 5.3% and 7.4%, respectively. The
median quartz content is low, accounting for 3.0%, and 2.7%, respec-
tively. In the second group, the median values of volcanic rock fragment in
sand samples of the southwestern, southern, and southeastern beaches
of the Barton Peninsula were 40.8%, 48.3%, and 51.7%, respectively,
while the median values of igneous rock fragment were 7.4%, 3.2%,
and 1.7% and the median values of plagioclase content are 4.0%, 1.0%,
and 1.6%, respectively. Quartz grain occurs only in the southwestern
beach sands (mean 2.1%). The median value of the altered grain is
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28.7% in the first group and 33.6-38.8% in the second group. In sum-
mary, the samples of the first group have lower contents of volcanic
rock fragment and altered grain, while the contents of igneous rock
fragment and plagioclase are higher than those of the second group in
the Barton Peninsula.

Chemical Composition

The major element data of Barton and Weaver peninsulas beach
sands are listed in Table 2, in which the major element data of this
study are combined with data of Choi et al. (2003). Unlike the modal
compositions (Table 1), there is no significant difference in the com-
position of the major elements of beach sand samples between the
Weber Peninsula and the Barton Peninsula, but there is a slight differ-
ence in the contents of SiO,, Al,O;, and MgO. The median values of
Si0,, Al,O;, and MgO contents of the Weaver Peninsula beach sands
are 56.5%, 18.1%, and 3.3%, respectively, while the median values of
Si0,, AlLO;, and MgO contents of sand samples in different beaches
of the Barton Peninsula range 58.4-62.7%, 15.2-16.7%, and 2.3-2.8%,
respectively. Thus, the SiO, content is higher in the Barton Peninsula
beach sands, whereas the Al,O; and MgO contents are higher in the
Weber Peninsula beach sands.

In all sand samples the contents of CaO and Na,O are much higher
than that of K,O. In particular, the ratio of Na,O/K,0 is 1.4—6.3 with
an average of 3.3, which is consistent with the results of microscopic
observation of plagioclase grain but no observed K-feldspar grain.
Based on the chemical classification diagram of Pettijohn et al. (1972),
all the beach sand samples of the Weaver and Barton peninsulas are
classified as graywacke type (Fig. 4). The correlation between the con-
tents of Fe,O; and TiO;, is statistically significant (Pearson product moment
correlation coefficient = 0.696, p = <0.001). Therefore, it is interpreted
that the studied beach sands contain minerals rich in Fe and Ti. Accord-
ing to the microscopic observation, the corresponding mineral is pre-
sumed to be magnetite contained in volcanic rock fragments.
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Table 1. Modal compositions of beach sands from the Barton and Weaver peninsulas, King George Island, West Antarcica

Sample | VRF(%) | PRF(%) | SRF(%) | Qm(%) | Qp(%) | PI(%) | HM(%) | Alt(%) | Etc(%)
Weaver Peninsula
04-01 28.2 24.0 72 3.8 0.0 5.8 32 244 34
04-02 28.8 19.6 92 2.6 0.2 5.6 2.8 28.6 2.6
04-03 252 23.8 7.8 3.8 0.6 7.2 2.0 26.6 3.0
04-17 37.6 11.4 32 22 0.6 3.8 34 344 34
04-18 38.2 15.2 1.8 2.0 02 5.0 22 28.8 6.6
04-19 35.0 12.2 4.6 3.0 0.0 3.4 4.0 33.2 4.6
median 31.9 174 5.9 2.8 0.2 5.3 3.0 28.7 34
Barton Peninsula
Northwestern beach
30-20 24.6 14.4 12.2 4.6 0.6 42 32 33.6 2.6
30-22 23.6 21.8 7.6 1.4 0.0 4.0 2.0 36.6 3.0
30-24 36.2 17.6 0.2 2.2 0.4 9.4 6.4 24.4 3.2
30-25 53.0 14.6 1.8 1.8 0.2 44 1.6 214 1.2
31-25 34.6 15.2 5.6 3.6 0.0 7.2 2.0 274 44
31-29 33.0 17.6 7.0 3.6 0.0 7.8 2.6 23.8 4.6
31-30 274 20.6 5.0 3.0 0.0 9.4 32 28.8 2.6
31-32 24.6 19.8 44 1.2 0.2 11.6 42 32.2 1.8
31-34 29.8 19.0 34 32 0.0 7.2 34 30.8 32
12-23-4%* 52.0 11.0 3.3 1.0 0.0 6.3 3.0 23.0 0.3
12-23-6* 37.0 14.0 3.3 0.0 0.3 7.7 6.0 31.7 0.0
12-23-8* 16.7 29.7 1.0 43 0.7 16.0 9.3 20.7 1.7
12-23-9% 21.7 18.0 9.3 3.3 1.3 3.0 4.7 37.7 1.0
Sejong st.* 32.0 17.0 6.0 0.3 0.0 10.3 5.7 28.7 0.0
median 30.9 17.6 4.7 2.6 0.1 7.4 3.3 28.7 22
Southwestern beach
28-01 38.6 11.6 3.8 3.2 0.2 3.6 4.0 30.2 4.8
28-02 40.6 7.2 4.6 24 0.0 1.2 32 372 3.6
28-07 454 5.0 34 0.0 0.0 1.8 0.2 40.6 3.6
29-05 41.6 52 2.6 1.8 02 44 3.0 38.6 2.6
31-26 39.8 12.6 32 22 0.0 5.0 22 31.4 3.6
31-28 41.0 7.6 3.8 1.2 0.2 5.6 3.8 332 3.6
median 40.8 7.4 3.6 2.0 0.1 4.0 3.1 352 3.6
Southern beach
28-06 422 6.8 2.0 0.4 02 2.8 4.8 38.8 2.0
29-10 46.2 42 3.6 0.0 0.0 0.8 1.2 42.6 1.4
29-11 48.8 32 4.6 0.2 0.0 1.4 24 34.8 4.6
29-12 452 44 1.6 0.0 0.2 2.2 1.8 414 32
29-13 49.8 0.8 12 0.0 0.0 0.4 6.6 38.8 24
29-14 442 52 34 0.0 0.0 1.8 22 39.6 3.6
29-15 49.2 3.0 1.6 0.0 0.0 1.0 3.6 39.0 2.6
29-16 47.6 2.4 2.6 0.2 0.0 1.2 3.8 40.8 1.4
29-17 448 6.2 4.6 0.4 0.0 0.2 5.8 352 2.8
12-26-8* 483 2.0 4.7 0.0 0.0 1.3 0.7 43.0 0.0
12-26-9* 45.7 1.0 0.7 0.0 0.0 1.3 1.7 49.7 0.0
12-26-10* 51.3 33 3.3 0.3 0.0 0.7 4.7 36.3 0.0
12-26-11* 54.0 1.7 0.7 0.0 0.0 1.0 5.7 36.7 0.3
Penguin 1* 57.0 2.3 1.7 0.0 0.0 0.3 1.0 37.7 0.0
Penguin 2* 50.3 5.7 3.0 1.3 0.0 0.3 4.7 33.7 1.0
median 48.3 32 2.6 0.0 0.0 1.0 3.6 38.8 14
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Southeasten beach

29-06 542 0.8 5.6 0.0 0.0 1.6 3.4 32.6 1.8
29-08 51.4 1.8 52 0.0 0.0 1.4 3.0 33.6 3.6
12-26-7* 51.7 1.7 4.7 0.3 0.0 2.3 4.0 35.0 0.3
median 51.7 1.7 52 0.0 0.0 1.6 3.4 33.6 1.8

VREF: volcanic rock fragment; PRF: plutonic rock fragment; SRF: sedimentary rock fragment; Qm: monocrystalline quartz; Qp: polycrystalline quartz;
Pl: plagioclase; HM: heavy mineral; Alt: altered grain; Etc: other component

*Choi et al. (2003) based on 300 pointing counts.

Table 2. The major element compositions of beach sand samples from the Barton and Weaver peninsulas, King George Island, West Antarctica

Sample | Si0, | ALO; | Fe,0; | CaO | Na,0 | MgO | K:0 | P,Os | TiO, [ MnO | LOI [ Total | CIA
Weaver Peninsula

04-01 57.5 18.0 7.87 5.10 3.66 3.19 0.95 0.20 0.75 0.17 2.42 99.7 524
04-02 57.1 18.4 7.42 4.63 3.70 3.31 1.03 0.18 0.72 0.15 2.81 99.5 54.1
04-03 55.9 18.1 8.93 5.60 3.35 3.56 0.98 0.17 0.83 0.18 2.43 100.1 52.0
04-17 58.0 17.1 8.16 5.01 3.31 2.86 1.24 0.21 0.80 0.16 2.46 99.3 51.8
04-18 55.9 18.0 8.62 5.84 3.48 3.15 0.91 0.20 0.81 0.17 2.38 99.4 50.9
04-19 55.6 18.2 8.53 5.69 3.47 3.33 0.93 0.20 0.78 0.17 2.39 99.3 51.6
median 56.5 18.1 8.3 5.3 3.5 3.3 1.0 0.2 0.8 0.2 24 99.4 51.9
Barton Peninsula

Northwestern beach

30-23 64.9 15.8 5.49 3.49 3.23 1.94 222 0.12 0.62 0.13 2.36 100.3 52.9
31-34 61.3 16.7 6.67 429 3.68 2.59 1.25 0.19 0.78 0.15 2.66 100.2 523
12-23-4* 62.0 16.8 5.53 4.76 3.88 2.41 1.35 0.10 0.69 0.12 2.26 99.9 50.4
12-23-6* 63.4 17.7 5.02 4.09 3.92 2.35 1.42 0.09 0.65 0.11 2.17 99.9 534
12-23-8* 60.7 17.7 7.13 2.31 2.51 2.29 1.84 0.11 0.71 0.09 4.48 99.8 63.2
12-23-9* 63.3 16.4 5.68 4.70 3.66 1.97 1.72 0.12 0.70 0.11 1.75 100.2 50.0
Sejong st.* 60.4 17.3 6.17 5.02 3.80 2.80 1.31 0.17 0.70 0.12 2.31 100.1 50.8
median 62.7 16.7 5.6 42 3.7 2.3 1.6 0.1 0.7 0.1 2.3 100.0 53.7
Southwestern beach

28-02 58.9 16.3 8.18 4.60 3.62 2.78 1.12 0.28 0.90 0.17 2.60 99.5 51.2
28-03 57.9 16.1 9.65 5.01 3.50 2.89 1.14 0.30 1.06 0.19 2.72 100.5 50.0
29-05 57.3 17.3 8.25 4.67 3.45 3.18 1.17 0.25 0.84 0.17 3.04 99.7 52.8
31-28 60.3 16.6 6.54 4.00 3.90 2.79 1.16 0.20 0.75 0.15 2.80 99.2 52.6
median 58.4 16.5 8.2 4.6 3.6 2.8 1.1 0.3 0.9 0.2 2.8 99.6 514
Southern beach

29-15 59.8 15.8 8.12 3.72 432 2.37 0.69 0.30 0.96 0.16 3.00 99.3 52.0
12-26-8* 60.8 153 7.87 3.33 4.28 2.49 1.21 0.22 0.86 0.13 3.44 99.9 51.5
12-26-9* 56.3 15.8 8.53 5.03 3.93 3.05 0.97 0.32 1.33 0.13 4.69 100.1 48.6
12-26-10* 62.0 15.2 7.68 3.47 3.84 2.35 1.14 0.25 0.85 0.12 2.95 99.8 523
12-26-11* 60.4 15.9 7.92 5.17 3.90 2.26 0.77 0.17 0.97 0.15 2.43 100.1 48.9
Penguin 1* 59.1 16.1 7.88 5.75 3.53 2.76 1.07 0.30 1.00 0.15 2.62 100.3 48.1
Penguin 2* 55.8 16.1 9.26 6.05 3.68 2.99 0.96 0.28 1.04 0.17 3.46 99.8 47.1
median 59.8 15.8 7.9 5.0 3.9 2.5 1.0 0.3 1.0 0.2 3.0 99.9 48.8
Southeastern beach

29-09 61.9 15.3 8.01 3.20 3.89 2.29 1.24 0.30 0.84 0.14 2.98 100.1 53.0
12-26-7* 63.2 15.1 6.86 3.11 4.09 2.23 1.22 0.20 0.81 0.11 291 99.8 52.3
median 62.6 15.2 7.4 3.2 4.0 23 1.2 0.3 0.8 0.1 2.9 100.0 52.7

*Choi et al. (2003).
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Fig. 4. Geochemical classification using log (Na,O0/K,0) versus log
(Si0y/Al,03) of beach sands of the Barton and Weaver peninsulas,
King George Island, West Antarctica (diagram after Pettijohn et al.,
1972).

Table 3 shows the REE composition of studied beach sands. The
beach sand samples of the Weaver Peninsula have Y REE contents
ranging from 73.9 to 101.2 ppm (median: 93.7 ppm), Eu anomaly (Ew/Eu*)
from 0.88 to 0.95 (median: 0.92), and (La/Yb)y from 4.81 to 5.83
(median: 5.66). The beach sand samples of the Barton Peninsula have
> REE contents ranging from 95.7 to 132.8 ppm (median: 108 ppm),
EwEu* from 0.77 to 0.88 (median: 0.86), and (La/Yb)y from 4.24 to
7.48 (median: 5.55). The Y REE content of Barton Peninsula beach sand
sediments is slightly higher than that of the Weaver Peninsula beach
sand sediments, whereas the former has a slightly larger negative Eu/
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Fig. 5. Chondrite-normalized rare earth element patterns. Chon-
drite normalization values are from McDonough and Sun (1995).

Eu* anomaly value that the latter, indicating that there is a statistically
significant difference in Eu/Eu* (p = <0.001) and ) REE content (p =
0.007) of beach sand samples between them. The distribution pattern
of chondrite-normalized REE is shown in Fig. 5. On the whole, the
(La/Yb)y does not show a statistically significant difference (p =
0.695) in the distribution of REE between the Weber and Barton
peninsulas beach sand samples. The (La/Yb)y is less than 6, indicat-
ing that the light rare earth elements were slightly more enriched
than the heavy rare earth elements, exhibiting a relatively low degree of
differentiation.

Table 3. Rare earth concentrations in ppm for beach sands from the Barton and Weaver peninsulas, King George Island, West Antarctica

Sample La

Ce \ Pr | Nd \ Sm \ Eu \ Gd \ Tb | Dy \ Ho \ Er \ Tm \ Yb | Lu ‘Sum‘Eu/Eu*‘(La/Yb)N

Weaver Peninsula

04-01 13.8 | 313 | 42 | 225 | 43 14 | 47 | 06

32 | 0.6 19 | 02 1.7 | 02 ]90.7 | 092 5.62

04-02 109 | 248 | 34 | 181 | 3.7 1.2 | 40 | 05

29 | 06 1.8 | 02 1.5 | 02 | 739 | 095 4.81

04-03 13.0 | 297 | 40 | 214 | 42 1.3 4.6 0.6

32 | 0.6 1.9 | 02 1.7 1 02 | 8.7 | 093 5.33

04-17 155 | 349 | 47 | 252 | 48 1.5 53 | 0.6

36 | 0.7 | 21 0.3 1.8 | 03 |101.2| 0.88 5.74

04-18 154 | 342 | 46 | 245 | 4.7 1.5 5.1 0.6

35 1 07 | 20 | 03 1.8 1 03 | 992 | 091 5.83

04-19 148 | 333 | 45 | 239 | 47 1.5 5.1 0.6

34 1 07 | 20 | 03 1.8 | 03 | 96.7 | 0.94 5.70

median | 143 | 323 | 44 | 232 | 45 14 | 49 | 06

33 | 06 | 20 | 0.2 1.7 | 02 | 937 | 092 5.66

Barton Peninsuala

30-23 180 | 39.7 | 5.1 | 263 | 45 1.2 | 47 | 05

3.0 | 0.6 1.8 | 02 1.6 | 02 |107.5]| 0.79 7.48

28-02 193 | 434 | 59 | 313 | 6.1 1.8 6.7 | 09

46 | 09 | 27 | 04 | 24 | 04 |1266| 0.86 5.43

29-05 157 | 351 | 48 | 254 | 49 14 | 53 | 07

36 | 0.7 | 21 0.3 19 | 03 |102.1| 0.86 5.65

31-28 147 | 331 | 45 | 236 | 45 13 | 49 | 06

35 | 0.7 | 21 0.3 1.9 | 03 | 959 | 0.86 5.31

31-34 16.8 | 37.1 | 49 | 258 | 48 14 | 53 | 06

35 0.7 | 21 0.3 19 | 03 |1055] 0.88 5.97

28-03 172 | 385 | 53 | 280 | 55 1.6 | 6.1 0.8

44 |1 09 | 26 | 03 | 23 | 03 |113.9]| 0.85 5.05

29-15 140 | 313 | 44 | 233 | 48 1.5 5.5 0.7

4.1 08 | 25 | 03 | 22 | 03 | 957 | 0.86 4.24

29-09 209 | 464 | 63 | 329 | 6.2 1.6 | 6.7 | 0.8

45 1 09 | 26 | 03 | 23 | 03 |132.8| 0.77 6.24

median | 17.0 | 37.8 | 5.0 | 26.0 | 4.9 14 | 54 | 07

38 1 07 | 23 | 03 | 21 03 | 108 | 0.86 5.55
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Discussion

Perspectives from Petrography and Geochemistry
Source-rock weathering

If chemical weathering of the bedrock had been active, the compo-
sition of the sand sediment of a certain size would not be considered
to represent the composition of source rock. If chemical weathering
occurs to some extent, among the minerals making up source rocks
plagioclase will be preferentially affected first, followed by K-feld-
spar and quartz in that order. When the feldspar is weathered, it is con-
verted into clay minerals, which will be accumulated as mud sediments.
The chemical composition of the clastic sediments is known to provide
valuable information on weathering conditions in the source (Jafarza-
dehetal., 2014; Liu et al., 2016). Therefore, before attempting to infer
the provenance of sand sediments, we will first examine the degree of
weathering of the sediments.

The chemical index of alteration (CIA) proposed by Nesbitt and
Young (1982) is widely used as an index to quantitatively estimate the
degree of weathering in the source area. Using the CIA index, it is
possible to measure to what extent feldspars have been altered to clay
minerals (Selvaraj and Chen, 2006; Selvaraj et al., 2010, 2016). The
CIA value is expressed by the formula CIA = [AL,O,/(Al,0; + CaO*
+Na,O + K,0)] x 100 using the molar ratio. Here, CaO* refers to the
content of CaO residing only in silicate minerals. The sand sediments
of this study are Ca-bearing mineral cement-free and there is no evi-
dence of calcite replacement of sand grains. In addition, there occur
abundant intermediate-mafic volcanic rock fragments that are most
susceptible to chemical weathering. All these observations lead us to
conclude that the measured CaO is contained in the silicate mineral.
According to Nesbitt and Young (1982), the CIA values of fresh pla-
gioclase and K-feldspar are approximately 50. Higher CIA values indicate
that chemical weathering has occurred. However, in some studies, the
CIA reflects changes in global conditions such as temperature, lati-
tude, and runoff, and therefore requires caution when used as a quanti-
tative indicator of the degree of chemical weathering on the continent
(Li and Yang, 2010; Meunier et al., 2013; Zhou et al., 2015).

The CIA values of the studied beach sand samples of the Weber and
Barton peninsulas range from 51.6 to 54.1 (median: 51.9) and 47.1 to
63.2 (median, 51.7), respectively. The difference in the CIA values of
beach sand samples between the two peninsulas is not statistically sig-
nificant (p = 0.484).

Because the calculated CIA median is close to 50, it is interpreted
that chemical weathering at the source has hardly occurred.

The degree of chemical weathering of source rocks can be also
inferred from plagioclase index of alteration (PIA; Fedo et al., 1995).
The PIA value is calculated as PIA = [(Al,O; - K,0)/(Al,0; + CaO* +
Na,0)] x 100, where CaO* indicates the content of CaO in the silicate as
in the above CIA. The fresh plagioclase has a value of ~50, and if the
weathering progresses, the value of PIA gradually increases. The PIA
values of beach sand samples from the Weaver and Barton peninsulas
are 49.5 to 52.5 (median: 50.8) and 46.2 to 60.3 (median: 49.7),
respectively. There is no statistically significant difference (p = 0.287)
between them. It is interpreted that very low occurrence of both glassy
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volcanic rock fragment (Choi et al., 2003) and sedimentary rock frag-
ment may account for very low CIA and PIA values. Given the very
low CIA and PIA values, chemical weathering at the source is consid-
ered to be rare and the environmental conditions of the source region
would have been relatively cold and dry, as well as having relatively
high relief (McLennan et al., 1993).

For reference, the median CIA values of the granodiorite, basaltic
andesite-andesite, lapilli tuff, and Sejong Formation of the Barton Penin-
sulaare 46.9, 45.8-46.1, 58.3, and 60.7, respectively (Lee et al., 2004). As
the CIA values of the beach sand samples of the Barton and Weaver
peninsulas are slightly higher than the CIA values of Barton Penin-
sula bedrocks except for the lapilli tuff and the Sejong Formation, the
studied beach sand samples were derived from bedrocks experienced
very little chemical weathering. The CIA value of the fine-grained sur-
face material of the Barton Peninsula was calculated to be 59.2 (Lee et
al., 2004), indicating that a weaker chemical weathering signature is
registered in the studied beach sand samples. Therefore, it can be con-
sidered that the petrological and geochemical characteristics of the
studied beach sand samples reflect the characteristics of their source
rocks.

Provenance

It is interpreted that volcanic rock was the main source rock of the
studied beach sand samples because the most abundant component of
the sand samples is volcanic rock fragment (>88% of the framework
grains). Most of the volcanic rock fragments are of the lathwork type,
and this texture is frequently observed in intermediate—mafic volca-
nic rocks (Dickinson, 1970). This interpretation is supported by the
fact that almost all of the feldspar grain is composed of plagioclase
although the feldspar content is less than 10% of the framework grains.
Dickinson (1970) reported that feldspar grains derived from volcanic
areas indicate that the plagioclase/total feldspar ratio is 0.75 to 1.00.

The major element content and their elemental ratio are often used
to characterize the provenance (Purevjav and Roser, 2013; Armstrong-
Altrin et al., 2015a, b). The ratio of Al,O5/TiO; in clastic sediments is
considered to be a good indicator of source rock, which rises gradu-
ally from mafic to intermediate, and to acidic igneous rocks (Girty et
al,, 1996; Hayashi et al., 1997). According to Hayashi et al. (1997), Al,Os
is mostly contained in feldspar in igneous rocks, and TiO, is contained in
mafic minerals such as olivine, pyroxene, and ilmenite. The ratio of
Al 05/Ti0, is ~3—8 in mafic rock, ~8—20 in intermediate rock, and
~21-70 in acidic rock. In this study, the Al,Os/TiO, ratio of the beach
sand samples of the Weaver Peninsula is 21.4—25.6, while that of the
beach sand samples in the northwestern beach of the Barton Peninsula is
in the range of 21.3—27.2, and that of the beach sand samples of the
southwestern, southern, and southeastern beaches has a relatively low
range of 11.9-22.1. Based on the ratio of Al,05/TiO,, the northwest-
ern beach sand samples of the Barton Peninsula and the Weaver Pen-
insula beach sand samples are interpreted to have been derived from
acidic source rocks, whose composition is close to the intermediate
composition, whereas those of the southwestern, southern, and south-
eastern beaches of the Barton Peninsula are interpreted to have been
derived from intermediate source rocks. This difference in source rocks
can be explained by the differences in the constituent particles of beach
sand sediments. The beach sand samples from the Weaver Peninsula
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and from the Barton Peninsula northwestern beach have higher con-
tents of plutonic rock fragment and plagioclase than those from other
beaches of the Barton Peninsula, which show higher contents of vol-
canic rock fragment derived from basaltic andesite and andesite than
the former.

The distribution patterns of REE and Eu anomalies are also fre-
quently used to study the provenance of clastic sediments because they
are good indicators to distinguish between mafic and acidic rocks
(Cullers, 1994; Kasper-Zubillaga et al., 2008; Etemad-Saeed et al., 2015;
Lee et al., 2014; Zhang and Gao, 2015). As the beach sand samples from
the Barton and Weaver peninsulas show similar (La/Yb)y to interme-
diate rocks (Condie, 1993), and similar Euw/Eu* to sediments derived
from mafic rocks (Ew/Eu* = 0.71-0.95; Cullers, 1994, 2000; Cullers
and Podkovyrov, 2000), the studied beach sand sediments of the two
peninsulas are interpreted to have been derived from intermediate to
mafic rocks.

Source rock composition has been inferred using the A—CN-K
[A1,O;—(CaO + Na,0)—K,0) plot for the change of whole-rock com-
position centered on the alteration of feldspar and the A—-CNK-FM
[ALO;—(CaO* + Na,0 + K,0)—(Fe,0; + MgO)] plot for the change
of whole-rock composition centered on the change of leucocratic and
melanocratic materials. In Fig. 6, most of the sand samples are found to
be the closest composition to andesite and basalt. The A-CN—K plot is
based on the molar ratios of Al,0;, CaO* + Na,O, and K,O. Pla-
gioclase (P1) is located at 50% of AL,O; on the left side of this triangle
and K-feldspar at 50% Al,O; on the right side of this triangle. The line
connecting these two points is called ‘feldspar join’. The individual
beach sand samples of the Barton and Weaver peninsulas plot near the
feldspar join. They plot close to the plagioclase composition. If the
ladder rule is applied, the composition of the studied beach sand sedi-
ments is considered to contain 90% plagioclase. This indicates that
the beach sand composition of the two peninsulas is interpreted to be
mainly composed of grains derived from basaltic andesite to andesite
with minor grains from granodiorite. This interpretation is further sup-
ported by the following observation. As shown in Fig. 6, two dotted
rays extending from the A-apex through the most weathered sand and

(a) A

100 5

the least weathered sand intersect the plagioclase—K-feldspar tie line,
reflecting the studied beach sands spread from the cluster of unweath-
ered granodiorite and basaltic andesite specimens analyzed from the
Barton Peninsula. This relationship indicates that coarse-grained beach
sand samples are composed of little to weakly weathered detritus, and
therefore, are likely derived mostly from physical weathering.

As the studied beach sand samples from both peninsulas are mostly
composed of volcanic rock fragments, the type of volcanic rocks can
be inferred using the chemical composition of the beach sands. Based
on the diagram using the ratio of SiO, and Na,O + K,0, the source
volcanic rock for the Weaver Peninsula beach sand samples seemed
andesite—dacite, for the northwestern beach sand samples of the Bar-
ton Peninsula seemed dacite, for the western, southwestern and south-
ern beach sand samples of the Barton Peninsula seemed andesite, and
for the southeastern beach sand samples of the Barton Peninsula seemed
dacite (Fig. 7).

Based on the above volcanic rock fragment texture and geochemistry,
it is interpreted that the source rocks of the beach sand samples of both
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Fig. 7. Total alkali versus silica classification scheme of volcanic rocks
(after Le Bas et al., 1986).
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Fig. 6. (a) AL,O;—(CaO+Na,0)-K;0 and (b) Al,0;—~(CaO+Na,0+K,0)—(Fe,0;+MgO) triangle (molar proportions). The relation between the
CIA scale (Nesbitt and Young, 1982) and the triangles is shown on the left side of the diagram. The average compositions of representative
granodiorite (Lee et al., 2001) and basaltic andesite (Yeo et al., 2004) are plotted on (a). Abbrevations: A = Al,O;; CN = CaO + Na,0; K =
K,0; CNK = CaO + Na,0 + K,0; FM = Fe,0;+ MgO; IL = illite; Mu = muscovite; Pl = plagioclase; Ks = alkali feldspar; Fs = feldspars; Ka

= kaolinite; Gi = gibbsite; Bi = biotite; Gt = garnet.
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peninsulas were mostly intermediate volcanic rocks, probably andesite.

Tectonic setting

Based on the constituent particles of the beach sand samples, the
source tectonic setting is interpreted to be the undissected-arc setting
(Fig. 3) when plotted on the ternary diagram of Dickinson (1985).
This interpretation is supported by the results of the tectonic setting
discrimination using geochemical composition of sediments. Using the
major elemental composition of the sediments, Verma and Armstrong-
Altrin (2013) divided the clastic sediments into high silica and low sil-
ica groups and proposed two multi-dimensional diagrams for discrim-
ination of tectonic setting. The classification of the clastic sediments
by the silicon dioxide content is based on the recalculated volatile-
free silicon dioxide content (referred to as the adjusted silicon dioxide
content) of the sediments. When the adjusted silicon dioxide content
is between 63% and 95%, the sediment belongs to the high silicon
dioxide group, whereas the low silicon dioxide group sediments are
defined when the adjusted silicon dioxide content is between 35% and
63%. These multidimensional diagrams have been well applied in recent
studies to infer the tectonic setting of clastic sediments (Armstrong-
Altrin, 2015; Armstrong-Altrin et al., 2014, 2015a; Zaid and Gahtani,
2015). In this study, six sand samples from the northwestern beach,
and two samples from the southeastern (2) beach and one sample
from the southern beach of the Barton Peninsula belong to the high
SiO, group, and all sand samples from the Weaver Peninsula (6) and
five sand samples from the northwestern, two samples from the south-
western beach, and five sand samples in the southern beach of the Barton
Peninsula corresponded to the low SiO, group. In the multi-dimen-
sional diagrams (Fig. 8) of Verma and Armstrong-Altrin, regardless of
the SiO, content all the studied beach sand samples plot in the volca-
nic arc field.

Comparison Between Provenance Interpretation and
the Geology of the Barton and Weaver Peninsulas

In the modal composition, the constituent particles of the studied
beach sand samples were observed in abundance in the order of volca-
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nic rock fragment, altered grains, and plutonic rock fragment. According
to the provenance interpretation based on the modal composition of
the beach sand samples of the Barton and Weaver peninsulas, the bed-
rock of the King George Island seems to be composed of volcanic
rocks, altered volcanic rocks, plutonic rocks, and minor sedimentary
rocks in that order. Based on the geochemical composition of the beach
sand samples, the source rocks for the Weaver peninsula and the
northwestern beach of the Barton Peninsula were acidic—intermedi-
ate rocks formed in the volcanic arc environments, and for the south-
western to southern beaches of the Barton Peninsula were mainly
intermediate rocks also in the volcanic arc environments. The intermedi-
ate rocks are inferred to be andesite and basaltic andesite. The infor-
mation about the provenance and tectonic setting inferred from
petrography and geochemistry is in close agreement with the current
bedrock geology and tectonic setting of King George Island. Thus,
this study supports previous researches that provenance can be interpreted
using modal composition and geochemical composition of siliciclas-
tic sediments.

Based on the geology of the ice-free areas of the Barton and Weaver
peninsulas, most of the rock fragments in the beach sand sediments
are interpreted to have been derived from basaltic andesite—andesite,
granodiorite, and altered rocks. However, if we look more closely,
there exist some regional differences in modal composition between
the two groups of beach sands. The modal composition of the sands of
the Weaver Peninsula beach and the northwestern beach of the Bar-
ton Peninsula differs from that of the southwestern to southeastern
beaches of the Barton Peninsula. Besides the volcanic rock fragment,
the former beach sands are relatively rich in plagioclase and plutonic
rock fragment with relatively high content of sedimentary rock frag-
ment and quartz. On the other hand, the latter beach sands contain abun-
dant volcanic rock fragment and altered grains but very low quartz
and plagioclase content. In the case of heavy minerals and other com-
ponents, their content is very low and thus there is no obvious trend.

Volcanic rock fragment of the beach sands of the Barton Peninsula
can be interpreted to have originated from the widely distributed vol-
canic rocks in the ice-free areas of the peninsula. However, in the case
of the Weaver Peninsula, most of the ice-free areas are composed of
the Sejong Formation, and the volcanic rock is distributed less than 1/
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Fig. 8. Plot of beach sand samples from the Weaver and Barton peninsulas in discriminant-function multidimensional diagrams for (a) low-
silica and (b) high-silica clastic sediments (after Verma and Armstrong-Altrin, 2013). The subscript m1 in DF1 and DF?2 represents the high-

silica and low-silica diagrams based on loge ratios of major elements.
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7 of the ice-free area. The median value of volcanic rock fragment in
the Weaver Peninsula beach sands accounts for 61% of the frame-
work grains, making it difficult to interpret that the observed volcanic
rock fragments were derived from such small volcanic rock outcrops
exposed in the ice-free area on the peninsula. The volcanic rock frag-
ments of the Weaver Peninsula beach sands were probably derived from
fresh and altered volcanic rocks that might have been distributed in a
much larger area than they are now, suggesting that they were derived
from volcanic rocks underneath Sejong Ice Cap.

The bedrocks distributed in the Barton Peninsula have undergone
extensive hydrothermal alteration due to the intrusion of granodiorite.
The degree of alteration is higher in the north of the granodiorite plu-
ton in the ice-free areas and is predominated by the sericitization and
silicification (Hwang, 1998; Hur et al., 2001). However, the altered
grain content in the southwestern and southeastern beaches is higher
than that in the northwestern beach. Considering that the hydrother-
mally altered rocks are mainly distributed in the northwestern part of
the Barton Peninsula, this observation suggests that the distribution of
altered grains in the southern beaches were not derived from the
altered bedrock distributed in ice-free areas of the Barton Peninsula,
but were transported by southward-flowing Sejong Ice Cap from the
altered volcanic rocks underneath it.

According to the geological map, source rocks that can provide plu-
tonic rock fragment, plagioclase, and quartz grains in the studied
beach sands is likely to be granodiorite distributed in the northwestern
part of the Barton Peninsula. The sand samples from the northwestern
beach of the Barton Peninsula are characterized by high proportion of
plutonic rock fragment, plagioclase, and quartz grains and their con-
tent decreases drastically to the southwestern, southern, and southeastern
beaches in that order. Accordingly, these grains were likely to have been
derived from granodiorite exposed in the nearby ice-free areas. This
interpretation is supported by westward glacial flows on the Barton
Peninsula with some toward south in the southeastern part inferred
from striations formed on surface of the roche moutonnees (Seong et al.,
2009). However, it is difficult to argue that those sands of the Weaver
Peninsula beach and the southern beaches of the Barton Peninsula
were derived from the nearby basement rocks currently exposed in the
ice-free areas of the two peninsulas. On the Weaver Peninsula the Sejong
Formation is mainly distributed with small distribution of volcanic
rocks and diorite and in the southern Barton Peninsula volcanic rocks
are mainly distributed in the nearby ice-free areas. Other than the gra-
nodiorite pluton of the Barton Peninsula, the probable source of these
acidic-intermediate pluton-derived grains could be the northern coast
of the Antarctic Peninsula where crystalline rocks are distributed (Choi et
al., 2003). However, the possibility of sand transport from this area to
the studied beaches is very unlikely because these grains have to be
transported across the deep Bransfield Strait locating between King
George Island and the Antarctic Peninsula.

Sejong Ice Cap draining into Marian Cove deliver icebergs during
the summer months (Yoon et al., 1998). Considering that at present
granodiorite on the northwestern Barton Peninsula seems the only source
rock for plutonic rock fragment, plagioclase, and quartz grains, it is
interpreted that these grains were supplied from the granodiorite when
it was exposed due to the retreat of Sejong Ice Cap. Since then icebergs
calved from the northwestern coast of the Barton Peninsula where
granodiorite is distributed were drifting along the coast due to the

influence of predominant winds and supplied these granodiorite-derived
components. As a cyclonic circulation is generated when the north-
westerly is predominant, icebergs carrying granodiorite debris might
have been drifted across the cove and then stayed long along the coast
of the Weaver Peninsula where they dropped sediments when melt-
ing. After the front of the tidewater glacier retreated past the eastern
end of the granodiorite body, shorefast sea ice that is attached to the
granodiorite might have taken over the role of icebergs until today.
This interpretation is supported by the occurrence of granodiorite-
derived sand grains in the Weaver Peninsula more in the beach on the
Marian Cove side than in the beach on the Maxwell Bay side. If this
interpretation is accepted, the supply of granodiorite-derived sand
grains to the present-day Weaver Peninsula beaches may have started
in the mid-18th century or earlier considering the slower rate of ice
cliff retreat than in recent years. The icebergs and sea ice are, how-
ever, generally small and depleted in clasts and thus it is less likely
that these grains were supplied by icebergs and/or shorefast sea ice
that were attached to the granodiorite on the northwestern Barton Pen-
insula.

Alternatively and more likely, plutonic rock fragment and pla-
gioclase grains were derived from the Weaver Peninsula itself. Given
the very low quartz grain content (~3.4% of framework grains), these
grains may have been derived from plutonic rocks with intermediate
composition. Direction of glacial flows on the Weaver Peninsula was
toward south (Seong et al., 2009), suggesting that these grains might
have been transported by advancing Sejong Ice Cap. In addition to the
small outcrop of diorite presently exposed in the Weaver Peninsula,
plutonic rocks with intermediate composition are likely to be distrib-
uted under the glacier, following the same argument for the altered
grains.

Raised beaches are common around the coasts of the Barton and
Weaver peninsulas where several levels have been recognized with an
elevation mostly ranging from 3 to 12 m, with the highest raised
beach at 54 m in elevation near the Winship Point located at the south-
eastern tip of the Barton Peninsula (Sugden and John, 1973). These
raised beaches are thought to reflect local glacio-isostatic uplift as the
ice cover thinned and withdrew. The oldest ages of raised beaches in
Maxwell Bay are optically stimulated luminescence ages of 1.7-2.2
ka at an elevation of 11 m (Simms et al., 2011).

The presence of intermediate pluton-derived sand grains and
hydrothermally-altered grains in the sand deposits of the Weaver Pen-
insula beaches and the southern beach of the Barton Peninsula pro-
vides a clue that these sand grains were not originated from bedrocks
exposed on current ice-free areas of both peninsulas. Instead, these
sand grains are interpreted to have been subaqueous moraines that
were eroded from plutonic rocks and associated hydrothermally altered
volcanic rocks that were present in the subglacial basement during
glacial advance. The accumulation of these subaqueous moraines is
believed to have occurred before the LGM or during the Neoglacial cold
event of late Holocene. These subaqueous moraines became uplifted
and exposed to the present beach environments due to the glacio-iso-
static uplift of King George Island including the two peninsulas. Con-
sidering that the Marian Cove Glacier started to retreat around 1.7 ka
and Marian Cove began to open (Simms et al., 2011), it is likely that
the present beach sediments of the Barton and Weaver peninsulas
probably formed post 1.7 ka.
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Conclusions

The beach sand sediments of the Barton and Weber peninsulas
were mainly derived from basement rocks distributed in the both ice-
covered and ice-free areas of the two peninsulas. The studied beach
sand sediments of the both peninsulas are predominantly composed of
volcanic-rock fragment, followed by altered grain and plutonic rock
fragment in that order. These beach sands may have been originated
from basaltic andesite—andesite distributed in the ice-free areas of the
Barton and Weaver peninsulas and granodiorite of the Barton Penin-
sula. According to the geochemistry of the beach sand sediments of
the two peninsulas, most of the sand samples are interpreted as origi-
nating from intermediate rocks that have experienced little chemical
weathering. Taking together the modal composition and geochemical
composition of the beach sand samples, the tectonic setting of the
source area is interpreted as a magmatic arc setting. This interpreta-
tion is consistent with the geology and tectonic setting of King George
Island at present. However, the sand samples of the southern beach of
the Barton Peninsula and the Weaver Peninsula beach may not have
been derived directly from basement rocks currently exposed in the
ice-free area of the corresponding peninsula, but were subaqueous
moraines derived from erosion of ice-covered subglacial basement
rocks and transported to the submerged glacier grounding line prior to
deglaciation. In addition, sand sediments derived from wave erosion
of basement rocks of paleoshoreline may have been mixed with these
moraines. After the deglaciation, King George Island became uplifted
and the current coastline was formed and the studied beach sediments
are interpreted as being reworked under the current conditions. Thus,
the present beach sand sediments of the Barton and Weaver peninsu-
las were originally accumulated in the shallow fjord in Maxwell Bay
and were uplifted, and thus are interpreted as palimpsest affected by
waves and tides in the present beach environments.
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