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Abstract

The cryosphere in the McMurdo Sound region has undergone significant modifications during the last 1 Ma. Consequently, the sed-
imentary sequences underlying the modern McMurdo Ice-Shelf provide geological data to reconstruct variations in transport and
depositional mechanisms of terrigenous material due to variations in ice sheet extension, grounding line position and main ice-
stream flow directions during glacial and interglacial periods. The present study aims to investigate the clay and heavy mineral as-
semblages of the late Pleistocene subglacial and glaciomarine sediments recovered during the ANDRILL-McMurdo Ice Shelf Proj-
ect in Windless Bight (South of Ross Island). The analyses show that the sediments are a mix of detritus from the McMurdo Volcanic
Group (MVG) and the Transantarctic Mountains (TAM) from the south and west. MVG-derived minerals prevail with respect to
TAM-derived minerals. The down-core mineralogical variations are determined by changes in the source rocks and the sedimen-
tary processes. Sediments at the drill site are nourished by ice coming from the South which delivered rocks from the McMurdo Vol-
canic region; the enrichment of a TAM component in massive diamictites testifies that the ice sheet collected debris from the Trans-
antarctic Mountains. When open marine conditions prevailed, only sediments from a local source (i.e. McMurdo volcanics) were

deposited.

Keywords: provenance, clay minerals, heavy minerals, ANDRILL, Ross Sea, Antarctica

1. Introduction

The mineralogy of glacial and glaciomarine sediments de-
posited on the Antarctic continental margin is a power-
ful tool to understand the subglacial and glaciomarine pro-
cesses which occur in subglacial, ice shelf, and open ocean
environments.

Physical weathering and erosion on land produce min-
eral associations which reflect the composition of the source
rocks. Since cold and arid climatic conditions prevailed from
at least the Pliocene, clay mineral variations in Pleistocene
Antarctic marine sediments directly indicate changes of the
source areas which in turn mirror the glacial dynamics on
the continent (Ehrmann et al., 1992; Petschick et al., 1996; Eh-
rmann, 1998; Lucchi et al., 2002; Hillenbrand and Ehrmann,
2005; Damiani et al., 2006). Heavy mineral assemblages in
Antarctic marine sediments can also be successfully used
to identify different source areas and to reconstruct the dy-
namics of ice sheets (Angino and Andrews, 1968; Ehrmann
and Polozek, 1999; Polo, 2000; Neumann, 2001; Dami-
ani and Giorgetti, 2008). The aim of this paper is to recon-
struct the ice dynamics in the McMurdo region (western
Ross Sea) through an integrated clay and heavy mineral
study of Pleistocene sediments from a core collected beneath
the McMurdo/Ross Ice Shelf in Windless Bight, south of
Ross Island (Naish et al., 2007). This core (AND-1B) recov-
ered a geological record which allows to decipher Antarctic
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climatic, glacial and tectonic history during the last 13 Ma.
The sediments from AND-1B record the repeated advance
and retreat of grounded ice, and the information obtained
from their study will contribute to a better understanding of
the dynamics of the Antarctic Ice Sheet (AIS) and the Ross
Ice Shelf/Sheet system (Naish et al., 2007). During the Plio-
cene, the Ross ice sheet is considered to be dynamic, and ice-
free conditions may have prevailed in the Ross Embayment
(Barrett and Orombelli, 1999; Naish et al., 2007). From the
Middle Pleistocene to present the ice sheet became stable un-
der colder conditions (Barrett and Orombelli, 1999; Naish et
al., 2007). However the dynamics of the Ross ice sheet dur-
ing the Quaternary remain unclear.

Since detrital minerals mirror the nature of the source
areas, their variations in sediments deposited in this key-
area provide a record of the evolution of the Ross ice sheet/
shelf, which will allow to reconstruct the dynamics of the ice
masses. In this frame, we focus our study on the upper part
of the core which is younger than 1 Ma in order to improve
the understanding of the Late Pleistocene variation in ice dy-
namics in the McMurdo area.

2. Regional setting
The McMurdo Ice Shelf (MIS) project drill site (Naish et al.,

2007) is located in Windless Bight under the McMurdo-Ross
ice shelf (MRIS) (Figure 1). Almost two-third of the Ross ice
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Figure 1. Map of the McMurdo Sound
area. The filled grey square on Antarctica
refers to the enlarged picture.

Dot: drill site.

MRSI: McMurdo/ Ross ice shelf.

TAM-SVL: Transantarctic Mountains —

Southern Victoria Land.

F: Ferrar Glacier;

B: Blue Glacier;

K: Koettlitz Glacier;

S: Skelton Glacier;

M: Mulock Glacier;

BP: Brown Peninsula;

WI: White Island;

BI: Black Island;

ME: Mt Melbourne;

MB: Mt Terror;

MB: Mt Bird.

Koettlitz Group mainly outcrops be-

tween the Skelton and the Koettlitz area.

Lines indicate the modern ice flow (see

[Bentley, 1998; Denton and Hughes,

2000).

McMurdo Volcanic Group

Beacon Supergroup & Ferrar

Dolerites - Koettlitz Group

Granite Harbour Intrusives

shelf is nourished by ice streams draining the West Antarctic
Ice Sheet (WAIS); however, south of Ross Island, East Ant-
arctic discharge feeds the MRIS (Bentley, 1998). The Koettlitz
Glacier flows into the MRIS west of Brown Peninsula. The
Skelton and the Mulock glaciers terminate south of Minna
Bluff. According to Kellogg et al. (1996) and Denton and
Hughes (2000, 2002), ice from Mulock Glacier flew around
Minna Bluff before being advected in Southern McMurdo
Sound during the Last Glacial Maximum; Koettlitz Glacier
withdrew behind its present position; ice flew down Ross Is-
land towards the north and south-west. At present, with the
ice shelf grounded south of Minna Bluff, glaciers from the
Transantarctic Mountains (TAM), such as Koettlitz, Blue and
Ferrar glaciers, discharge into McMurdo Sound.

The geology of the area surrounding the AND-1B drill site
has been the subject of numerous papers (Sandroni and Ta-
larico, 2006, and bibliography therein). In a regional frame-
work, Cenozoic sub-alkaline volcanic rocks of the McMurdo
Volcanic Group (MVG) (Kyle, 1990) constitute Ross Island
to the East, White Island and Black Island, Brown Peninsula
and Minna Bluff to the South (Figure 1). Mt. Erebus, an active
volcano, Mt. Bird and Mt. Terror are the main volcanic cen-
ters on Ross Island. The lavas range from basanite to pho-
nolite; phenocrysts in these volcanic rocks are anorthoclase,

olivine, titanomagnetite, various spinels, plagioclase, kaersu-
tite, titanoaugite, and a rare Ti-rich silicate (rhonite) (Kyle and
Price, 1975). The volcanic centers of White Island, Black Island
and Brown Peninsula erupted basanites, phonolites, trachy-
basalts, and trachytes (LeMasurier and Thomson, 1990) with
olivine, kaersutite, titanoaugite, plagioclases, and various ox-
ides as seriate phenocrysts. West of the drill site, the TAM
in southern Victoria Land are built up by a Late-Proterozoic
crystalline basement (BC) intruded by magmatic rocks of the
Granite Harbour Intrusive Complex (GHI) (Smillie, 1992, and
references therein). North of Koettlitz Glacier, the crystalline
basement consists of metasedimentary rocks of greenschist-
amphibolite facies and marbles (Koettlitz Group). Biotite-
garnet schists, amphibolites, gneisses, and diopside/grossu-
lar-bearing marbles are the dominant rock types (Blank et al.,
1963; Findlay et al., 1984). Limestones, argillites, conglomer-
ates, calcsilicates, and basaltic pillow lavas metamorphosed
at very-low metamorphic grade outcrop in the Skelton-Mu-
lock Glacier area (Cook and Craw, 2002). Paleozoic-Mesozoic
rocks overlie the basement rocks: siltstones and arkoses of De-
vonian-Jurassic age (Beacon Supergroup, BS) (Harrington,
1965) are intruded by Jurassic dolerites (Ferrar dolerites) of
the Ferrar Supergroup, which also includes tholeiitic basalts
(Kirkpatrick basalts) (Gunn, 1962; Brotzu et al.,, 1988). The
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Figure 2. Down-core variations of clay mineral contents in the AND-1B core. A schematic lithological core log is reported (modified from Krissek and
the ANDRILL-MIS Science Team, 2007). s.d.: stratified diamicton; v.s.: volcanic sand; m.: mudstone (w/o disperse clasts); m.d.: massive diamicton; t.:
tephra layer; d.: diatomites (with mudstone). mbsf: meters below sea floor. Dashed lines indicate the Glacial Surfaces of Erosion (GSE).

doleritic sills intrude both the BS and pre-Devonian basement
rocks. Augite, pigeonite, orthopyroxenes, plagioclase are the
main mineral phases in the sills (Elliot et al., 1995).

3. Material and methods

The AND-1B core (Figure 1) was drilled during the aus-
tral summer 2006/ 07 through an 82 m thick ice-shelf; the MIS
drill site is situated South of Ross Island (77.89°S, 167.09°E)
in a basin that formed in response to Quaternary volcanic
loading by Ross Island, superimposed on regional subsid-
ence associated with Neogene extension (Naish et al., 2007).
The 1284.84 m-long core recovered a non-continuous Pleis-
tocene-Miocene sequence comprising subglacial, glacioma-
rine, volcanogenic and biogenic sediments. A felsic tephra
at 85.5 m below sea floor (mbsf) has been dated at 1.014 Ma
(Wilson and the ANDRILL-MIS Science Team, 2007); this da-
tum coupled with preliminary paleontological and magne-
tostratigraphic data indicate that the upper ca. 85 m of the
core is of Quaternary age. The sediments mainly comprise
massive diamictites attributed to subglacial deposition (see
Krissek and the ANDRILL-MIS Science Team, 2007); strati-
fied diamictites are interpreted to record both subglacial de-
position and sub-ice shelf sedimentation associated with
debris-flow deposition, rainout of basal debris, reworking
by marine currents and glacial outwash. Mudstones with-
out dispersed clasts and volcanoclastic sandstones record a
hemipelagic sedimentation in a marine environment either
distal or proximal from the grounding line. Below 82 mbsf in
situ volcanic deposits and diatomites associated with mud-
stones occur; these deposits are interpreted to record pelagic

sedimentation in an open marine environment (Krissek and
the ANDRILL-MIS Science Team, 2007).

Based on core description, the ANDRILL sedimentol-
ogy team (Krissek and the ANDRILL-MIS Science Team,
2007) proposed a lithostratigraphic interpretation. Above
82.47 mbsf the core is dominated by diamictites intercalated
by thin sequences of mudstones, volcanic sandstones, and
conglomerates. The diamictite is massive to stratified (in the
upper part) and records periods of grounded ice with epi-
sodes of proximal glaciomarine sedimentation (Figure 2)
(McKay et al., 2009). Below 82.74 mbsf, the core recovered
sandstones, mudstones, diatomites and diamictites with
variable volcanic content; the diamictite is overlain by mud-
stones and biosiliceous mudstones which represent an ice
distal (proglacial) and seasonal open marine setting. Several
unconformities have been recognized throughout the core
and they have been interpreted as Glacial Surfaces of Ero-
sion (GSE) (Krissek and the ANDRILL-MIS Science Team,
2007); they are interpreted as boundaries of facies sequences
which represent repeated grounded-ice advance and retreat
across the continental shelf. In the upper part of the core,
eight GSE have been reported (Figure 2).

Since we focus our research on the Late Pleistocene sec-
tion, we sampled the upper 90 m of the core. A total of 47
samples have been processed. We avoided to sample volca-
nic rocks and tephra.

The clay fraction separation and analyses were per-
formed following standard procedures (Ehrmann et al,
1992; Petschick et al, 1996). XRD measurements were con-
ducted with an automated Philips PW1710 powder diffrac-
tion system, using CuKa radiation (40 kV, 40 mA). Each sam-
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Table 1. Clay and heavy minerals from AND-1B core assigned to their likely source
area.

Mineral Source rocks Provenance
Illite Granitoids (Granite-Harbour Intrusive Complex),

metasediments (Koettlitz Group) TAM-BC
Smectite Volcanic rocks (McMurdo Volcanics), Ferrar

dolerites (Ferrar Group) MVG-FG
Chlorite Granitoids (Granite-Harbour Intrusive Complex),

metasediments (Koettlitz Group) TAM-BC
Kaolinite Sedimentary rocks (Beacon Supergroup) TAM-BS
Olivine Alkali volcanic rocks (McMurdo Volcanics) MVG
Titanaugite Alkali volcanic rocks (McMurdo Volcanics) MVG
Low-Ca Augite  Ferrar dolerites (Ferrar Group) TAM-FG
Enstatite Ferrar dolerites (Ferrar Group) TAM-FG
Glass Volcanic rocks (McMurdo Volcanics) MVG
Kaersutite Trachytes, basalts and trachyandesites (McMurdo

Volcanics) MVG
Hornblende Amphibolites (Koettlitz Group); granitoids

(Granite-Harbour Intrusive Complex) TAM-BC
Garnet Metasediments and marbles (Koettlitz Group) TAM-BC
Apatite Angular: basalts and phonolites (McMurdo Volcanics) MVG

Rounded: sedimentary rocks (Beacon Supergroup) ~ TAM-BS
Titanomagnetite Basalts and phonolites (McMurdo Volcanics) MVG

Table 2. Representative, qualitative chemical analyses of the main silicates in the
heavy mineral sand fraction from MIS samples.

Olivine  Cpx Cpx Opx Kaers  Hbl  Grt Grt
(MGV) (MGV) (TAM) (TAM) (MGV) (TAM) (TAM) (TAM)

Si0, 3962 4888 5275 55633 417 4823 3881 41.65
Tio, 019 257 055 035 377 069 092 028
Al,O, 023 671 229 147 1494 11.08 206 23.04
FeO 1584 589 102 1082 1232 147 1495 20.07
MnO 052 016 087 072 038 065 063 085
MgO 4277 1445 1274 2828 1162 1206 246 11.79
Ca0 036 2092 19.2 235 991 923 1967 19

Na,0 037 042 124 044 44 242 107 023
K,0 0.1 0 017 023 094 095 089 0.18

2

Si 1 1.8 2 6 6.9 3 3.1
Al 0 0.3 0.1 0.1 2.6 1.9 1.9 2
Ti 0 0.1 0 0 04 0.1 0.1 0
Fe 0.3 02 0.3 0.3 1.5 1.8 1 1.2
Mg 1.6 0.8 0.7 1.5 25 2.6 0.3 1.3
Mn 0 0 0 0 0.1 0.1 0 0.1
Ca 0 0.8 0.8 0.1 1.5 14 1.6 02
Na 0 0 0.1 0 1.2 0.7 0.2 0
K 0 0 0 0 0.2 0.2 0.1 0
0 4 6 6 6 23 23 12 12

MVG = McMurdo Volcanic Group; TAM = Transantarctic Mountain; FG = Ferrar
Group; BC = Basement Complex; BS = Beacon Supergroup.

ple was analyzed between 2° and 40°26, with a step size of
0.02°20, in the air-dry state and after ethylene glycol solva-
tion. Additionally, a slow scan, between 23° and 25.5°20, with
a step size of 0.005°20, was performed on the glycolated sam-
ples to obtain a better resolution of the chlorite-kaolinite
twin peaks. Diffractograms were processed using the “Mac-
Diff” software (Petschick, University of Frankfurt, Germany,
http:/ /servermac.geologie.uni-frankfurt.de/Staff/ Homep-
ages/Petschick/RainerE.html#MacDiff ) to determine the
abundance of the main clay minerals (smectite, illite, chlorite
and kaolinite) using the weighting factors of Biscay (1965). Clay
mineral percentage standard deviations were calculated using
results of ten diffractograms obtained from ten oriented mounts
prepared from one single sample. Standard deviations are: il-
lite + 1%, smectite + 1%, chlorite + 2.5% and kaolinite + 2%.

The heavy mineral separation from the medium-fine sand
fraction was carried out in a centrifuge using a sodium poly-
tungstate solution with a density of 2.93 g cm™® (Callahan,
1987). The heavy mineral types occurring in the samples were
recognized under the optical microscope. Then heavy miner-
als from each sample were mounted onto a glass slide, car-
bon coated and viewed using a scanning electron microscope
(Philips XL30 SEM) equipped with an energy dispersive X-ray
detection system (EDAX). Following the method proposed
by Hanan and Totten (1996), we determined each mineral
through semiquantitative chemical analyses. The grain mor-
phology allows to establish the crystallinity versus glassy na-
ture of the grains; the chemical analyses allows to determine
the mineral composition, making it possible to refine the dis-
tinction among pyroxenes (Fe-Mg pyroxenes, diospide, Ti-
tanoaugites), amphiboles, oxides. The abundance of each min-
eral was calculated as a percentage of the total grains (n = 250)
counted for each samples. Errors were estimated from re-
peated measurements (1 = 3) on three separates and they are
always lower than 5%. Semi-quantitative chemical analyses
for each mineral species have been obtained; although the er-
rors are higher than the errors for analyses obtained on a pol-
ished mineral surface, the analyses can be compared and they
are representative of compositions for each mineral species.
Although semiquantitative, EDS analyses rarely lead to mis-
classification of grains. As an example, since SEM does not
provide structural information, mis-classification can occur

Analyses are given in oxide wt.% and recalculated on the basis of negative charges
(indicated by the O number). MGV: Mcmurdo Volcanic Group; TAM: Transantarctic
Mountains; Cpx (MGV): Ti/Al rich clinopyroxene from volcanic rocks of the Mcmurdo
Volcanic Group; Cpx (TAM): clinopyroxene from the Ferrar dolerites cropping out in
the Transantarctic Mountains; Opx (TAM): Mg-rich pyroxene from the Ferrar dolerites
cropping out in the Transantarctic Mountains; Kaers (MGV): Ti-rich amphibole from
volcanic rocks of the Mcmurdo Volcanic Group; Hbl (TAM): hornblende from the Fer-
rar dolerites cropping out in the Transantarctic Mountains; Grt (TAM): garnets from
the medium grade metamorphic rocks cropping out in the Transantarctic Mountains.

when glass fragments have a similar composition to feldspars;
however, this is not our case: feldspars and alkaline glass are
not comprised in the heavy mineral group.

Discriminant function analysis (DFA) determines a linear
combination of variables (in this study, clay and heavy min-
eral contents). Variation of one or more of these variables al-
low the discrimination of predetermined groups that were de-
fined following the facies description given by the ANDRILL
sedimentology team (Krissek and the ANDRILL-MIS Science
Team, 2007). The computer program Discriminant of the SPSS
10.0 software package allows the linear combination of vari-
ables; these discriminant functions can be used to determine
the likelihood of classification of the samples into the pre-de-
fined groups. Variables that best discriminate between groups
have been determined (Stokes and Lowe, 1988).

4. Results
4.1. Clay minerals

The major clay minerals in the Pleistocene section of the
AND-1B core are illite and smectite. Chlorite is rarely more
than 25% and kaolinite is absent or present in trace amounts
(< 7%). 1llite content ranges between ca. 30 and 80% and it is
negatively correlated (R? = - 0.86) with smectite.

Figure 2 shows the down-core clay mineral variations. Be-
tween 9.9 and 30.11 mbsf illite decreases while smectite and
chlorite increase; however, only three samples were taken
from this interval. Between 31 and 49.5 mbsf illite and smec-
tite contents show strong fluctuations, but illite is always
lower than 60% and smectite often higher than 30%; chlorite
content usually ranges between 15 and 30%. Below 50 mbsf,
illite content is higher than 60%, whereas smectite is lower
than 30%; both minerals show less pronounced fluctuations
with respect to the upper section. Chlorite varies between 10
and 25%. Kaolinite is higher in the lower section.
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Figure 3. SEM-BSE images of the most
abundant heavy minerals recovered in the
AND-1B samples.

a: ca. 50 pm large olivine (Ol) crystal with
smaller olivine, titanomagnetite (Ti—
Mag) and clinopyroxene (Cpx) crys-
tals growing on the top of it (MVG
provenance);

b: euhedral Ti— Al rich clinopyroxene
crystal (MVG provenance);

c: a volcanic rock fragment (MVG prov-
enance) comprised of vescicular glass
(gl), olivine (Ol) and titanomagnetite
(Ti—Mag);

d: euhedral apatite crystal (Ap; MVG
provenance);

e: arounded garnet crystal (Grt) with visi-
ble crystal faces (TAM provenance);

f: a sub-rounded pyroxene crystal with
smooth edges and visible cleavage
planes (TAM provenance);

g: rounded orthopyroxene crystal (Opx)
with smooth edges and visible cleavage
planes (TAM provenance);

h: a sub-angular apatite crystal showing
fracture plates (white arrows) (TAM
provenance).

In Pleistocene Antarctic (< 1 Ma) marine sediments, detri-
tal clay minerals are considered to indicate source rocks, as
well as transport and depositional mechanisms (Ehrmann et
al,, 1992; Diekmann et al., 1999). In the Ross sea sediments,
smectite derives from weathering of volcanic rocks (Chamley,
1989; Ehrmann et al., 1992). The most probable source rocks
are the lavas of the MVG (Table 1), but dolerites and basalts
from the Ferrar Supergroup may be a source, too. Illite (i.e.,
biotite and muscovite) and chlorite derive from the physical
degradation of rocks rich in these two phases such as meta-
morphic and intrusive felsic rocks. Muscovitic illites can also
form as alteration of alkali feldspars and plagioclase in intru-
sive and volcanic rocks. Schists, amphibolites, gneisses of the
Koettlitz Group and granites s.1. of the GHI complex represent
the source rocks for illites and chlorite (Table 1). In the present
Antarctic environment kaolinite, which forms from intense
chemical weathering of parent rocks, represents the product
of reworking of older sediments and soils. It is present in sed-
imentary rocks of the Beacon Supergroup which are the most
probable source for this mineral (Table 1).

4.2. Heavy minerals

The heavy mineral assemblages are dominated by olivine
and pyroxenes, whereas amphiboles, spinels, other Fe-ox-
ides, and stable minerals (epidote, garnet, apatite, alumino-
silicates) are present in minor amounts only.

Olivine grains have a homogeneous, Mg-rich (Fo,, see
Table 2) chemical composition. They often occur as euhedral
crystals (Figure 3a) rarely showing hacksaw terminations
which indicate corrosion.

Pyroxenes can be divided into three main groups con-
sidering their chemical composition. Titanoaugites (Table
2, Figure 4) are the most abundant pyroxenes and occur as
euhedral crystals of variable size (Figure 3a, b).

Low-Ca augites and enstatitic orthopyroxenes (Table 2,
Figure 4) usually show a rounded/sub-rounded shape with
smooth edges and clearly visible cleavage planes (Figure 3f, g).

Glass is commonly excluded from the heavy mineral
group; yet in the present study, vesicular glass fragments
have been found and counted, because they are associated
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McMurdo
Volcanic Group

CaMgSiO, CaFeSiO,

Ferrar Group

MgSiO, FeSiO,

Figure 4. Chemical compositions of pyroxenes from the MIS samples.
Fields representing chemical composition of pyroxenes from the Mc-
Murdo Volcanic Province (after Gamble et al., 1986) (dark grey) and
from the Ferrar Province (after Haban and Elliot, 1958) (light grey).
Open circles: Ti-Al rich clinopyroxenes from the MGV; crosses: clino-
pyroxenes from the Ferrar Group; filled diamonds: Mg-rich pyroxenes
from the Ferrar Group.

with or include heavy mineral phases such as titanomagne-
tite, olivine, pyroxene (Figure 3c).

Two types of amphiboles have been distinguished: kaer-
sutite and common hornblende (Table 2).

Garnet grains have a chemical composition varying from
the pyrope-almandine member to grossular (Table 2). They
occur with rounded/sub-rounded shapes and smooth edges
(Figure 3e). Apatite grains occur with two types of morphol-
ogy: euhedral crystals (type 1) and sub-rounded/sub-an-
gular-shaped crystals with fracture plates (type 2) (Figure
3d, h). An aluminosilicate (kyanite, sillimanite, andalusite)
has been also recognized. Rhonite grains are rare, but occur
throughout the core, whereas magnesite was found only in
two samples at 68 and 69 mbsf.

Figure 5 shows the down-core variations of the main
heavy mineral phases counted in the core. The stable min-
eral group comprises garnets, apatite, sphene, alumino-
silicates, zircon, and rutile; these last two phases are ex-
tremely rare. Based on olivine, titanoaugite, kaersutite, and
spinel (mainly titanomagnetite) contents the core can be di-
vided into two sections. The upper part (down to 49.5 mbsf)
is characterized by percentages of olivine and titanoaugite
between 20 and 45%; spinel content reaches up 20%, but is
mainly around 10%. Below 49.5 mbsf titanoaugite becomes
the most abundant phase with values between 32 and 65%
with only one exception (sample at 85.01 mbsf). Low-Ca au-
gites and orthopyroxenes show contents which do not ex-
ceed 20 and 10%, respectively, down to 49.5 mbsf. The sam-
ple at 42.48 mbsf has an anomalously high (28%) content of
augite for this interval. Notably, this sample is the one with
the highest content of type 2 apatite grains. Below 58 mbsf,
the content of these two pyroxenes, although variable, is on
average higher with respect to the upper section; it decreases
from ca. 80 mbsf down to 90 mbsf. Stable minerals are scarce
throughout the core. Their content is lower than 5% from
the top to 49.5 mbsf and from 80 to 90 mbsf, but increases
slightly between 58 and 80 mbsf.

Heavy minerals are sensitive indicators of provenance
but weathering in the source areas, transportation, deposi-
tion and diagenesis can mask the provenance signal (Mor-
ton, 1985). However, Pleistocene AND-1B sediments are de-
rived from areas subjected to physical weathering, and no
major changes in the weathering regime seem to have oc-
curred during that period of time. Unstable minerals, such
as amphiboles and pyroxenes (Morton, 1985), are abun-
dant and present throughout the core; they do not show ev-
idence of chemical weathering like etching or skeletal habits.
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Figure 5. Down-core variations of the main heavy mineral phases. Symbols as in Figure 2. kaer: kaersutite; aug: low-Ca augites; opx: Mg-rich or-
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Consequently, weathering does not control the heavy mineral
proportions in the samples. Density is the most important
control on the hydraulic behaviour of heavy minerals, mainly
considering minerals with similar grain morphology. We can
assume that distribution of minerals with comparable densi-
ties (forsterite, enstatite, augite) is not affected by hydraulic
sorting. As it will be discussed in the next section, the main
heavy mineral variation in the AND-1B core is not related to
sedimentary facies change. Yet, some variations do occur at
sedimentary facies boundaries, but they are mainly linked to
those minerals with analogous hydraulic behaviour. We con-
clude that parent rocks provide initial control on heavy min-
eral association in the AND-1B sedimentary sequence, and
that variations in these assemblages are mainly caused by
variations in ice drainage. We present possible source rocks
for the heavy minerals in Table 1. Fog, olivine grains derive
from alkaline volcanic rocks of the McMurdo Volcanic Group
(Leung and Trevis, 1987). Clinopyroxenes with a titanoaugite
composition (Figure 4) represent the most abundant pheno-
crysts in the MVG lavas (George, 1989). Their euhedral shape
in the AND-1B sediments indicates that they did not experi-
ence long-distance transport processes. In contrast, low-Ca
augites and orthopyroxenes are supplied by the Ferrar dol-
erites cropping out in the Transantarctic Mountains. The au-
gites usually show a subrounded shape indicating prolonged
transport. Volcanic glass fragments, which often bear olivine
and augite grains, can be correlated with the eruptions of the
Erebus Volcanic Province (MVG) and redeposited MVG ma-
terial in the MIS sedimentary basin. Kaersutite is characteris-
tic of basaltic volcanic rocks and is a component of trachytes,
basalts and trachyandesites of the MVG. On the other hand,
common hornblende is a component of many metamorphic
and magmatic rocks; likely source rocks for this mineral are

amphibolites of the Koettlitz Group (TAM) and granitoids
of the Granite Harbour Intrusive Complex (TAM). Pyrope-
almandine and grossular garnets occur in metasediments
and marbles of the Koettlitz Group (TAM). Angular, subhe-
dral apatite grains are probably supplied by volcanic rocks of
the MVG; subrounded apatite grains with signs of prolonged
transport could be recycled from the sedimentary rocks of the
Beacon Supergroup. Titanomagnetite and rhonite are typi-
cal accessory constituents of Mt. Erebus phonolite (Kyle and
Price, 1975).

5. Discussion

[llite is an abundant clay mineral in the AND-1B Pleistocene
sediments as it is in other Pleistocene sedimentary sequences
on the Antarctic continental shelf and rise (Lucchi et al.,
2002; Junttila et al., 2005; Damiani et al., 2006). The negative
correlation between illite and smectite indicates that mixing
of sediments from two different source areas occurred: TAM
source rocks and MVG source rocks. Considering the down-
core clay mineral distribution (Figure 2), two units can be
distinguished: Unit 1 (down to 49.5 mbsf) is characterized
by strong fluctuations in the illite/smectite ratio. Unit 2 (50-
90 mbsf) is characterized by a constant illite/ smectite ratio.

Following the heavy mineral classification as a function of
source rocks, heavy minerals have been assigned to the two
possible source areas, TAM and MVG. Figure 6 shows the
down-core variation of these two groups. MVG minerals are
usually more abundant than TAM minerals. A maximum in-
put of minerals from TAM occurs between 60 and 80 mbsf,
where massive diamicton occurs. Another relative maximum
of TAM minerals is at ca. 41-42 and at 85 mbsf, where layers
of glaciomarine sediment occur.
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Figure 7. Plot of discriminant scores along Function I versus Function
11, to discriminate samples belonging to different sedimentary facies.

Strong fluctuations of clay and heavy minerals derived
from the two groups of source rocks occur in the AND-
1B core (Figure 2 and Figure 5). For this reason, a statisti-
cal analysis of all the available mineralogical data (clay and
heavy minerals) have been performed to investigate the pos-
sible correlations between these two sets of data and be-
tween mineralogical composition and sediment facies.

The discriminant function analysis (DFA) revealed that
the individual samples can be classified into four pre-de-
fined groups. The four groups have been defined based on
the stratigraphical position of the samples and the facies of
the host sediments: group 1 refers to stratified diamicton
above 50 mbsf; group 2 refers to massive diamicton below
50 mbsf; group 3 comprises sediments deposited in an ice-
proximal environment; group 4 comprises sediments depos-
ited in an open-marine environment (“open marine”) distal
from the grounding line, below 80 mbsf. The results of DFA
are illustrated in the territorial map (Figure 7) showing the
clustering of samples in the pre-defined groups, and in Table
3 which reports the coefficients for each variable in the three
functions and the structure matrix.

Function I correctly discriminates stratified diamicton
from “open marine” facies; massive diamicton and ice-prox-
imal facies sediments are in an intermediate position and
overlap. Olivine, spinels, type 1 apatite and smectite have
high positive loading on function I (Table 3); kaersutite, low-
Ca augites, titanoaugite, and illite have a negative loading
on function I (Table 3). Function II correctly discriminates
diamicton of group 2, “open marine” facies and diamic-
tons of goup 1 plus ice-proximal facies which overlap. Low-
Ca augites, orthopyroxenes and pyrite have a high-positive
loading on function II; contrarily, olivine, kaersutite and
glass have a negative loading on function II (Table 3).

Combining all the mineralogical data, a further subdivi-
sion of the Pleistocene AND-1B sediments becomes obvi-
ous. The stratified diamicton is characterized by a high con-
tent of MVG-derived minerals, with prevalence of olivine
plus spinels. The lower, massive diamicton shows a higher
content of TAM-derived minerals; titanoaugites clearly pre-
vail among the MVG minerals. TAM minerals also increase
in ice-proximal sediments; “open marine” sediments at the
base of the studied sequence are characterized by extremely

Table 3. Discriminant functions: unstandardized discriminant function coefficients
used to calculate discriminant scores for the plot in Figure 7.

Discriminant functions Structure matrix

1 2 3 1 2 3

Olivine 0.251 0.586 0.251 0.385 -0.276 0.063
Spinels 0.512 0.694 0.512 0.302 0.164  -0.077
Apatite 1 0.458 1.061 0.458 0.157  -0.083  -0.087
Smectite -0.308 -0209 -0.308 0071 -0.015 0.141
Apatite 2 1.897 1.998 1.897 0.038 0.096 -0.018
Zircon -0.115  -2.51 -0.115 0.020 0.060  -0.060
Orthopyroxene  0.671 1.061 0.671 -0.010 0.287  -0.020
Sphene 1.311 2.821 1.311 -0.014 0.147  -0.027
Fe-oxides 0.213 1.385 0213  -0.028 0.170 0.042
Magnesite -0.295 -.591 -0.295 -0.028 0.013 0.277
Biotite -0.037 0923  -0.037 -0.054 0.189  -0.171
Garnets 0.955 0.683 0.955  -0.055 0.137  -0.007
Amphibole 0.157 0.868 0.157  -0.056 0.074 0.314
Chlorite -0.990 0.844  -0.990 -0.060 0.194 0.047
Glass 0.174 0.667 0174  -0.073 -0.19% 0.041
Pyrite -0.156 0804 -0.156  -0.082 0323 -0.168
Kaolinite 0.095 0.199 0.095 -0.101 0.062  -0.147
Illite -0292 -0227 -0292 -0.120 0.061 -0.210
Titanoaugite ~ 0.224 0.737 0224  -0.129 0.164  -0.193
Low-Ca augite  0.033 0.666 0.033 -0.153 0.350 0.375
Kaersutite -0.167 0340 -0.167 -0.180 -0225 -0.238
(Constant) 0.738 -53.568 0.738

Structure matrix: pooled within-groups correlations between discriminating variables
and standardized canonical discriminant functions.

low TAM mineral content and a relative increase in olivine,
kaersutite and glass among the MVG phases.

The clay mineral association is determined both by source
rocks and by sedimentary processes. In the stratified diamic-
ton (down to 60 mbsf) smectite and chlorite, which can be as-
sociated to a volcanic source, are more abundant than in the
lower massive diamicton (below 60 mbsf) where contents of
illite and kaolinite with a TAM provenance are higher. This
evidence agrees with the heavy mineral data. However, the
peculiar trends of clay minerals (i.e., strong fluctuations of il-
lite, smectite and chlorite) in the stratified diamictons need
an explanation. Stratification, although weak, in diamicton
associated with ice-proximal facies probably indicates that
during its deposition processes other than sedimentation
under grounded ice occurred. During episodes of retreat of
the grounding line from the core site, sub-ice shelf currents
could have transported and deposited smectite-enriched
sediments. As the grounding line re-advanced, subglacial
sediments with a higher proportion of illite were deposited.
Subglacial deposition of the massive diamicton resulted in a
mineralogically homogeneous illite-rich assemblage.

The mineralogical associations in Late Pleistocene AND-
1B sediments are determined by two factors. Source rocks
determine the mineral associations; since Quaternary sedi-
mentary processes in the McMurdo Sound are governed by
ice dynamics, we can assume that changes in mineralogy re-
flect changes in ice provenance. Subglacial versus sub-ice
shelf and open-marine sedimentary processes influence the
distribution of clay minerals in the sediments.

6. Conclusions

Following the ice model proposed by Denton and Hughes
(2000, 2002), we conclude that sediments at the drill site were
nourished by grounded ice coming from the South, which
delivered detritus from the McMurdo Volcanic region. When
open marine conditions prevailed, sediments from local
source (i.e., McMurdo volcanics) were deposited. A transi-
tions from sub-polar to cold, polar conditions is documented
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by the shift from diatomite-dominated sediments (seasonal
open-marine conditions) to diamictite-dominated sediments
(grounded-ice conditions) at ca. 80 mbsf (Krissek and the
ANDRILL-MIS Science Team, 2007; McKay et al., 2009). Li-
cht et al. (2005) recognized in East Antarctica the provenance
area of western Ross Sea tills, testifying that West-Antarctic
ice streams did not advance into the western Ross Sea dur-
ing the LGM. Damiani and Giorgetti (2008) presented data in
LGM-Holocene sediments from Windless Bight where a shift
from TAM- to MVG-derived heavy minerals occurred at the
LGM transition. In the AND 1-B core, the transition from
MVG- to TAM-dominated heavy mineral assemblages at ca.
80 mbsf marks a transition from open marine to sub-glacial
conditions. The older, massive, diamictites have a relative
higher content of TAM-derived minerals with respect to the
younger, stratified diamictites. A TAM component in the ter-
rigenous sediments testifies that the ice sheet collects debris
from the Transantarctic Mountains eroded by the Skelton-
Mulock glaciers which feed the MRIS south of Minna Bluff.
As previous authors hypothesized, the emergence of volca-
nic centers in the McMurdo area during the Pleistocene (Wil-
son et al., 2007; Talarico et al., 2009) has contributed to the
dilution of the TAM component by sediments derived from
the McMurdo volcanics in the younger diamictites. Their
mineralogical variability can also be attributed to changes in
sedimentary processes. Moreover sediments can be enriched
in different phenocrysts, when the ice sheet erodes different
lavas.
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