Antarctic Science 23(5), 471-486 (2011) © Antarctic Science Ltd 2011

doi:10.1017/S0954102011000320

Provenance changes between recent and glacial-time sediments
in the Amundsen Sea embayment, West Antarctica: clay mineral
assemblage evidence

WERNER EHRMANN', CLAUS-DIETER HILLENBRAND?, JAMES A. SMITH?, ALASTAIR G.C. GRAHAM?,

GERHARD KUHN?® and ROBERT D. LARTER?

"University of Leipzig, Institute of Geophysics and Geology, Talstrafie 35, D-04103 Leipzig, Germany
2British Antarctic Survey, NERC, High Cross, Madingley Road, Cambridge CB3 OET, UK
3Alfred Wegener Institute for Polar and Marine Research, Am Alten Hafen 26, D-27568 Bremerhaven, Germany
ehrmann@rz.uni-leipzig.de

Abstract: The Amundsen Sea embayment is a probable site for the initiation of a future collapse of the
West Antarctic Ice Sheet. This paper contributes to a better understanding of the transport pathways of
subglacial sediments into this embayment at present and during the last glacial period. It discusses the clay
mineral composition of sediment samples taken from the seafloor surface and marine cores in order to
decipher spatial and temporal changes in the sediment provenance. The most striking feature in the present-
day clay mineral distribution is the high concentration of kaolinite, which is mainly supplied by the
Thwaites Glacier system and indicates the presence of hitherto unknown kaolinite-bearing sedimentary
strata in the hinterland, probably in the Byrd Subglacial Basin. The main illite input is via the Pine Island
Glacier. Smectite originates from the erosion of volcanic rocks in Ellsworth Land and western Marie Byrd
Land. The clay mineral assemblages in diamictons deposited during the last glacial period are distinctly
different from those in corresponding surface sediments. This relationship indicates that glacial sediment
sources were different from modern ones, which could reflect changes in the catchment areas of the glaciers

and ice streams.
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Introduction

The possible instability of the largely marine based West
Antarctic Ice Sheet (WAIS) and the potential impact of its
partial or complete collapse on global sea level has been a
major focus of geological and glaciological studies in
Antarctica during the past decade (e.g. Oppenheimer 1998,
Thomas et al. 2004, Rignot et al. 2008, Vaughan 2008,
Bamber er al. 2009). It has been suggested that the
Amundsen Sea embayment (ASE) is the most likely site
for the initiation of a WAIS collapse (Vaughan 2008). We
contribute to a better understanding of the ASE by
investigating the provenance of the recent and the glacial-
time sediments and thus by providing information on the
past configuration of the WAIS.

The ASE is located on the Pacific margin of Antarctica. It
includes a ¢. 200—450 km wide continental shelf, north of the
modern ice front (Fig. 1). To the north of the ASE shelf, the
Antarctic Circumpolar Current (ACC) flows to the east,
extending to ¢. 70°S (Walker et al. 2007). The westward
flowing Antarctic Coastal Current is apparently not very
pronounced in the ASE, but is assumed to flow, at least
seasonally, along the ASE shelf. Circumpolar Deep Water
(CDW) floods the continental shelf of the ASE through deep
cross-shelf troughs (Walker et al. 2007, Thoma et al. 2008).
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Approximately 25% of the area of the WAIS drains into
the ASE. Melting of all the ice in this sector would raise
global sea level by ¢. 1.5m (Vaughan 2008). The main
drainage is through a number of fast flowing ice streams
including Pine Island Glacier, Thwaites Glacier and Smith
Glacier. The Getz, Dotson, Crosson, Cosgrove and Abbot
ice shelves fringe the coast of the ASE (Fig. 1). At present,
some of the glaciers flowing into the ASE (mainly Thwaites,
Smith and Pine Island) show thinning, flow acceleration
and/or rapid grounding line retreats (e.g. Thomas et al. 2004,
Rignot et al. 2008, Vaughan 2008, Pritchard et al. 2009).
These changes are probably triggered by ice shelf basal
melting caused by relatively warm CDW protruding far onto
the continental shelf (Rignot & Jacobs 2002, Thoma et al.
2008, Vaughan 2008) and amplified by a reverse gradient
basal slope (Schoof 2007).

Prominent 1000-1600m deep troughs characterize the
inner shelf of the ASE north of the Getz A and B ice
shelves, Dotson Ice Shelf, Thwaites Glacier and Pine Island
Glacier. They converge to shallower and broader troughs
on the mid-shelf and continue to the shelf break, where they
are still =500m deep (Fig. 1; Lowe & Anderson 2002,
Evans et al. 2006, Graham et al. 2009, 2010, Larter et al.
2009). The present morphology of the Amundsen Sea shelf
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Fig. 1. Map of the Amundsen Sea embayment with sample locations. Samples were recovered during expeditions JR141 (black),
JR179 (yellow), ANT-XI/3 (green), ANT-XVIII/5a (white) and ANT-XXIII/4 (red). Core identification numbers have been
simplified (cf. Table I). Dots indicate locations of surface sediment samples, squares show locations of sediment cores. The
bathymetry is given by different colours for 500 m, 750 m, 1000 m, 2000 m, and 4000 m. Abbreviations: B.P. = Bear Peninsula,
M.P. = Martin Peninsula, I.S. = Ice Shelf, S.I. = Siple Island. Getz Ice Shelf is subdivided into compartments A, B and C.
Inset map: BS = Bellingshausen Sea, RS = Ross Sea, WAIS = West Antarctic Ice Sheet, WS = Weddell Sea.

is mainly inherited from past glacial periods, in particular
from the Last Glacial Maximum, when grounded ice
reached the outer shelf and probably the shelf edge, and fast
flowing ice streams scoured the troughs (Wellner et al.
2001, Lowe & Anderson 2002, Evans et al. 2006, Graham
et al. 2009, 2010, Larter et al. 2009). Lowe & Anderson
(2002) suggested that in the eastern ASE ice retreated
gradually in a first step from the outer shelf, before pausing
on a bathymetric high on the middle shelf by c. 14.5ka
before present (Bp, corrected '*C age). In a second step
the ice retreated rapidly and reached the inner shelf at
about 8.9ka Bp (corrected *C age). Recent analyses of
new multibeam data from the eastern ASE reveal several
grounding line wedges, suggesting a stepwise retreat of the
grounding line during the last deglaciation (Graham et al.
2010). Grounding zone wedges have also been documented
in the western ASE and also suggest a stepwise retreat
(Graham et al. 2009, Weigelt et al. 2009), although the
current dating resolution (e.g. Smith ef al. 2011) is not
sufficient to constrain the timing of any potential still-stands.
The inner shelf north of the Getz A/B and Dotson ice shelves
had become free of grounded ice by c¢. 10.8-8.9ka Bp and
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9.9 ka Bp, respectively (corrected '*C ages; Hillenbrand ef al.
2010, Smith ef al. 2011).

In order to contribute to a better understanding of the
former and present-day subglacial sediment transport via
glaciers into the ASE, we present an extended dataset on
the distribution of clay minerals in surface sediments (Figs 2
& 3) and in cores that penetrated sediments deposited
during the last glacial period (Figs 4 & 5). In Antarctica, the
dominance of physical weathering combined with the
general absence of authigenic clay mineral formation (e.g.
Chamley 1989, Petschick et al. 1996, Fagel 2007) make clay
mineral assemblages in proximal glaciomarine sediments
useful tools for reconstructing source areas and sediment
transport pathways. We follow the well-established approach
for identifying clay mineral source regions in Antarctica,
where very little information is available about the geology
of the hinterland, by sampling and analysing undisturbed
surface sediment samples from coastal areas (e.g. Gingele
et al. 1997, Hillenbrand & Ehrmann 2002, Hillenbrand ef al.
2003, 2009b). This approach assumes that most of the
terrigenous debris melts out near the coast and is transported
farther seaward by ocean currents, thus allowing mixing

IP address: 194.66.0.114


http://journals.cambridge.org

PROVENANCE CHANGES IN ASE

and dilution. Furthermore, clay mineral assemblages in more
distal settings may be influenced by sediment erosion and
recycling on the Antarctic shelf (Hillenbrand et al. 2009b).

So far, no detailed or systematic clay mineral study has
been carried out in the ASE. However, clay mineral data
from glaciomarine and subglacial sediments recovered in
the eastern ASE show a wide range in the abundance of
the different clay minerals (Lowe & Anderson 2002). A
remarkable feature of this study was the high kaolinite
concentration of 10-16%. Even higher concentrations were
found in a seafloor surface sample from the western ASE
shelf and in Quaternary sedimentary sequences recovered
from the continental rise offshore from the ASE
(Hillenbrand et al. 2002, 2003, 2009a; Table I). However,
the source for the kaolinite is not yet known.

Our main objectives are to map the modern distribution
of the clay minerals kaolinite, smectite, chlorite and illite on
the West Antarctic continental margin of the ASE in more
detail and to identify possible sources of the clay minerals.
The occurrence of kaolinite is especially important, because
it cannot form under glacial conditions and therefore
implies the presence of pre-Oligocene sedimentary strata
(or sediments containing recycled pre-Oligocene detritus)
beneath the ice. The presence of a sedimentary substrate,
in turn, is an important factor affecting the dynamics of
fast flowing glaciers and ice streams (e.g. Studinger et al.
2001, Anandakrishnan & Winberry 2004). Furthermore we
analysed the clay mineral composition in sediment cores
recovered directly in front of the present-day ice margin.
This should tell us whether the identified modern sources
have remained constant through time, and particularly during
and at the end of the last glacial period.

Material and methods

We investigated seafloor surface samples recovered with box
and multiple corers from the continental shelf in the ASE
and the adjacent continental slope and rise. The sediment
surfaces showed no signs of coring disturbances or sediment
loss due to coring and core retrieval. Additionally, we
investigated sedimentary sequences recovered with gravity
and vibro corers from the ASE shelf (e.g. Smith ef al. 2011).
The samples were collected during cruises JR141 and JR179
of the RRS James Clark Ross in 2006 and 2008 and during
cruises ANT-XVIII/Sa and ANT-XXIIl/4 of the RV
Polarstern in 2001 and 2006 (Fig. 1, Table I).

Sample processing and analyses followed standard
procedures (e.g. Ehrmann et al. 1992, Petschick et al.
1996). We separated the clay fraction (< 2 um) from the
bulk sediment in settling tubes and mixed 40mg clay
suspension with 1 ml of an internal standard (0.04% MoS,
suspension). We then mounted the samples as texturally
oriented aggregates by rapidly filtering the suspension
through a membrane filter (0.20 wm pore width), dried the
filter cakes at 50°C, fixed them on aluminium tiles and
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exposed them to ethylene glycol vapour at a temperature
of 60°C for at least 18 h immediately before the X-ray
analyses. The measurements were conducted on a
diffractometer system Rigaku New Miniflex with CoKa
radiation (30kV, 15mA). We first X-rayed the samples in
the range 3-40°20, with a step size of 0.02°20 and a
measuring time of two seconds per step. Then we measured
the range 27.5-30.6°20 with a step size of 0.01°20 and a
measuring time of four seconds per step in order to better
resolve the (002) peak of kaolinite and the (004) peak of
chlorite. The X-ray diffractograms were evaluated using
the interactive “MacDiff” software (Petschick 2001). We
identified the main clay mineral groups by their basal
reflections at 16.5 A (smectite, after glycolisation), 10 and
5A (illite), 14.2, 7, 4.72 and 3.54 A (chlorite), and 7 and
3.58 A (kaolinite) after the diffractograms had been adjusted
to the MoS, peak at 6.15 A. For semiquantitative evaluations
of the clay mineral assemblages, we used empirically
estimated weighting factors on the integrated peak areas of
the individual clay mineral reflections (Biscaye 1964, 1965).
We determined the crystallinity of illite by calculating the
integral breadth (IB, A°20) of the 10 A peak. High IB values
indicate poor crystallinities, whereas low values indicate good
crystallinities. Furthermore, we inferred the illite composition
from the 5/10 A peak area ratio. Values > 0.4 correspond to
Al-rich illites (muscovite). The ratio decreases with Mg and
Fe substituting the octahedral Al. Magnesium and iron-rich
illites (biotite) have values <0.15 (Esquevin 1969).

By preparing, analysing and evaluating samples six
times, we achieved a standard deviation of ¢. 1% for the
concentrations of smectite, chlorite and kaolinite, and of
¢. 1.5% for illite. The standard deviation for the 5/10 A
peak area ratios is ¢. 0.05 and that for illite IB ¢. 0.02 A°26.

All data are stored in the PANGAEA database of the
Alfred Wegener Institute for Polar and Marine Research,
Bremerhaven (Germany) at http://doi.pangaea.de/10.1594/
PANGAEA.755199.

Additionally, we included some published clay mineral
data of seafloor surface samples that were taken in the
Amundsen Sea during cruise ANT-XI/3 of RV Polarstern
in 1994 (Hillenbrand et al. 2003, Table I). The published
data are compatible with our dataset, because sample
preparation, XRD investigation and evaluation followed
identical procedures.

Clay mineral distribution in the surface sediments
Kaolinite

The most striking feature in the distribution of the clay minerals
in surface sediments of the ASE is the high concentration of
kaolinite (7-29%, Table I), in particular when compared to
other parts of the West Antarctic continental margin, as for
example the eastern and southern Bellingshausen Sea and
the Weddell Sea (Ehrmann et al. 1992, Petschick et al. 1996,
Hillenbrand & Ehrmann 2002, Hillenbrand et al. 2009b).
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Fig. 2. Percentage distributions of the clay minerals a. kaolinite, b. smectite, ¢. chlorite, and d. illite in the <2 pum fraction of the

surface sediments in the Amundsen Sea. Shelf areas with water depths > 500 m are shaded.
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Fig. 3. Distribution of a. the 5/ 10 A ratio of illite, and b. the illite crystallinity (integral breadth, IB, in A°20) in the <2 pum fraction of
the surface sediments in the Amundsen Sea. Shelf areas with water depths > 500 m are shaded.
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Fig. 4. Clay mineral composition of late Quaternary sediments in cores a. PS69/251-2, b. PS69/300-1, and ¢. PS69/295-1 from the
eastern Amundsen Sea embayment.
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Fig. 5. Clay mineral composition of late Quaternary sediments in cores a. VC417, b. VC415, and c. PS69/275-1 from the western

Amundsen Sea embayment.
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Table 1. Metadata for the sediment samples from the Amundsen Sea embayment.

Cruise Core ID Device  Latitude  Longitude = Water depth Kaolinite Smectite ~ Chlorite  Illite  Illite-IB Illite
s W) (m) (%) (%) (%) (%) (A%20)  S/10A

JR141 395 BC -71.1313  -103.3197 578 18 18 18 47 0.57 0.33
JR141 398 BC -71.4001  -113.3894 918 20 16 16 47 0.63 0.28
JR141 403 BC -71.5991  -113.2866 619 20 20 15 45 0.54 0.29
JR141 407 BC -73.2126  -115.2398 815 22 18 18 43 0.59 0.24
JR141 409 BC -73.7951  -112.8175 787 20 21 17 42 0.56 0.28
JR141 412 BC -73.9229  -115.8570 1128 20 21 19 40 0.62 0.24
JR141 415 vC -73.8958  -115.9311 918 see Fig. 5b

JR141 416 BC -74.1361  -112.4514 893 21 14 21 45 0.53 0.32
JR141 417 vC -74.1361 -112.4514 891 see Fig. Sa

JR141 420 BC -74.1416  -112.8566 806 18 13 22 47 0.55 0.31
JR141 421 BC -73.6179  -113.7093 833 19 22 16 43 0.57 0.23
JR141 423 BC -73.4467  -115.1983 1073 22 19 19 40 0.57 0.29
JR141 426 BC -73.6691  -114.9782 978 22 19 18 41 0.57 0.28
JR141 429 BC -73.1417  -115.7030 765 21 19 18 42 0.63 0.22
JR141 431 BC -72.3046  -118.1638 512 19 17 18 46 0.61 0.25
JR141 433 BC -71.5586  -118.3146 1722 21 17 18 43 0.58 0.33
JR141 435 BC -71.8165  -117.4300 466 20 19 19 42 0.53 0.34
JR141 437 BC -71.6008  -113.2957 616 17 18 14 51 0.60 0.25
JR141 439 BC -71.6008  -113.2956 616 18 17 15 50 0.60 0.31
JR141 442 BC -71.6798  -113.0077 608 19 18 16 47 0.58 0.32
JR141 443 BC -71.2815  -113.4607 1789 18 20 16 47 0.59 0.27
JR141 446 BC -71.4266  -108.3554 506 22 17 14 47 0.54 0.35
JR141 448 BC -71.4683  -108.3589 488 21 16 17 46 0.58 0.35
JR141 451 BC -71.8656  -106.0408 568 16 23 14 46 0.56 0.28
JR141 455 BC -71.0678  -105.0798 807 16 24 15 45 0.60 0.26
JR179 472 BC -72.3027  -106.7192 702 19 21 15 45 0.54 0.35
JR179 474 BC -73.1073  -107.0482 760 23 15 16 47 0.49 0.42
JR179 476 BC -74.4833 -104.4166 1120 17 16 16 52 0.50 0.36
JR179 477 BC -74.3578  -104.6698 1406 19 20 16 45 0.54 0.40
JR179 480 BC -74.1378  -105.7400 1452 20 20 14 45 0.50 0.37
JR179 482 BC -73.8917  -106.2748 1113 23 19 15 44 0.50 0.42
JR179 483 BC -73.9915 -107.3842 528 27 18 14 41 0.47 0.44
JR179 485 BC -72.7253  -107.2940 692 19 19 15 46 0.53 0.39
JR179 486 BC -71.3338  -109.9667 465 21 18 16 45 0.60 0.41
JR179 487 BC -71.1797  -109.9040 898 20 22 18 39 0.53 0.45
JR179 488 BC -71.1630  -110.0812 1378 18 28 15 39 0.52 0.40
ANT-XI/3 PS2544-1*  GBC -71.7960  -105.1910 546 15 27 16 41

ANT-X1/3 PS2545-1*  GBC -73.1580  -121.9480 636 23 28 10 39

ANT-X1/3 PS2546-1*  MUC -72.0510  -120.9300 2384 19 21 19 40

ANT-XI/3 PS2547-2* MUC -71.1510  -119.9180 2092 17 24 17 41

ANT-X1/3 PS2548-2*  MUC -70.7880  -119.5110 2642 15 25 19 42

ANT-X1/3 PS2550-2*  MUC -69.8580  -118.2160 3108 14 23 22 41

ANT-X1/3 PS2553-2*  MUC -69.4950 -97.4430 4299 7 37 20 36

ANT-XVIIl/5a  PS58/253-2  MUC -69.3080  -107.5620 3721 9 36 19 35

ANT-XVIIl/5a  PS58/254-2 MUC -69.3130  -108.4500 4016 12 38 17 33

ANT-XVIIl/5a  PS58/255-1 MUC -69.3700  -105.1180 3805 8 38 20 34

ANT-XXII1/4 PS69/251-1  GBC -72.1144  -104.8052 573 16 25 18 41 0.51 0.38
ANT-XXII1/4 PS69/251-2  GC -72.1125 -104.8107 572 see Fig. 4a

ANT-XXII1/4 PS69/255-3  GBC -71.7972  -104.3615 654 14 27 18 41 0.56 0.32
ANT-XXII1/4 PS69/267-2  GBC -73.3951  -114.5652 864 20 17 18 45 0.73 0.14
ANT-XXII1/4 PS69/269-1  GBC -73.2193  -115.5770 850 21 18 18 43 0.61 0.24
ANT-XXII1/4 PS69/272-3  GBC -73.8921  -118.4783 1576 19 20 18 43 0.77 0.11
ANT-XXII1/4 PS69/275-1 GC -73.8888  -117.5483 1518 see Fig. 5c

ANT-XXII1/4 PS69/275-2  GBC -73.8886  -117.5484 1517 20 20 16 43 0.59 0.28
ANT-XXII1/4 PS69/281-2  GBC -74.3292  -110.2073 213 29 14 15 42 0.59 0.42
ANT-XXI11/4 PS69/283-5 GBC -72.7644  -115.3770 612 19 20 18 43 0.57 0.28
ANT-XXII1/4 PS69/284-2  GBC -73.0202  -115.4014 763 21 20 17 41 0.57 0.26
ANT-XXII1/4 PS69/288-2  GBC -74.4152  -102.9922 773 17 11 18 55 0.47 0.42
ANT-XXII1/4 PS69/292-3  GBC -74.6825  -105.1933 1406 21 13 16 50 0.49 0.40
ANT-XXIII/4 PS69/295-1  GC -74.4789  -104.1015 1151 see Fig. 4c

ANT-XXI11/4 PS69/297-1  GBC -74.0798  -103.6676 481 9 25 22 44 0.54 0.31
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Table I. Continued

WERNER EHRMANN et al.

Cruise Core ID Device  Latitude  Longitude = Water depth Kaolinite Smectite ~ Chlorite  Illite  Illite-IB Illite
()] W) (m) (%) (%) (%) (%) (A°28)  5/10A

ANT-XXIII/4 PS69/299-1  GBC -73.4437  -103.6482 718 7 26 25 41 0.53 0.33

ANT-XXIII/4 PS69/300-1  GC -73.2706  -103.6793 766 see Fig. 4b

ANT-XXIII/4 PS69/302-3  GBC -71.1317  -105.6383 565 19 21 16 44 0.54 0.34

BC = box corer, GBC = giant box corer, GC = gravity corer, MUC = multiple corer, VC = vibro corer. *data from Hillenbrand ez al. 2003.

Kaolinite is a product of chemical weathering,
characteristic of moist, temperate to tropical regions, and
cannot form under polar conditions. However, because
kaolinite is resistant to physical weathering, it is frequently
found as a recycling product in polar environments. Its
presence indicates the erosion of palaeosoils, sediments
or sedimentary rocks that contain kaolinite as a common
component. Such sediments may have formed in Antarctica
at times when chemical weathering still prevailed, i.e.
before the onset of continental glaciation in East Antarctica
in earliest Oligocene time, which correlates with a
drastic intensification of physical weathering conditions
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(Ehrmann et al. 1992, Dingle & Lavelle 1998, Forsberg
et al. 2008).

The highest kaolinite concentrations (up to 29%) appear
north of the Thwaites Glacier system and north-east of the
Getz C Ice Shelf (Fig. 2a). Intermediate values of around
20% occur in front of Pine Island Glacier, north of the Dotson
and the Getz A and B ice shelves, on the outer continental
shelf and on the upper continental slope. The lowest kaolinite
contents are found in the easternmost ASE near the Cosgrove
and Abbot ice shelves, and on the upper continental rise.

We can exclude a kaolinite delivery to the shelf of the
ASE by ocean currents from the west and north, respectively,

[100° W
)
|

Fig. 6. Compilation of the major
modern source areas for the main
clay mineral groups in the
Amundsen Sea embayment (arrows),
and relative changes in the clay
mineral assemblages for the last
glacial period (histograms).

MM = Mount Murphy, MS = Mount
Siple, PIG = Pine Island Glacier.

Topography (m)

<2500 >1500
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because i) the southern boundary of the eastward flowing
ACC is located at ¢. 70°S (Walker et al. 2007, Thoma et al.
2008), and ii) the kaolinite concentrations in the deep sea are
much lower than on the shelf (Fig. 2a). A supply of kaolinite
from the southern Bellingshausen Sea by westward flowing
currents can also be excluded, because of the low kaolinite
concentrations of typically << 5% in surface sediments in this
region (Hillenbrand et al. 2009b).

The concentration pattern in our study area implies that
the kaolinite has to be sourced in Marie Byrd Land. The
highest concentrations on the inner shelf occur in front of the
Thwaites Glacier tongue and the Getz C Ice Shelf, indicating
a source from these specific drainage areas. In contrast, there
is no obvious recent kaolinite source in north-west Ellsworth
Land, since its margin (i.e. west of Abbot and Cosgrove ice
shelves) exhibits the lowest kaolinite concentrations of the
entire ASE.

In Marie Byrd Land, probable source rocks, i.e. kaolinite-
bearing pre-glacial, but non-metamorphic sedimentary strata,
are not known from outcrops. Plutonic and metamorphic
basement rocks together with Cenozoic volcanic rocks
dominate the geology (LeMasurier & Rex 1991, Pankhurst
et al. 1998, Mukasa & Dalziel 2000). However, it has been
suggested that sedimentary rocks are present beneath the
WALIS, especially in the Byrd Subglacial Basin (Clarke et al.
1997, Hillenbrand et al. 2003; Fig. 6). Our new findings
demonstrate that the Byrd Subglacial Basin, which is
connected to the Thwaites Glacier system (Holt et al.
2006), is likely to be a more important kaolinite source for
the ASE than the Bentley Subglacial Trench, which drains
into the ASE via Pine Island Glacier (Vaughan ef al. 2006,
Fig. 6). Both the Byrd Subglacial Basin and the Bentley
Subglacial Trench have been described as features with an
infill of ¢. 500 m of unconsolidated sediments of unknown
age and unknown composition, underlain by continental
crust (Winberry & Anandakrishnan 2004, Bell et al. 2006,
LeMasurier 2008).

Furthermore, the kaolinite concentrations of ¢. 20% in
front of the Dotson, Getz A and Getz B ice shelves, and the
even higher concentrations in front of the Getz C Ice Shelf
imply that kaolinite-bearing source rocks in Marie Byrd
Land are not restricted to the Byrd Subglacial Basin.
Mukasa & Dalziel (2000) presented evidence for old
sedimentary rocks underlying the continental margin of
Marie Byrd Land. It is possible that these rocks crop out
subglacially and are eroded by ice masses draining into the
ASE (cf. Hillenbrand et al. 2003).

Smectite

Smectite occurs with contents of 11-38% in surface
sediments of the investigated area (Table I). This clay
mineral normally forms by hydrolysis under warm, humid
to cold, dry conditions in areas with slow moving water
and contrasting dry and wet seasons. In glaciomarine
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sediments, high smectite contents have been reported from
areas dominated by volcanic rocks in the hinterland (e.g.
Ehrmann et al. 1992).

Highest smectite concentrations of > 35% are found on
the upper continental rise (Fig. 2b). Hillenbrand et al.
(2003) attributed the high smectite content at site PS2553
to a supply from Peter I Island (68°50'S, 90°34'W) by
westward flowing bottom currents. However, our new data
show an extension of high smectite contents even further
westward. It is unclear, however, if this distribution pattern
is due to an westward supply from Peter I Island, an
eastward supply with the ACC from further west (i.e. from
the Ross Sea region), or a southward supply of smectite-
rich clay from the sub-Antarctic part of the South Pacific
basin, where smectite-rich sediments were reported by
Nayudu (1971).

On the ASE shelf, enhanced smectite concentrations of
=25% are found near the Abbot and Cosgrove ice shelves
(Fig. 2b). Probable sources are the widespread subglacial
and subaerial Cenozoic volcanic rocks in Ellsworth Land,
for example in the Jones Mountains (e.g. LeMasurier &
Thomson 1990, Tingey 1991; Fig. 6). The Mesozoic
volcanic rocks of Thurston Island (Storey et al. 1991)
may also contribute to the high smectite content in the
north-east ASE. Similarly high smectite concentrations are
found north-east of the Getz C Ice Shelf in the western ASE
(Fig. 2b). In this region, the high smectite concentrations
possibly derive from the extensive Cenozoic volcanic rocks
that crop out on Siple Island (Mount Siple volcano) and
which are also present beneath the ice (LeMasurier &
Thomson 1990, Tingey 1991, Wilch et al. 1999).

In contrast, the rocks of the Cenozoic Marie Byrd Land
volcanic province (LeMasurier & Rex 1991) in eastern
Marie Byrd Land seem to be a less important smectite
source. Thus, only intermediate smectite contents of
c. 20-22% are observed north of the Getz A and B ice
shelves. The lowest smectite concentrations of = 14% are
observed north of the Dotson Ice Shelf, Bear Peninsula and
the Thwaites Glacier system, which have the volcanoes
of Kohler Range, Mount Murphy, Mount Takahe, Crary
Mountains and Toney Mountain in their catchment area
(LeMasurier & Rex 1991, Wilch et al. 1999, Dunbar et al.
2008; Fig. 6), and north of Pine Island Glacier, which has
the subaerial and subglacial volcanoes of the Hudson
Mountains in its catchment area (LeMasurier & Thomson
1990, Fig. 6).

As observed on the shelf of the southern Bellingshausen
Sea (Hillenbrand et al. 2009b) and on the East Antarctic
continental margin (Robert & Maillot 1990), the erosion
of old sedimentary strata may provide additional smectite
onto the ASE shelf. However, the negative correlation
between smectite and kaolinite on the inner shelf north
of the Thwaites Glacier system (Fig. 2b) suggests that
the smectite there is mainly derived from volcanic source
rocks.
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Chlorite

Chlorite occurs in surface sediments of the study area with
concentrations of 10-25% (Table I). Chlorite is a detrital
clay mineral, which typically derives from physical
weathering of low-grade, chlorite-bearing metamorphic
and basic rocks.

Elevated chlorite contents are found in the easternmost
ASE with a maximum of 25% offshore from the Cosgrove Ice
Shelf (Fig. 2c). Together with the high smectite content, this
may indicate an origin from basic volcanic rocks, although
metamorphic rocks (Tingey 1991) may also contribute some
chlorite. Elevated chlorite concentrations also extend from the
Getz A and Dotson ice shelves northwards across the shelf.
As the smectite content is low and the illite content is high in
this area, the chlorite is probably derived from weathering of
metamorphic rocks that are present in the West Antarctic
hinterland (Pankhurst et al. 1998).

In contrast, the Thwaites Glacier system and the Pine
Island Glacier apparently deliver only minor amounts of
chlorite. Only = 14% chlorite occurs in front of the Thwaites
Glacier outlet and c. 16% in front of Pine Island Glacier.
Thus, metamorphic or basic volcanic rocks in the hinterland
play only a subordinate role for offshore sediment supply.
The low chlorite concentrations extend from the ice front
across the middle shelf to the shelf break.

A low chlorite concentration of ¢. 10% characterizes the
sample north of the Getz C Ice Shelf in the westernmost
ASE. Together with the relatively high smectite and
kaolinite concentrations this chlorite minimum suggests a
source that is dominated by volcanic and sedimentary rocks.
The erosion of low-grade metamorphic rocks probably plays
only a minor role.

1llite

[llite occurs with concentrations of 33—55% (Table I) and is
the most abundant clay mineral in modern sediments of the
ASE. Illite is a detrital clay mineral. It derives particularly
from physical weathering of crystalline rocks and therefore is
abundant in marine sediments of the high latitudes. Typical
sources are acidic rocks, such as granitoids and gneisses.

The distribution map clearly indicates that the main illite
input is from easternmost Marie Byrd Land and possibly from
the Bentley Subglacial Trench (Figs 2d & 6). Concentrations
of around 45% characterize the shelf areas in front of the
Dotson Ice Shelf and between the Thwaites Glacier and
the shelf break. Assemblages consisting of up to 55% illite
are found offshore from Pine Island Glacier. Probable source
rocks are the Palaeozoic, Triassic and Cretaceous basement
rocks of mainly granitic and granodioritic composition that
are widespread in Marie Byrd Land (Pankhurst et al. 1998,
Mukasa & Dalziel 2000), and possibly rocks forming the
continental crust that underlies the Bentley Subglacial Trench
(Winberry & Anandakrishnan 2004).
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Intermediate illite contents of around 40% occur in
front of the Getz Ice Shelf, as well as offshore from the
Cosgrove and Abbot ice shelves. Low illite concentrations
occur on the continental slope and rise offshore from the
eastern ASE.

It is interesting to note that the 5/ 10 A ratio is generally
=0.30 on the western ASE shelf in front of the Getz Ice
Shelf, whereas on the eastern ASE shelf the ratios are
higher (Table I, Fig. 3a). The highest values of =0.40
occur in samples from sites in front of the Thwaites Glacier
system and the Pine Island Glacier and on the outer
shelf/slope. Along the coast of Ellsworth Land and in the
north-easternmost ASE the 5/10 A ratio is generally around
0.35. A similar pattern is visible in the distribution of the
illite crystallinity (Fig. 3b). Thus, the best crystallinities
as expressed by IB values =0.50 are found off the
Thwaites Glacier and Pine Island Glacier, whereas poorer
crystallinities with IB values >0.56 are observed on the
western ASE shelf. This implies a slightly different
composition of the source rocks in the hinterland, with
the Getz Ice Shelf delivering somewhat more Mg- and
Fe-rich illites, which are less crystalline, and the Thwaites
Glacier system and Pine Island Glacier delivering more
Al-rich illites, which are more crystalline. Unfortunately
the clay mineral data do not allow to better define the
geological composition of the respective hinterland.

Clay mineral assemblages in sediments deposited
during the last glacial period

We investigated six sediment cores from the ASE shelf
(Figs 1, 4 & 5) to help identify sources of the clay minerals
during the last glacial period, and to determine whether the
sediment sources and thus the glacial-time catchment areas
were different from today.

In an earlier paper we showed that subglacial recycling
of sediments on the continental shelf strongly influences the
clay mineral composition of glacial diamictons on the
southern Bellingshausen Sea shelf (Hillenbrand ef al.
2009b). Palaco-ice streams eroded old sedimentary strata
and mixed this debris together with the debris derived from
the West Antarctic hinterland as they advanced across the
continental shelf.

As in the Bellingshausen Sea, seismic investigations
from the Amundsen Sea shelf indicate that old submarine
sedimentary strata crop out near the seafloor and it is
probable that these were eroded and reworked as ice
advanced across the shelf during the Last Glacial Maximum
(Graham et al. 2009, Weigelt et al. 2009). Therefore, we
focus specifically on pro-glacial and subglacial sediments
that have been recovered from sites near the coast in order
to reduce the influence of recycled shelf sediments on the
composition of the glacial age sediments.

The investigated sediment cores show three different
lithological units that are similar to those already described
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from the ASE (Lowe & Anderson 2002, Smith ef al. 2009,
2011, Hillenbrand et al. 2010) and those described from
other Antarctic shelf areas (e.g. Domack et al. 1999, Licht
et al. 1999, Evans & Pudsey 2002, 0 Cofaigh et al. 2005,
Hillenbrand et al. 2009b, Reinardy et al. 2009). The
lithologies of cores VC415 and PS69/275-1 have been
published before (Smith er al. 2009, 2011, Hillenbrand
et al. 2010). In summary, the lowermost lithological unit
consists of purely terrigenous, massive diamictons, which
were deposited subglacially during the last glacial period
and at the end of the last glacial period in a pro-glacial
setting, respectively. These low shear strength diamictons
probably include subglacial “soft” tills as well as sub-ice
shelf diamictons and glaciogenic debris flows deposited
near the grounding line. The middle lithological unit
comprises mainly terrigenous sandy mud, but also sandy
gravelly mud, mud intercalated with sand layers and muddy
sand. The sediments of this unit probably accumulated in a
sub-ice shelf setting or under permanent sea ice coverage
proximal to the grounding line. The middle unit thus
represents the transition from glacial to post-glacial
conditions. The sediments of the uppermost lithological
unit generally consist of diatom-bearing or diatomaceous
mud and are often bioturbated. They were probably
deposited in a seasonally open marine environment and
are therefore assumed to be post-glacial in age.

We note that there is a slight difference between the
surface clay mineral composition and the composition of the
uppermost samples in the gravity and vibro-cores, which
may reflect a loss of core tops and/or coring disturbance. We
also note that in cores PS69/251-2 and VC417 the typical
threefold sequence is not present (Figs 4a & 5a). The
similarity between the clay mineral composition of the core
top of PS69/251-2 and that of the corresponding surface
sediment sample suggests that either the transitional unit is
missing or that it is merged with the post-glacial unit.

We analysed the clay mineral composition of three
sediment cores from the eastern ASE (Fig. 1, Table I). Core
PS69/251-2 was recovered offshore of the Abbot Ice Shelf.
The Abbot Ice Shelf area was identified as a modern source
for smectite (Fig. 2b). In the subglacial and pro-glacial
sediments, the smectite content is significantly lower and
the kaolinite content significantly higher than in the modern
and the post-glacial sediments, while the illite and chlorite
contents are very similar (Fig. 4a). Core PS69/300-1 was
recovered offshore from Cosgrove Ice Shelf, which is a
modern source for smectite and chlorite (Fig. 2b & c). In
the glacial diamictons, the smectite and illite contents are
significantly lower than in the modern and post-glacial
sediments, whereas kaolinite and chlorite concentrations
are significantly higher (Fig. 4b). Core PS69/295-1 was
recovered offshore from Pine Island Glacier, which is a
major modern source for illite (Fig. 2d). The glacial
sediments of this core are represented by only two samples.
They show lower illite concentrations but slightly higher
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kaolinite concentrations than the modern and post-glacial
sediments, but similar concentrations to the transitional unit
(Fig. 4c).

Thus, the glacial clay mineral signatures in all
investigated cores from the eastern ASE are distinctly
different from the modern signatures (Fig. 6). Specifically,
the kaolinite concentrations of all cores are up to 10%
higher in the subglacial and pro-glacial sediments than in
the surface sediments.

We also analysed three sediment cores from the western
ASE shelf (Fig. 1, Table I). Core VC417 was recovered
offshore from the Dotson Ice Shelf, in an area that is
characterized by enhanced chlorite and illite concentrations
in the surface sediments (Fig. 2c & d). In the glacial
sediments the illite concentration is drastically lower, while
smectite, chlorite and kaolinite concentrations are higher
than in modern and post-glacial sediments (Fig. 5a).
Core VC415 was recovered offshore from the Getz A Ice
Shelf. This region is characterized by enhanced modern
smectite concentrations (Fig. 2b), but no major source for a
particular clay mineral is obvious. In the glacial sediments,
kaolinite, chlorite and illite contents are significantly lower
and smectite contents are significantly higher than in the
overlying transitional and post-glacial units. In contrast
to all other investigated cores, the transitional unit in core
V(415 exhibits a clay mineral assemblage that is completely
different from both the glacial and the post-glacial
assemblages, with minima in smectite and kaolinite and
maxima in illite and chlorite contents (Fig. 5b). A similarly
‘unique’ clay mineral assemblage of the transitional unit was
observed in a sediment core from Ronne Entrance in the
southern Bellingshausen Sea and explained by a time
transgressive deglaciation of the source areas for the
various clay mineral assemblages (Hillenbrand et al.
2009b). Core PS69/275-1 was recovered offshore from the
Getz B Ice Shelf, where modern sediments show enhanced
smectite and illite contents (Fig. 2b & d), but no major
source for a particular clay mineral. The glacial sediments in
this core are represented by only two samples. They show
significantly lower smectite and slightly lower kaolinite
contents, but significantly higher chlorite and slightly higher
illite contents than the post-glacial sediments (Fig. 5c).

As observed in the eastern ASE, the clay mineral
assemblages in glacial sediments of the western ASE are
different from the modern signatures (Fig. 6). However, in
contrast to the eastern ASE, the glacial kaolinite contents
are only higher in core VC417 north of the Dotson Ice
Shelf. This implies that the glaciers that are feeding into the
Getz A and B ice shelves today did not supply such
significant amounts of kaolinite during glacial times.

Our results show that during the last glacial period high
amounts of kaolinite were supplied to the eastern ASE shelf
also from outlets other than the Thwaites Glacier. High
kaolinite concentration was derived from Pine Island
Glacier and from the glaciers draining into the modern
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Cosgrove Ice Shelf and Abbot Ice Shelf. This scenario is
consistent with clay mineral assemblages of sediments
deposited on the adjacent continental rise during the last
glacial period (Hillenbrand et al. 2009a).

In summary, none of the studied cores from the ASE
exhibits a glacial clay mineral assemblage that is similar to
the modern (Fig. 6). Assuming that recycling of old
sediments did not play a major role on the inner shelf
(Lowe & Anderson 2003, Graham et al. 2009, Weigelt et al.
2009), our finding implies that the glaciers and ice streams
draining into the ASE must have changed their catchment
areas, probably as a result of a migration of the ice divides.

At present, the main western ice divide between the
Amundsen Sea and Ross Sea sectors of West Antarctica is
migrating towards the Ross Sea at a rate of ¢. 10m yr™', asa
response to long-term and/or short-term forcing (Conway &
Rasmussen 2009). This divide has probably also moved
previously, during the Holocene (Neumann et al. 2008).
Furthermore, lizuka et al. (2010) reported a shift of
c. 50km for the ice divide between the SOya and the
Shirase drainage basins in East Antarctica between the Last
Glacial Maximum and the earliest Holocene.

We thus speculate that the transition from the last glacial
to the post-glacial period was accompanied by a migration
of the ice divides in the hinterland of the ASE. In addition
to a movement of the main divide between the Amundsen
Sea and the Ross Sea sectors, we assume that the divides
between the individual glaciers and ice streams discharging
into the ASE also shifted. The glacial to present migration
was possibly even more pronounced than that observed at
present. Moving ice divides would have changed the
geographical extents of the drainage basins of the individual
glaciers and ice streams. This would have changed the ratios
of the different source rock lithologies eroded and transported
at the base of the ice, e.g. subglacial sedimentary strata
providing kaolinite vs basement rocks providing illite, and
thus resulted in a change of the clay mineral assemblages
on the ASE shelf.

The shift in the clay mineral signature between the
glacial and the post-glacial sediments could also reflect ice
eroding deeper lithological horizons with time and thus
delivering different sediments to the shelf. This process,
however, probably would produce a more gradational
change in the clay mineral assemblages. Furthermore, this
process cannot explain that the clay mineral shift occurs at
the same stratigraphic level in all cores.

Changes in the intensity of glacial erosion within a
drainage basin may be another mechanism explaining the
differences between the present and glacial clay mineral
assemblages. Wet-based ice is more effective in eroding its
bed than dry-based ice (Hallet e al. 1996). During glacial
times, when the ice possibly extended to the continental
shelf edge, the wet-based areas and hence the areas of
greatest erosion may have been located closer to the margin
and hence downstream of their modern positions. If upstream
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and downstream areas of a glacier or ice stream are
geologically different, then one should expect differences
between the compositions of glacial and modern detritus,
even if the positions of ice divides had not changed.

An example of an area, where a migration of the ice
divide seems more probable than the movement of the main
zone of erosion, is the Kohler Glacier, which, at present,
forms only a small distributary of the Smith Glacier flowing
northward into Dotson Ice Shelf. The surface sediments
offshore from the Kohler Glacier (i.e. offshore from the
Dotson Ice Shelf) are dominated by illite (Fig. 6). Evidence
from sea floor geomorphology (Graham et al. 2009)
indicates that during the last glacial period the Kohler
Glacier was an ice stream system much larger than today,
probably capturing some of the ice draining through the
Smith Glacier today. This scenario could explain the supply
of detritus enriched in kaolinite, smectite and chlorite
during the last glacial (Fig. 6). As Kohler Glacier has a very
small catchment today, there is little potential to explain the
changes in the clay mineralogy by shifting the locus of
erosion within its catchment.

In summary, our findings have major implications for the
reconstruction of sediment provenance in the study area and
possibly in other Antarctic regions as well. They indicate
that the assignment of glacial sediments to present source
regions on the basis of mineralogical and/or geochemical
data alone may result in an incorrect reconstruction of
palaco-ice flow patterns (cf. Hillenbrand et al. 2009b),
especially in areas where the past drainage configuration of
the ice sheet is known to be significantly different to that of
the present, e.g. West Antarctica.

Conclusions

The drainage basin of the Thwaites Glacier system is the
most important modern source for kaolinite on the ASE
shelf. This indicates the presence of a kaolinite-bearing
sedimentary substrate in the Byrd Subglacial Basin and
transfer of this material from the hinterland to the ice
margin beneath the present-day glacier system. In contrast,
the Bentley Subglacial Trench, which is drained by the Pine
Island Glacier, hosts the main modern source for illite.
Glaciers draining into the Abbot Ice Shelf and Cosgrove Ice
Shelf deliver mainly smectite. The modern sediments
offshore from the Dotson Ice Shelf and the Getz Ice
Shelf show a mixed clay mineral signature and indicate no
uniform modern source.

In the ASE clay mineral sources during the last glacial
period were different from modern sources, indicating
changes in catchment areas of the glaciers and ice streams
draining into the ASE. Thus, one has to proceed with
caution when reconstructing palaeodrainage patterns based
on modern sediment sources in this area.

The distribution of glacial clay mineral assemblages in
the ASE shows no consistent pattern, but compared with
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the present-day situation, kaolinite supply to the ASE was
generally enhanced.

The indirect evidence for past shifts in the catchment
areas of this sector of the WAIS probably indicates a
migration of the ice divides. This has major implications
for the long-term stability of the ice sheet, because it points
towards a dynamically evolving drainage system in the
past, similar to that observed today.
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