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ARTICLE INFO ABSTRACT

Editor: Catherine Chauvel The marine-based West Antarctic Ice Sheet (WAIS) is considered the most unstable part of the Antarctic Ice
Sheet, with particular vulnerability in the Amundsen Sea sector where glaciers are melting at an alarming rate.
Far-field sea-level data and ice-sheet models have pointed towards at least one major WAIS disintegration during
the Late Quaternary, but direct evidence for past collapse(s) from ice-proximal geological archives remains
elusive. In order to facilitate geochemical and mineralogical tracing of the two most important glaciers draining
into the Amundsen Sea, i.e. Pine Island Glacier (PIG) and Thwaites Glacier (TG), we here provide the first multi-
proxy provenance analysis of 26 seafloor surface sediment samples from Pine Island Bay.

Our data show that the fingerprints of detritus delivered by PIG and TG are clearly distinct near the ice-shelf
fronts of both ice-stream systems for all grain sizes and proxies investigated. Glacial detritus delivered by PIG is
characterised by low enq values (~—9), high 8 Sr/%Sr ratios (~0.728), low smectite content (<10%), and
hornblende and biotite grains with Late Permian to Jurassic (170-270 Ma) cooling ages. In contrast, glacigenic
detritus delivered by TG is characterised by higher enq values (~—4), lower 87Sr/5°Sr ratios (0.714), higher
smectite (20%) and kaolinite content (37%), biotite and hornblende grains with *“°Ar/3°Ar cooling ages of
<40 Ma and ~115 Ma, and high content of mafic minerals.

The geochemical and mineralogical fingerprints for PIG and TG reported here provide novel insights into sub-
ice geology and allow us to trace both drainage systems in the geological past, under environmental conditions
more similar to those envisioned in the next 50 to 100 years.
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1. Introduction southeastern Amundsen Sea Embayment (Fig. 1). The combined drai-

nage basins of the two glaciers are often referred to as the “weak un-

The West Antarctic Ice Sheet (WAIS) is considered capable of rapid
partial or even total collapse, resulting in up to 4.3 m of global sea level
rise (Fretwell et al., 2013), which may have occurred during Late
Quaternary interglacials (e.g. Scherer et al., 1998) and may occur again
in the future (DeConto and Pollard, 2016). Of particular interest are
Pine Island Glacier (PIG) and Thwaites Glacier (TG), two ice streams
draining approximately 32% of the WAIS into Pine Island Bay in the

derbelly” of the WAIS, i.e., the portion that is most susceptible to rapid
collapse (e.g. Hughes, 1981), although its exact extent has recently
been refined to comprise the TG drainage basin only (Holt et al., 2006;
Vaughan et al., 2006).

The catchments of both ice streams comprise large, low-lying (i.e.
marine-based) basins extending far into the West Antarctic hinterland
(Fig. 1). Pine Island Glacier and TG have small buttressing ice shelves
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Fig. 1. Simplified geological map (top panel) and bathymetric map (top and bottom panel) of the Amundsen Sea sector of West Antarctica, including geological units
discussed in the text (Futa and Le Masurier, 1983; Kipf et al., 2012; Pankhurst et al., 1998, 1993; Rocchi et al., 2006). Bathymetry is taken from Arndt et al. (2013).
Onshore, major ice divides are shown as orange dashed lines (Zwally et al., 2012) and ice surface 100 m contours are from Fretwell et al. (2013). Sites of seafloor
surface sediments analysed in this study are shown as different symbols, and numbers correspond to descriptions provided in Table 1. Additional sites mentioned in
the text are from Simoes Pereira et al. (2018) and are shown as black squares. Inset: Satellite image of Antarctica, showing the borders of the ice drainage basins of
Pine Island Glacier (PIG) and Thwaites Glacier (TG), as well as the location of the Ellsworth-Whitmore Mountains (EWM). ASE: Amundsen Sea Embayment; PIB: Pine
Island Bay; AIS: Abbot Ice Shelf, BP: Bear Peninsula, DIS: Dotson Ice Shelf, CIS: Cosgrove Ice Shelf, CP: Canisteo Peninsula, CrIS: Crosson Ice Shelf, KP: King Peninsula,

MP: Martin Peninsula.

that are in contact with relatively warm ocean water. Both ice streams
are grounded on a bed that deepens further inland, with no physio-
graphic barriers further upstream observed in the TG drainage basin
(e.g. Joughin et al., 2009, 2014). Any destabilization in this sector
therefore has the potential to result in a run-away retreat of the
grounding line further inland (e.g. Schoof, 2007; Joughin et al., 2014).

Alongside other WAIS glaciers draining into the Amundsen Sea
Embayment, PIG and TG have been affected by major mass loss over
recent decades, expressed by rapid thinning, grounding-line retreat and
flow acceleration (e.g. Mouginot et al., 2014; Rignot et al., 2014).
Ocean-induced melting at the base of the ice shelves and at the
grounding lines has been identified as the main driver of ice loss (e.g.
Jacobs et al., 2011; Jenkins et al., 2018), which is presently larger than
anywhere else in Antarctica (e.g. Paolo et al., 2015). Melting of glaciers
in the Amundsen Sea and the other WAIS sectors has contributed a total
of 7.3 mm to global sea-level rise from 1979 to 2017 at an accelerating
rate, with PIG and TG alone accounting for ca. 36% of Antarctica's total
sea level contribution (Rignot et al., 2019; The IMBIE team, 2018).

Numerical studies suggest that the PIG and TG ice drainage systems
collapsed several times over the last 5 Myr (e.g. Pollard and DeConto,
2009; DeConto and Pollard, 2016), but geological evidence for such a
collapse during the Late Quaternary is, so far, indirect and mainly based
on far-field data, such as sea-level records (e.g. Dutton et al., 2015).
Direct geological evidence from records proximal to the WAIS remains
elusive. While studies on marine sediment cores from the West Ant-
arctic continental margin could not prove a Late Quaternary WAIS
collapse (Hillenbrand et al., 2002, 2009), findings of marine diatoms of
Late Quaternary age and elevated beryllium concentrations in sub-
glacial till underlying the Whillans Ice Stream in the Ross Sea drainage
sector of the WAIS were interpreted as a result of at least one WAIS
collapse during the last 750 ka (Scherer et al., 1998). However, a recent
study indicates that the WAIS grounding line had retreated to the
sampling site at the beginning of the Holocene (Kingslake et al., 2018),
demonstrating that advected marine diatoms and adhering beryllium
nuclides might have been carried there by ocean currents, without the
requirement for a WAIS collapse.

A major hurdle in identifying ice-sheet collapse in the proxy record
of marine sediment cores recovered from the West Antarctic margin is
our limited understanding of how exactly such a collapse might be
expressed in the sediments (Hillenbrand et al., 2009). A powerful way
in which to study past ice dynamics and presence/absence of an eroding
ice sheet is to examine the mineralogical and geochemical provenance
of the marine sediments deposited at the periphery of the ice sheet (for
a recent review see Licht and Hemming, 2017). Subglacial substrate is
eroded by ice streams and glaciers, producing glacial detritus, which is
transported by ice flow down-stream to the ice-sheet margin. The ma-
terial carries with it the lithological and geochemical signature of the
source rocks and sedimentary strata eroded along the flow line of the
ice stream/glacier. At a marine-terminating ice margin the glacigenic
detritus can be released in two ways: (i) deposition of unsorted melt-out
till directly at the grounding line and deposition from meltwater plumes
that emanate from the grounding line, or (ii) deposition further offshore
by calved icebergs (e.g. Diekmann and Kuhn, 1999). An important
prerequisite for applying mineralogical and geochemical provenance
studies back in time (e.g. Ehrmann et al., 1992; Cook et al., 2013;
Hillenbrand and Ehrmann, 2002; Pierce et al., 2017; Williams et al.,

2010) is the detailed knowledge of the provenance fingerprint of
modern continental source areas (Pierce et al., 2014; Simdes Pereira
et al., 2018).

In this study, we provide the first comprehensive multi-proxy pro-
venance characterization of glacimarine seafloor surface sediments
from Pine Island Bay (SE Amundsen Sea Embayment). We identify
distinct geochemical fingerprints for two of the most vulnerable
Antarctic glaciers, TG and PIG, thereby offering a much-needed fra-
mework for studying partial and total WAIS collapse back in time.

2. Regional setting

The bathymetry of the eastern Amundsen Sea Embayment shelf is
characterised by a large cross-shelf trough system that extends from the
PIG and TG termini to the continental shelf edge, shallowing from ca.
1500 m to 575 m (Fig. 1; Graham et al., 2010; Nitsche et al., 2007). This
trough system has been carved into the seabed by past grounded ice
stream advances across the shelf (e.g. Graham et al., 2010; Jakobsson
et al., 2012). These advances also created an extensive network of
subglacial meltwater channels in Pine Island Bay, characterised by a
series of interlinked basins eroded into the rugged crystalline bedrock
(Lowe and Anderson, 2003; Nitsche et al., 2013; Witus et al., 2014).
Along the coastline of the Amundsen Sea Embayment mass loss by
iceberg calving is larger than elsewhere around Antarctica (Liu et al.,
2015), and rafting of debris by these icebergs is potentially an im-
portant transport mechanism that delivers glacial detritus from the
coast to the deep sea. Iceberg drift across the Amundsen Sea shelf is
generally directed westwards and driven by surface ocean currents,
wind and sea-ice drift, with a strong bathymetric control for deep-
keeled icebergs (Mazur et al., 2017, 2019).

The geology in the hinterland of the Amundsen Sea Embayment is
characterised by variably tectonized calc-alkaline plutonic (granites,
granodiorites, tonalites) and volcanic rocks that were emplaced during
the long-lived subduction of the (proto-) Pacific plate below the con-
tinental margin from the Palaeozoic to Late Cretaceous. Outcrops of
such ~90 to ~350 Ma old rocks are observed on Thurston Island,
Backer and Brownson islands and onshore of the Dotson Ice Shelf
(Fig. 1, upper panel; cf. Kipf et al., 2012; Pankhurst et al., 1993; Riley
et al,, 2017). In the Jones Mountains, Jurassic granites can be dis-
tinguished from other granites in the region by their predominantly
silicic (i.e. evolved) composition with higher incorporation of crustal
components during magma genesis (Pankhurst et al., 1993). Sporadic
outcrops of evolved granites also occur in the Ellsworth-Whitmore
Mountains (Fig. 1, inset). Cessation of plate subduction below the
margin led to eruption of widespread alkali basalts during the Miocene,
which was followed by a phase of felsic volcanism spanning from the
Latest Miocene to the Late Quaternary (Hudson Mountains, Mt.
Murphy, Mt. Takahe, Toney Mts.; see LeMasurier, 2013). On Dorrel
Rock, southwest of Mt. Murphy, a single outcrop composed of a coarse-
grained gabbro, which was dated to ca. 34 Ma (amphibole *°Ar/*°Ar
ages; Rocchi et al., 2006), is the only exposed plutonic body related to
Cenozoic magmatism. Aeromagnetic and airborne radar investigations
have furthermore revealed the presence of large sedimentary basins
below PIG and TG (Muto et al., 2016; Schroeder et al., 2014b; Smith
et al., 2013) These sedimentary basins were probably formed in asso-
ciation with regional rifting that occurred 90-105 Ma ago, related to
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plate reorganization within West Antarctica (Jordan et al., 2010).
3. Samples

Here we present geochemical and mineralogical compositions, and
magnetic properties of seafloor surface sediment samples recovered
from 26 sites in Pine Island Bay (Fig. 1, lower panel; Table 1). Three
cores from below the (central) PIG Ice Shelf and 23 cores from seasonal
open marine shelf areas were sampled due to their proximity to PIG, TG
and smaller ice streams in the region, e.g. Lucchitta Glacier and Larter
Glacier that flow through the Hudson Mountains and feed into the
Northern Ice Shelf (Johnson et al., 2014; Rignot, 2002). The Northern
Ice Shelf was connected to the PIG Ice Shelf and our site 4 was ice-shelf
covered until 2015 (Jeong et al., 2016; Arndt et al., 2018), but now site
4 is seasonally ice-free and open marine. Furthermore, Haynes Glacier,
Pope Glacier and Smith Glacier drain into the south-western Pine Island
Bay, with the latter two ice streams feeding into the Crosson Ice Shelf
(Rignot et al., 2014; Scheuchl et al., 2016) (Fig. 1; Figure simplified to
show Smith Glacier only).

We divided the studied sites into four groups based on their geo-
graphical locations: PIG sub-ice shelf (n = 4, including site 4), eastern
Pine Island Bay (n = 8), central Pine Island Bay (n = 4), and western
Pine Island Bay (n = 10).

Sub-ice shelf sediments deposited on a prominent ridge below the
PIG ice shelf were retrieved with a hand-operated percussion corer after
hot-water drilling through the ice shelf (Smith et al., 2017). Offshore
sediment samples were collected using gravity, (giant) box and piston
corers as well as sample grabs during a number of shipborne expedi-
tions to the area conducted by the Alfred Wegener Institute (Germany),
the British Antarctic Survey (UK) and the U.S. Antarctic program (see
Table 1 for full list). All surface sediments consist of laminated to
homogenous or bioturbated terrigenous muds and sandy muds de-
scribed from offshore sites elsewhere in Pine Island Bay (Hillenbrand
et al., 2013, 2017; Kirshner et al., 2012; Nitsche et al., 2013; Smith
et al., 2014, 2017; Witus et al., 2014). We infer a modern or late Ho-
locene age for the near surface sediments based on their composition,
stratigraphic position and AMS *C and 2!°Pb dating of similar sedi-
ments in the eastern Amundsen Sea Embayment (Hillenbrand et al.,
2013, 2017; Klages et al., 2013, 2017; Larter et al., 2014; Smith et al.,
2014, 2017; Witus et al., 2014).

4. Methods

We applied a multi-proxy toolbox to characterise seafloor surface
sediments and derive their provenance. Our investigations included
analyses of detrital Sr and Nd isotope, and major and trace element
compositions of the fine-grained fraction (< 63 um), “°Ar/*°Ar dates on
coarse (>150 um) hornblende and biotite grains, mineral composition
of the clay fraction (<2 pum) and rock magnetic parameters of the bulk
sediment. All methods are described below. Note that not all methods
were applied at each site (cf. Table 1 and Appendix Tables 1, 2).

4.1. Strontium and neodymium isotope composition

Bulk sediment samples (~10 cc) were freeze-dried and sieved into
<63 pum, 63-150 pm and >150 pm fractions. An aliquot (~500 mg) of
the fine-grained (<63 um) fraction was sequentially leached to remove
biogenic carbonate using buffered acetic acid and authigenic ferro-
manganese coatings using a 0.02 M hydroxylamine hydrochloride so-
lution, following the procedure by Rutberg et al. (2000), based on
Chester and Hughes (1967). No removal of biogenic opal was con-
ducted, which is an insignificant carrier of trace elements (Collier and
Edmond, 1984). Grousset et al. (1998), for example, reported Sr and Nd
concentrations in biogenic opal of ~5 ppm and ~3 ppm, respectively
(see also Bayon et al., 2002). Furthermore, seafloor surface sediments in
Pine Island Bay are mainly terrigenous, and microfossil content (incl.
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diatoms) is known to be very low (e.g. Kellogg and Kellogg, 1987).
After homogenization of the leached and dried sediment, approximately
~50 mg of the residual (detrital) fraction were weighted into Savillex
beaker and dissolved using a mixture of 2 ml of HF (27 M), 1 ml of
HNO; (15 M) and 0.8 ml of HCIO4 (20 M) for three to four days on a
hotplate until no visible particles remained. Strontium and Nd fractions
were purified using a three-stage ion-exchange chromatography. The
first column utilised cation-exchange resin, AG50W-X8, and hydro-
chloric acid in different molarities, to separate Sr and the rare earth
elements (including Nd) from the sample matrix. The Sr fraction was
subsequently purified using Eichrom's Sr spec (modified from Pin and
Bassin, 1992), while Nd was separated from the other rare earth ele-
ments using Ln-Spec resin (50-100 pm; modified from Pin and
Zalduegui, 1997).

Dried Sr cuts were re-dissolved in 10 pl HCI, and a 1 pl aliquot was
loaded onto degassed tungsten filaments with 1 pl of TaCls activator.
Strontium isotope ratios were measured in static mode on a TRITON
thermal ionisation mass spectrometer (TIMS) at the MAGIC laboratories
at Imperial College London using virtual amplifier rotation. Raw
878r/5%6Sr ratios were corrected for mass bias by normalizing to an
885r/86Sr ratio of 8.375 using an exponential law. Samples were ana-
lysed in three batches between February 2017 and January 2018 during
which time the SRM987 standard yielded a ®7Sr/®°Sr ratio of
0.710250 = 0.000010 2.S.D. (n = 39). For consistency with published
ratios, results reported in Appendix Table 1 were corrected to the ac-
cepted value of 0.710252 * 0.000013 (Weis et al., 2006). Three se-
parate digestions of USGS standard BCR-2 gave an %7Sr/%Sr ratio of
0.705015 =+ 0.000010 2.S.D. (n = 3), within error the same as the
accepted value of 0.705013 + 0.000010 2.S.D. reported by Weis et al.
(2006). Procedural blanks were ~100 pg, 104 pg and ~ 900 pg.

Neodymium isotope compositions were measured on a Nu
Instruments multi-collector inductively coupled plasma mass spectro-
meter (MC-ICP-MS) in the MAGIC facilities at Imperial College London.
The Nd isotope ratios were obtained after correcting for instrumental
mass bias using a *Nd/!**Nd ratio of 0.7129 and an exponential law.
Sample results reported in Appendix Table 1 were obtained during four
measurement sessions over a period of three months. For three batches,
reported '**Nd/***Nd ratios were corrected using the offset of the
average '*>Nd/'*'Nd JNdi ratio of the run (0.512137 + 0.000011,
n = 20; 0.512119 = 0.000015, n = 28; 0.512117 * 0.000013,
n = 17) relative to the accepted ratio of 0.512115 + 0.000007 (Tanaka
et al., 2000). For one batch, we applied a correction using the two
bracketing standards due to a drift in the observed **Nd/***Nd JNdi
ratio. Reported external errors for this batch of samples were based on
the largest BCR-2 '*3Nd/'**Nd offset to the accepted value of
0.512638 = 0.000015 (Weis et al., 2006). Inter-batch comparison of
repeat sample analysis showed that Nd isotope compositions always
reproduced within their respective error bars. Neodymium blanks were
unusually high with 150, 210, 1260 pg, but still only accounted for
<0.5% of the sample signal. Mass balance calculation confirmed that
blanks were negligible due to the large amount of sample processed.

4.2. Major and trace element compositions

An additional split (~50 mg) of the leached <63 pm residual was
separately digested for major and trace element analysis using the same
method detailed above. After conversion to nitrate form, solutions were
taken to the Open University in Milton Keynes. Analysis of major and
trace element composition were performed on an Agilent 8800 ICP-
QQQ, an inductively coupled plasma mass spectrometer with an in-
tegrated collision/reaction cell to remove targeted interference ions.
Most elements were measured with no gas or He gas in the collision
reaction cell, except for rare earth elements measured with O,. Oxide
formation (CeO*/Ce™) was kept below 1.0% and 0.6% in no gas and
He gas mode, respectively, and doubly charged species (Ce**/Ce™)
were kept below 1.5% and 1.0%, respectively. Analyses were
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standardized against five USGS reference materials, in addition to an
internal standard to correct for instrument drift. Detection limits of
light trace elements were typically 2-50 ppt in solution, while mid to
heavy trace elements (Rb-U) were < 2 ppt. Repeated BCR-2 standard
measurements (n = 11) indicate an overall precision for trace elements
better than 5%, with accuracy better than 10%. Major element preci-
sion and accuracy was ~5%.

4.3. Clay mineralogy

Sediment samples (~10 cc) were processed and analysed for clay
mineral assemblages at the Institute for Geophysics and Geology,
University of Leipzig (Germany), following standard procedures (see
Ehrmann et al., 1992, 2011, and references therein). A split (~1 g) of
the fine-grained (< 63 um) sample (sieved during sample processing for
Sr and Nd isotope analysis) was repeatedly leached with acetic acid
(10%) and H,0, to remove carbonate and the organic fraction. The clay
fraction (<2 um) was separated from the remaining sample in settling
tubes after being mixed with an internal MoS, standard at a ratio of 0.4
to 1. The suspended material was rapidly filtered through a 0.2 pm
membrane filter to obtain a texturally oriented aggregate, and then
dried and fixed on small aluminium tiles with exposure to ethylene
glycol vapour (60 °C for 18 h) before X-ray diffraction analysis. Dif-
fractograms were obtained using a Rigaku New Miniflex diffractometer
with CoKa radiation (30 kV, 15 mA) by irradiating the range of 3-40°
20 (at 0.02° 20 steps/4 s integration time), and again the range of
27.5-30.5° 20 (0.01° 20 steps/4 s integration time) to better dis-
criminate the kaolinite (002) peak from the chlorite (004) peak. Dif-
fractograms were assessed using “MacDiff” (Petschick et al., 1996).
Diffraction patterns were adjusted for the MoS, peak (6.15 A) and clay
groups were identified based on their basal reflections at 16.5 A for
smectite (after glycolization), at 10 A for illite, 3.58 A for kaolinite and
3.54 A for chlorite. Semi-quantitative analyses were measured using
empirically determined weighing factors on the integrated peak areas of
the different clay mineral groups (Biscaye, 1964, 1965).

4.4. *°Ar/*°Ar ages of individual iceberg-rafted hornblende and biotite
grains

Individual hornblende and biotite grains were picked from the
coarse (>150 mm) size fraction, which is a reliable proxy for iceberg-
rafted debris (IRD; e.g. Diekmann and Kuhn, 1999) and were analysed
for their *°Ar/>°Ar ages. The differences in closure temperature of
hornblende and biotite grains (~550 and 300 °C, respectively) and their
different fertility in certain lithologies (e.g., Pierce et al., 2014; Licht
and Hemming, 2017), make them complementary in tracing source
terrains. Sample and monitor (Fish Canyon sanidine) grains were irra-
diated at the TRIGA reactor at the USGS in Denver, Colorado (U.S.A.).
The neutron flux was calibrated using J-values calculated to normalize
Fish Canyon sanidine grains to 28.201 + 0.046 Ma (Kuiper et al.,
2008). Subsequent *°Ar/3°Ar age measurements were carried out using
single-step CO, laser-fusion at the Lamont-Doherty Earth Observatory
Argon Geochronology for the Earth Sciences (AGES) laboratory
(U.S.A.), after correcting for atmospheric argon (*°Ar/3°Ar = 298.6;
Lee et al., 2006), procedural blanks, mass discrimination and nuclear
interferences (Dalrymple et al., 1981).

4.5. Rock magnetic properties

Samples for rock magnetic investigations were collected in small
oriented cubes of 6.2 cm® pushed into the split core section. Low-field
magnetic susceptibility (MS), anhysteretic remanent magnetization and
its median destructive field (ARM and MDFagy,, respectively) and iso-
thermal (IRM) remanent magnetization were measured with an auto-
mated 2G SQUID Rock Magnetometer at the Department of Earth
Sciences, University of Bremen (Germany). ARM was imparted in a
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peak alternating field of 100 mT and a DC bias field of 50 puT, and the
samples were subjected to alternating field demagnetization applying
16 steps with 5 mT increment between 0 and 50 mT, and 10 mT in-
crement between 60 and 100 mT peak field. While virtually all minerals
contribute to the measured MS, ARM usually quantifies the content of
fine-grained (<1 pm) stable single-domain (SSD) and pseudo single
domain magnetite (Banerjee et al., 1981; Frederichs et al., 1999). The
MDFjagry is the alternating field demagnetization level at which the
intensity of the ARM is reduced by one half. Anhysteretic susceptibility
(karm) Was calculated by dividing the intensity of ARM given in A/m by
the DC bias field of 50 uT. karm Was divided by magnetic volume sus-
ceptibility (both are dimensionless) to calculate the ratio karm/k. IRM
was imparted in DC fields up to 700 mT applying increments of 5 mT
between 0 and 50 mT field strength, 10 mT between 60 and 100 mT and
25 mT between 125 and 200 mT. Additional steps used fields of 250,
300, 500 and 700 mT. IRM; oo, is dependent on the content of coarser-
grained minerals with coercivities below 100 mT, typically (titano)
magnetite, meaning that the ratio ARM; gom1/IRM;100mT Can be used as a
magneto-granulometric index with higher values indicating smaller
particles (King et al., 1982). Saturation IRM (SIRM) and hard IRM
(HIRM) provide estimates of the content of high-coercivity anti-ferro-
magnetic minerals, such as hematite and goethite, in the samples. The
S-ratio (S = 0.5 - [(—IRM.300m1/SIRM) + 1]) represents the ratio of
low to high-coercive magnetic minerals (e.g. magnetite vs. hematite)
(Bloemendal et al., 1992).

5. Results

Our new dataset is complemented by previously published data
from Pine Island Bay (Ehrmann et al., 2011; Simdes Pereira et al., 2018;
Smith et al., 2017). Results are illustrated in Figs. 2 to 5 and Appendix
Fig. 1. The full dataset is based on seafloor surface sediment samples
from 26 sites, including the previously analysed samples, and consists
of strontium and neodymium isotope (21 and 25 samples, respectively),
major (17 samples) and trace element (21 samples) compositions of
fine-grained sediments, as well as *°Ar/>°Ar ages of individual iceberg-
rafted hornblende and biotite grains (160 grains from 8 samples), clay
mineral compositions (19 samples) and rock magnetic properties of
bulk sediment fractions (16 samples).

5.1. Strontium and neodymium isotope compositions and clay mineral
assemblages

The Sr and Nd isotope compositions and clay mineral signatures of
seafloor surface sediments in Pine Island Bay fall between two end-
members: the PIG sub-ice shelf samples and the sample from site 19
located directly offshore from the Thwaites ice tongue (Figs. 2, 3; Ap-
pendix Fig. 1). The PIG sub-ice shelf samples record the lowest Nd and
highest Sr isotope values (ena: —9.1 to —8.3; 8Sr/%%Sr: 0.7265 to
0.7305) in Pine Island Bay. These samples are further characterised by
low smectite (~7%) and low kaolinite content (14-18%), as well as low
smectite/illite (~0.1) and kaolinite/illite ratios (0.3) when compared to
other samples from the area. Across Pine Island Bay, a general east-west
trend in radiogenic isotopes and clay mineralogy can be observed:
Neodymium isotope compositions become progressively more radio-

genic towards the west (eastern Pine Island Bay: eyqg = —8.3to —6.7;
omitting site 10; central Pine Island Bay: exyg = —6.0 to —5.9; western
Pine Island Bay: eng = —5.1 to —2.3), while Sr isotope ratios show the

opposite trend (eastern Pine Island Bay: 8”Sr/%°Sr: 0.7240 to 0.7181;
central Pine Island Bay: 37Sr/%6Sr: 0.7191 to 0.7173; western Pine Is-
land Bay: 87Sr/%°Sr: 0.7169 to 0.7128). Smectite and kaolinite contents,
and particularly the smectite/illite and kaolinite/illite ratios, also show
an increase from the east (PIG sub-ice shelf samples: smectite/illite
~0.10 and kaolinite/illite ~0.28) to the west (site 19: smectite/illite
~0.56 and kaolinite/illite ~1.04). Sites 22 and 23, which are located in
the vicinity of a minor bathymetric trough that extends NNE-wards
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Fig. 2. Neodymium and strontium isotope composi-

2 Core sites tions of detrital seafloor surface sediments in Pine
Island Bay. Symbols and site numbers according to
®PIB sub-ice shelf Fig. 1 and Table 1. Note that for sites 22 and 23 only
(Qeastern PIB the Nd isotopic composition is available. Isotopic
o , Thwaites X central PIB c?mposition .of~major I.Jedrock outcrops shown in
- 9 Glacier [] western PIB Fig. 1 frO{n Slmoes. Pereira et al. (2018). Source data
23 /j - Simées Pereira on Jurassic volcanic rocks from Thurston Island refer
(22) ) etal., 2018 to two samples from Pankhurst et al. (1993) and
Pine Island Riley et al. (2017), respectively.
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5.2. Iceberg-rafted hornblende and biotite grains _:“5’ m Simées Pereira etal., 2018 BCf85.
. : S 04r- Pa
Iceberg-rafted debris from eastern Pine Island Bay (2 samples; 30 (% .PS69/281
grains) is characterised by predominant ages between 170 and 270 Ma [0 \'D = !
(n = 25) (Figs. 4, 5). This age range is absent or at least much less X ,: o
pronounced in other sectors in Pine Island Bay. In contrast, iceberg- 0.2~ : P IRR - N =)
rafted debris from central Pine Island Bay (3 samples, 70 grains) yielded (\8 % QDO
predominant ages from 90 to 160 Ma (n = 56), with two major age ‘\@i-"l Lo . . (P (23
peaks at ~100 and 115 Ma, as well as minor age populations from 180 0.0 = -
to 270 Ma (n = 9) and from ~0 to 60 Ma (n = 5). Iceberg-rafted debris -10 -8 -6 ENd -4 -2 0
at sites in western Pine Island Bay (3 samples, 60 grains) contains a high
number of hornblende and biotite grains between 110 Ma and 380 Ma
old (n = 52), with a predominant age peak at ~115 Ma. These sites also
contain a noticeable number of grains younger than 40 Ma (n = 6). 10k 195 ’,3
Hornblende and biotite grains have been observed in all seafloor /
surface sediment samples from Pine Island Bay and show similar age © 08l
distributions (Appendix Table 2). The only exception to this general = PS69/281
. . . L = s ; ]
observation is the sample from site 20. Here biotite ages are 2 o6k :.
110-200 Ma (n = 10) and hornblende ages are predominantly £ 7 /B geass
250-380 Ma (n = 6). However, nearby sites (i.e. sites 18 and 24) in 3 L ' Dm "
western Pine Island Bay show presence of both, hornblende and biotite x 04 - B
grains in the 110-200 Ma and 250-380 Ma age intervals. We therefore ook o PS69/299
suggest that the apparent age difference between biotite and horn- : u
blende grains at site 20 is unlikely to bear any geological meaning. 0.0 | | :(22) r;ﬁ(l’l\'*')
10 -8 -6 -4 -2 0
5.3. Statistical analysis map based on major and trace elements, clay ENd

minerals and rock magnetics

We calculated a Principal Component Analysis (PCA) map using the
software package ‘provenance’ (Vermeesch et al., 2016) in order to
extract meaningful information from the large datasets produced by our
multi-proxy provenance analysis (Fig. 6). Trace elements selected were
those with predominantly detrital signatures (Ti, Y, Zr, Nb, Hf) and
those likely to be representative of source rock composition (Sc, V, Co,
Ni, Rb, Sr, Th, U) (Pe-Piper et al., 2008). Of the rare earth elements only
La, Yb, and Lu were selected. Furthermore, we included the anhys-
teretic remanent magnetization (ARM), which is a proxy for relative

Fig. 3. Neodymium isotope composition of <63 pm detrital seafloor surface se-
diments vs smectite/illite (upper panel) and kaolinite/illite (lower panel) ratios
from the <2 um fraction in the same samples. Symbols and site numbers according
to Fig. 1 and Table 1. Note the consistent trend from Pine Island Glacier and eastern
Pine Island Bay towards western Pine Island Bay and site 19 located proximal to the
Thwaites Ice Tongue (Fig. 1). No clay mineral data are available for sites 22 and 23.

abundance of fine-grained magnetite, hard isothermal remanent mag-
netization (HIRM), a proxy for high-coercive minerals such as goethite
and hematite, ARM/IRM, an indicator of magnetic grain size variations,
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Fig. 4. a) Overview map, Pine Island Bay. Offshore pie charts represent thermochronological “°Ar/>*°Ar-ages of iceberg-rafted hornblende and biotite grains in
surface sediments in 20 Myr increments. Ages for outcrops on land are displayed with different symbols depending on the type of dated mineral and the dating
method (based on Simoes Pereira et al., 2018). Letters mark rock types which were dated (g = granitoids, m = metamorphic rocks, v = volcanic rocks). Map shows
bathymetry and altitude, respectively, in 100-m contour lines. Arrows illustrate general iceberg pathways. b) “°Ar/3°Ar ages of hornblende and biotite grains from
the three sectors in Pine Island Bay discussed in the text. Additional result histograms for site BC485 and samples from the Cosgrove Ice Shelf sector are shown for
comparison (Simdes Pereira et al., 2018). Histograms are produced using 10 Ma as bin intervals. Probability density plots were calculated using ISOPLOT4.15
(Ludwig, 2003). ASE: Amundsen Sea Embayment; PIB: Pine Island Bay; BP: Bear Peninsula, CIS: Cosgrove Ice Shelf, CP: Canisteo Peninsula, CrIS: Crosson Ice Shelf,

DIS: Dotson Ice Shelf, KP: King Peninsula, MP: Martin Peninsula, NIS: Northern Ice Shelf.

and low-field magnetic susceptibility (Liu et al., 2012).

The two first principal components PC1 and PC2 of our selected
dataset account for ~69% of the total variance, with the 1st axis PC1
constituting 48% and the 2nd axis PC2 constituting 21% of the var-
iance. Overall, results are clustered within different groups that match
the geographical locations of the sites (see Fig. 1), with site 4 (sub-ice
shelf) and site 19 (in front of TG, western Pine Island Bay) displaying
contrasting loadings on the 1st axis.

6. Discussion: Provenance of modern-Late Holocene detrital
sediments in Pine Island Bay

6.1. Geochemical and clay mineralogical signature of fine-grained detritus

Seafloor surface sediments in Pine Island Bay show significant and
systematic compositional variation with geographical position.
Glacially eroded fine-grained detritus delivered offshore by PIG is
characterised by low eyq values (~—9), high 8 Sr/%6Sr (~0.7275) ra-
tios, as well as relatively low smectite/illite (0.1) and kaolinite/illite
ratios (~0.3), and thus possesses a distinct provenance fingerprint that
allows us to differentiate it from glacimarine sediments supplied from
other ice streams draining into Pine Island Bay and the wider
Amundsen Sea Embayment. This distinctive signature is most promi-
nent in the surface sediments below the PIG ice shelf. Based on the
isotopic composition of seafloor surface sediments deposited at site 8
(PS75/159-1), Simoes Pereira et al. (2018) suggested that the substrate
below the PIG drainage basin is composed of a mixture of evolved
Jurassic granites and Palaeozoic-Mesozoic granitoids of calc-alkaline
composition. Nearby outcrops of the former rocks are found in both the
Jones Mountains (Fig. 1, upper panel) and the Ellsworth-Whitmore
Mountains (inset Fig. 1, upper panel; Craddock et al., 2017), and

15@
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outcrops of the latter rocks are widespread along the Amundsen Sea
coast (Kipf et al., 2012; Mukasa and Dalziel, 2000; Pankhurst et al.,
1993, 1998). Our previous interpretation is supported by the new data,
which reveal that the Sr and Nd isotope signatures of the PIG sub-ice
shelf samples fall in between the signatures of the evolved Jurassic
granites and the Palaeozoic-Mesozoic granitoids (Fig. 2), indicating that
sub-ice shelf sediments represent a mixture of these two sources. In
contrast, a volcanic source, similar to the Jurassic volcanic rocks on
Thurston Island and the Cretaceous volcanic rocks in the Jones Moun-
tains (Fig. 1, upper panel; Pankhurst et al., 1993; Riley et al., 2017), can
be ruled out because smectite, which is produced by weathering of
volcanic detritus (Ehrmann et al., 1992), is low in the PIG sub-ice shelf
samples (cf. Smith et al., 2017). Our data, however, do not reveal
whether the sub-ice shelf samples consist of subglacial detritus, which
had been eroded relatively recently from distinct outcrops of evolved
Jurassic and Palaeozoic granitoids under the modern ice stream and
subsequently were mixed within the till bed during subglacial transport
along the flow line. Alternatively, the sub-ice shelf samples could reflect
direct supply from a sedimentary basin further upstream (Smith et al.,
2013) that comprises sedimentary strata derived from these two major
lithologies.

The isotope signature of sediments becomes more radiogenic (eng:
~—8.0 to ~—6.7; Sr/%Sr: 0.7234 to 0.7181) immediately offshore
from the PIG ice shelf front, i.e. in eastern Pine Island Bay (Fig. 2).
However, clay mineral ratios and assemblages remain relatively uni-
form between the sub-ice shelf environment of PIG and the proximal
marine realm (e.g. smectite/illite: ~0.1; kaolinite/illite: ~0.3) (Fig. 3).
The most plausible explanation for this local decoupling between geo-
chemical and mineralogical provenance of fine-grained detritus is that
sites in eastern Pine Island Bay receive an additional input of detritus
supplied by ice feeding into the Northern Ice Shelf (Fig. 1). Given the
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Fig. 5. Comparison of Nd isotope compositions of detrital sediments (<63 um) and smectite/illite ratio on the clay fraction (<2 um) as well as “°Ar/*°Ar age
populations of iceberg-rafted hornblende and biotite grains (>150 pum). The latter are illustrated as coloured pie charts based on different age groups. Symbols in the
centres of the pie charts mark geographical locations of the samples (Fig. 1). Stippled lines encircle samples from the same sectors as illustrated in Fig. 3. Note that
bins for “°Ar/*°Ar ages are different from those shown in Fig. 4. At site 8 only a single grain could be analysed. No clay mineral data are available for site 15. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).



P. Simades Pereira, et al.

Chemical Geology 550 (2020) 119649

0.0 Fig. 6. Principal component analysis (PCA) based on
4 i i selected elemental, clay mineral and rock magnetic
yah 404 datasets (indicated by blue lines, see text for further
p O . MgO ) discussion). Coloured fields group the different geo-
) | Co, S¢; ARM/IRM i graphical sectors discussed in text and illustrated in
N the same colours in Fig. 7. Field colour was chosen
2 - V, Fe,0, J02 arbitrary and does not relate to previous figures. For
\ ALO, ’ simplification, only sites 4 and 19 are displayed by
] Chl N number on the PCA map. (For interpretation of the
n \ 1 references to colour in this figure legend, the reader
(N-) 0 \ — Ti. Th 0.0 is referred to the web version of this article).
o
o) O Nb, R,0;, ARM
iy N Sr, La, Zr, Hf 1
[4) Lu, Yb, U
24 © ) Kin, Y 7102
O Sus HIRM J
N O R
A < 4-04
i 19 |
R o
406
S — — —
-6 -4 -2 0 2 4 6 8

PC 1

® PIB sub-ice shelf O eastern PIB X central PIB []western PIB

different grain-sizes of the fractions utilised for clay mineral analysis
(<2 pm) and geochemical analysis (<63 pum), we conclude that the
glaciers flowing into the Northern Ice Shelf supply silt-sized (2-63 pm)
glacial flour, produced through comminution by ice crushing (e.g.
Boulton, 1996), with higher eyq values compared to those of material
delivered by PIG. Low smectite content of ~6% in seafloor surface
samples from eastern Pine Island Bay rule out significant contribution
from volcanic sources, such as the Late Miocene-Pliocene volcanic rocks
cropping out in the Hudson Mountains (Rowley et al., 1990). They
support the idea that bedrock upstream of the Northern Ice Shelf con-
sists mainly of Palaeozoic to Mesozoic granitic rocks, which crop out
locally on the Backer and Brownson islands and on Canisteo Peninsula
and King Peninsula (Pankhurst et al., 1998) (see Fig. 1 for locations).

The geochemical and clay mineral signature of seafloor surface se-
diments changes from east to west towards a signature comparable to
that of the sample from site 19, seaward of the Thwaites Ice Tongue.
This trend can be interpreted as two-component mixing of sediments
from eastern Pine Island Bay and detritus supplied by TG. Kaolinite in
Pine Island Bay sediments has been suggested to be mainly sourced
from TG (Ehrmann et al., 2011) likely as a result of erosion of pre-
Oligocene sedimentary strata in the Byrd Subglacial Basin and/or
Bentley Subglacial Trench (Hillenbrand et al., 2003), located upstream
in the WALIS interior (Fretwell et al., 2013). Our data confirm this idea
and further suggest that TG is a major source of smectite, as indicated
by smectite content as high as 20% at site 19. Sources for this clay
mineral are typically volcanic rocks, which have been inferred to lie
below the TG drainage basin (Behrendt, 2013; van Wyk de Vries et al.,
2017). There are, however, no known outcrops within the TG catch-
ment, rendering exact interpretation of geological sources difficult (see
also Section 6.1.2).
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6.2. Sources for iceberg-rafted hornblende and biotite grains and insights
from statistical analysis maps

“°Ar/3°Ar ages in IRD from central and western Pine Island Bay are
clearly distinct from those in eastern Pine Island Bay, with the former
showing well-defined ~100 and ~ 115 Ma age peaks. We relate the
~100 Ma age peak in central Pine Island Bay to a rock source located on
the eastern coast of the Amundsen Sea Embayment (i.e. ages match the
previously observed “°Ar/3?Ar age peak offshore from the Cosgrove Ice
Shelf; Figs. 4, 5). This is supported by recently published iceberg tra-
jectories, documenting that icebergs calved along this coast drift SSW-
wards into central PIB before turning westwards (Mazur et al., 2019).
However, given the proximity of the central and western Pine Island
Bay sites to TG, we suggest that the dominant ~115 Ma age peak in IRD
in these two sectors is sourced from the TG catchment (Fig. 4), and that
the TG catchment is underlain by igneous rocks with similar crystal-
lization and/or cooling ages as the rocks cropping out upstream of the
Dotson and Crosson ice shelves (Fig. 4).

The predominant Cretaceous age peak of ~115 Ma observed in the
new IRD results from glacimarine seafloor surface sediments in western
and central Pine Island Bay matches the timing of episodic magmatic
flare-ups that occurred in other parts of West Antarctica between 100
and 130 Ma (Antarctic Peninsula: U-Pb zircon, Ar-Ar, K-Ar; Rb-Sr; Riley
et al., 2018). The mid-Cretaceous was characterised by rapid empla-
cement of huge granodiorite-tonalite batholiths along the active margin
of West Gondwana (Riley et al., 2018), caused by plate reconfiguration
or plume-lithosphere interaction. Similarity between the new IRD ages
and onshore geochronology points towards continuation of the Cre-
taceous orogenic belt to the eastern Amundsen Sea Embayment beneath
the Thwaites Glacier catchment. Icebergs released by PIG and TG into
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eastern, central and western Pine Island Bay travel initially NNW-
wards, but when they reach the outer shelf, i.e. the area north of ca. 73°
S, they turn westwards and continue to drift in a westerly direction
across the shelf (Mazur et al., 2019). In contrast, icebergs sourced from
the Dotson and Crosson ice shelves are directed westwards immediately
after calving (Mazur et al., 2019), ruling out eastward transport of IRD
from there (Fig. 4).

The “°Ar/3°Ar age populations of hornblende and biotite grains in
eastern Pine Island Bay record notable Jurassic to Triassic
(~180-250 Ma) cooling ages (Figs. 4, 5), matching closely the ages of
Latest Triassic to Jurassic granites cropping out in the Jones Mountains
(183 Ma K-Ar muscovite; Pankhurst et al., 1993), on the Brownson Is-
lands (194 Ma U-Pb zircon; Mukasa and Dalziel, 2000) and in the
Ellsworth-Whitmore Mountains (~170-210 Ma K-Ar whole rock and U-
Pb zircon; Craddock et al., 2017). Older Triassic magmatic intrusions
(~200-250 Ma; obtained by various dating methods) are well recorded
on Thurston Island (Pankhurst et al., 1993), along the Walgreen Coast
(Kipf et al., 2012; Mukasa and Dalziel, 2000), and as inherited U-Pb
zircon ages in the Jurassic intrusions of the Ellsworth-Whitmore
Mountains (Craddock et al., 2017). Notably, the lack of 100-115 Ma old
mineral grains in eastern Pine Island Bay sediments argues for the ab-
sence of a mid-Cetaceous orogenic belt below the PIG drainage basin.
This observation could be explained by complete erosion of Cretaceous
rocks by PIG and subsequent erosion of deeper and older basement
batholiths. Alternatively, the granitic basement underlying PIG could
have been emplaced in a back-arc setting during the mid-Cretaceous
flare-up event (Pankhurst et al., 1993; Zundel et al., 2019).

An interesting feature in the thermochronological ages presented is
the ~35 Ma “°Ar/*°Ar age peak from western Pine Island Bay. We
suggest that this minor feature may be related to a gabbroic intrusive
complex below TG. Such rocks only crop out in a single nunatak at Mt.
Murphy (Rocchi et al., 2006) However, aeromagnetic investigations
confirm the presence of a strong anomaly in the TG drainage basin
(Bingham et al.,, 2012; Golynsky et al., 2018) resembling magnetic
anomalies related to outcrops of mafic gabbro-tonalite-granodiorite
suites in other sectors of Antarctica (Vaughan et al., 1998). Support for
this interpretation comes from our PCA map (Fig. 6), where western
Pine Island Bay is characterised by positive PC1 loading of several
elements, which are indicative of mafic sources (i.e. Fe;0s3, V, Ni, Co, Cr
and Sc). Thwaites Glacier is hence likely to be a major supplier of mafic
minerals, such as pyroxene and olivine (and maybe also hornblende and
biotite) to the offshore. Supply of mafic minerals, such as magnetite,
goethite and hematite, to Pine Island Bay originates mainly from TG, as
evidenced by the pronounced magnetic signature (i.e. IRM;qon,t and
HIRM) of ice-proximal sediments (Fig. 6 and Appendix Table 1). While
magnetite is indicative of the presence of mafic rocks below the TG
catchment, hematite and goethite are more likely to originate from
sedimentary rocks (Liu et al., 2012) and, therefore, their supply into
Pine Island Bay points to erosion of the (pre-Oligocene) kaolinite-
bearing sedimentary strata below the TG catchment (Ehrmann et al.,
2011).

6.3. Relationship between different provenance tracers

Overall, we observe that the various geochemical, mineralogical
and magnetic signatures of seafloor surface sediments in Pine Island
Bay follow a consistent geographic trend from east to west, i.e. from PIG
to TG (Fig. 3; Appendix Fig. 1). For instance, the Sr and Nd isotope
fingerprint of the <63 pum-fraction generally co-varies with the clay
mineralogical signature of the <2 um-fraction, with detritus supplied
by PIG being initially mixed with detritus supplied by the Northern Ice
Shelf, and subsequently by detritus delivered by TG. A minor compo-
nent of detritus might be delivered from glaciers feeding into the
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Crosson Ice Shelf to westernmost Pine Island Bay, as it is suggested by
the slightly higher eng values of sediments at sites 22 and 23, which are
located in the vicinity of a minor bathymetric trough extending NNE-
wards from the westernmost Crosson Ice Shelf (i.e., their engq data trend
towards the eyq signature of sediments at site PS69,/281 located at the
east coast of Bear Island) (Fig. 1, lower panel).

Similarly, the provenance signals of “°Ar/3°Ar ages of iceberg-rafted
hornblende and biotite grains and fine grained (enq, smectite/illite)
glacigenic detritus in the sediments from eastern, central and western
Pine Island Bay are generally coupled (Fig. 5). When grouping the IRD
age populations into different classes, we observe that the peaks
spanning 110-170 Ma and > 270 Ma become more pronounced from
eastern to western Pine Island Bay, while the peak spanning
170-270 Ma becomes less pronounced. This trend correlates with an
increase of smectite/illite ratios and eyng values from east to west and
indicates a similar sediment delivery route for the fine-grained and
iceberg-rafted detritus within Pine Island Bay.

Mixing of detritus supplied by PIG and TG occurs mainly in central
and western Pine Island Bay, explaining the shifts in “°Ar/*°Ar age
population and fine-grained provenance signatures. The observed si-
milar distribution patterns between the various provenance proxies for
different particle sizes indicate absence of large-scale grain-size or mi-
neral sorting during sediment transport in Pine Island Bay. Glacigenic
sediment is deposited in the bay through melt-out of IRD from icebergs
calved at the nearby coast or meltwater plumes generated by ocean-
induced melting at the ice shelf base and the grounding line. Iceberg-
rafting usually delivers unsorted glacigenic debris of various grain sizes,
while meltwater can only supply fine-grained particles (e.g., Diekmann
and Kuhn, 1999). Hence, our data may suggest iceberg-rafting as the
dominant sediment transport mechanism in Pine Island Bay.

However, strong geological evidence for modern plumite deposition
in the bay indicates that today meltwater is a major supplier of glaci-
genic detritus (e.g., Witus et al., 2014; Smith et al., 2017). If we con-
sider the distribution of glacial meltwater concentrations in Pine Island
Bay as a proxy for the distribution of suspended particle load, all our
studied sites must be located in the shelf region that is mostly affected
by plumite deposition (e.g. Nakayama et al., 2013; Biddle et al., 2019).
Furthermore, we can conclude at least for eastern Pine Island Bay that
meltwater-derived sedimentation there must indeed mainly originate
from PIG due to the existence of a cyclonic gyre immediately seaward of
the PIG Ice Shelf front (e.g., Naveira Garabato et al., 2017), which
probably focusses deposition of PIG-derived plumites proximal to this
glacier.

Samples from more distal mid-shelf sites in the eastern Amundsen
Sea Embayment (i.e. site BC485 and PS69/299; Simoes Pereira et al.,
2018; for locations, see Fig. 1) indicate a more complex admixture of
detritus with increasing distance from PIG and TG (Figs. 4, 5). At pre-
sent, the IRD provenance signals sourced from PIG and TG cannot be
traced over long distances across the Amundsen Sea Embayment shelf,
indicating that the signals are either not carried very far, or that they
become overprinted by IRD input from other sources with increasing
distance from the ice-shelf fronts. An important factor may be that in
the Amundsen Sea Embayment only PIG and TG are capable of calving
icebergs with sizes exceeding several hundred square kilometres (e.g.,
Stammerjohn et al., 2015; Arndt et al., 2018). Because the residence
time of an iceberg increases considerably with its size (Mazur et al.,
2019), especially when a huge, deep-keeled icebergs calved from PIG or
TG runs aground, this increases the potential for ocean-induced melt-
out of sub- and englacial debris in close proximity to the source glacier.
In general, however, large tabular icebergs calved from Antarctic ice
shelves are believed to carry only minor quantities of IRD because most
of the basal debris melts out at the grounding line, where the base of the
ice is in contact with relatively warm ocean water (e.g. Anderson, 1999;
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Fig. 7. Summary figure of major transport pathways of glacigenic detritus in Pine Island Bay. Coloured fields denote geographical sectors as discussed in the text and
are based on the fields displayed in Fig. 6. Text boxes summarize notable geochemical, clay mineralogical and rock magnetic properties used to discern the
provenance fingerprints of Pine Island Glacier and Thwaites Glacier. Suggested rock sources below the two major ice streams are also reported. Dashed grey lines
denote the Pine Island-Thwaites paleo-ice stream trough, as well as an unnamed trough further west. BP: Bear Peninsula, CIS: Cosgrove Ice Shelf, CrIS: Crosson Ice
Shelf, EIS: Eastern Ice Shelf, KP: King Peninsula, NIS: Northern Ice Shelf. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article).

Williams et al., 2010). We therefore suggest that today the eastern
Amundsen Sea coast (including Thurston Island) is a more important
source for the offshore supply of IRD than the ice margins along the
southern coast of Pine Island Bay, including PIG and TG. The eastern
Amundsen Sea coast is topographically more elevated and has more
outcrops than the downstream sections of PIG and TG (Burton-Johnson
et al., 2016), implying that glaciers draining this area are likely to carry
more englacial and supraglacial detritus. Thus, icebergs that eventually
calve from this coast should be debris-laden. These icebergs first travel
south across the shelf before turning westwards (Mazur et al., 2019),
and thus may explain the 100 Ma age peak in the IRD from the central
Pine Island Bay samples (Fig. 4).

7. Concluding geochemical characterization of glacigenic detritus
sourced from Pine Island and Thwaites glaciers

The provenance signature of detritus supplied by PIG and TG can be
assigned with a high degree of confidence due to the analysis of (sub-
ice) shelf sediments recovered in close proximity to the grounding line.
Radiogenic isotope fingerprints and clay-mineral assemblages of fine-
grained detritus and thermochronological data from coarse-grained
iceberg-rafted grains in particular provide detailed knowledge on the
provenance signatures of glacigenic detritus sourced from these major
ice streams as well as the sub-ice geology below the different ice drai-
nage catchments. Our results indicate that the subglacial bed in the PIG
drainage basin is composed of evolved Jurassic granites and/or Jurassic
to Early Palaeozoic granitoids, and probably sedimentary strata origi-
nating from erosion of these bedrock sources. The most striking char-
acteristic of the thermochronological dates of the igneous bedrock in
the PIG catchment is the prevalence of 170 to 270 Ma ages signalling
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absence of Cretaceous intrusives, which are widespread across West
Antarctica (Simoes Pereira et al., 2018). Subglacial erosion of the
lithologies underneath PIG produces fine-grained glacigenic detritus
characterised by low enq values (~ —9), high 87Sr/%6Sr ratios (~0.728),
and relatively low smectite (~5%) and kaolinite contents (~18%)
(Fig. 7).

The provenance fingerprint of detritus supplied by TG is distinct
from that delivered by PIG. One of the most striking observations of this
study is that TG supplies detritus with notably higher eyq values (~—4)
and lower 87Sr/%6Sr ratios (0.714) than the detritus supplied by PIG.
The substrate underlying the TG system is a major source of kaolinite
(=37%), indicating erosion of widespread pre-Oligocene sedimentary
strata, as well as smectite (<20%), supporting the presence of mafic
sources in its ice drainage basin. Hornblende and biotite grains are
characterised by a broad “°Ar/*°Ar age spectrum spanning 110 to
380 Ma, with a pronounced age peak at ~115 Ma, as well as a minor
age peak at ~35 Ma. Overall, our thermochronological data hints at the
erosion of hornblende- and biotite-bearing granitoids (e.g. granites,
granodiorites, tonalites) of Cretaceous to Palaeozoic ages, as well as
gabbroic rocks of Oligocene age. Our conclusion of the presence of both
bedrock and sedimentary substrate in the TG drainage basin is in
agreement with the interpretation of airborne radar data (Schroeder
et al., 2014b). Crystalline bedrock is assumed to mainly occur in the
lower trunk of TG, resembling the inner shelf part of the Pine Island-
Thwaites paleo-ice stream trough (e.g. Lowe and Anderson, 2003;
Nitsche et al.,, 2013). In addition, high aeromagnetic anomalies
(Bingham et al., 2012; Golynsky et al., 2018) and high geothermal
fluxes (Schroeder et al., 2014a) below the central portion of TG are
consistent with the presence of mafic rocks (volcanic, gabbro) at its bed.

Our study provides a new perspective on the subglacial geology
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below the WAIS, which is not only important for a better understanding
of the geological evolution of West Antarctica, but also provides the
tools for reconstructing paleo-ice sheet configurations on the continent
based on geochemical and mineralogical provenance analyses of marine
sediments.
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