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A B S T R A C T

Provenance data from sediment delivered to the marine environment by icebergs can trace past ice sheet dy
namics and help constrain the ice sheet models used in sea level projections. This approach requires an inter
pretative framework, but in Antarctica, blanketing ice sheets hinder knowledge of upstream geology. Here, we 
tackle this problem by presenting a coupled laser ablation–based Pb isotope and Rb–Sr age study of ice-rafted 
feldspar grains from shelf sediments along West Antarctica’s Pacific margin. We identify five distinct clusters 
in Pb isotope composition, each associated with Rb–Sr age clusters interpreted as West Antarctic magmatic 
episodes. One cluster suggests granitoids recently identified in geophysical data from the Thwaites Glacier bed 
may be Ross orogen plutons in a rifted block of Transantarctic Mountains crust. A Middle Jurassic cluster fringing 
the Thurston Island crustal block reflects Chon Aike magmatism, and a cluster restricted to western Marie Byrd 
Land points to extensive subglacial exposure of Carboniferous anatectic granites in the Ford Ranges. These Pb 
isotope groups can be used as tracers to infer past ice extent and erosional dynamics of glaciers in the Amundsen 
Sea Embayment, including the Thwaites and Pine Island glaciers. Our approach provides a powerful and high- 
throughput tool for studying detrital provenance in West Antarctica and could be generalized for use in other 
inverse provenance studies around Antarctica and beyond.

1. Introduction

The West Antarctic Ice Sheet (WAIS) plays a critical role in pro
jections of global sea level rise because of the vulnerability of its marine- 
based grounding zones to ocean-induced melting. Projections can be 
improved by evaluating ice sheet models using data that document ice 
extent under different climate states (e.g., Halberstadt et al., 2024).

Provenance studies of material deposited by icebergs (ice-rafted 
debris: IRD) can provide such evidence, but this forward modelling 
approach requires a good understanding of hinterland geology. In 
Antarctica, extensive ice cover means the geology is less precisely 
mapped than in most other regions. Subglacial bedrock characteristics 
are mostly inferred from interpolation of geophysical data between rare 

(often isolated) outcrops. Powerful constraints on the upstream geology 
can also be gained from geochemical and mineralogical analysis of IRD 
deposited near the present-day ice sheet terminus, derived from other
wise inaccessible regions. This inverse provenance approach allows 
tectonic reconstructions (Flowerdew et al., 2013a; Mulder et al., 2019) 
and enables later forward-modelling studies which can assign approxi
mate sources to pre-Holocene IRD in offshore records (Bailey et al., 
2022; Williams et al., 2010).

The coarse (>150 μm) fraction of West Antarctic sediments contains 
predominantly quartz and feldspar grains because the region has hosted 
a continental arc, with intermediate to felsic magmatism, for the ma
jority of the last ~500 Ma. Using these abundant feldspar grains as 
provenance tracers therefore requires a smaller sediment sample for 
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analysis compared to accessory phases such as zircon. Small sample sizes 
are particularly necessary at very remote locations (e.g., the Amundsen 
Sea) where dense annual sea-ice cover often hinders sample collection. 
Using coarse K-feldspar (Kfs) grains does, however, introduce a bias 
away from mafic lithologies and lithologies absent from the sand frac
tion, such as fine-grained or friable rocks. A combination of tracers 
reflecting different and complementary aspects of the hinterland geol
ogy can be analysed to counter the biases of any single tracer – for 
example, Sr and Nd isotopic composition of fine-grained detritus 
(Simões Pereira et al., 2018), U–Pb dating of coarse detrital zircons 
(Licht et al., 2014; Marschalek et al., 2025), 40Ar/39Ar dating of horn
blende and mica grains (Bailey et al., 2022; Simões Pereira et al., 2018), 
apatite thermochronology (Lindow et al., 2016), and clay mineral as
semblages (Ehrmann et al., 2011). Geochronological tracers are partic
ularly useful since the results can be directly compared (with caveats) to 
diverse onshore age data.

Recent advances in laser-ablation reaction-cell tandem mass spec
trometry (LA–ICP–MS/MS; Hogmalm et al., 2017) allow many Kfs grains 
to be dated by in situ Rb–Sr geochronology, complementing 
well-established LA–multi-collector (MC)–ICP–MS Pb isotopic feldspar 
provenance methods (Tyrrell et al., 2006). Analysis by these two 

methods yields a powerful coupled tracer for large populations of indi
vidual grains (Neofitu et al., 2024).

Existing Pb isotope data of feldspars from West Antarctica form a 
tight cluster compared to East Antarctic data (Fig. 1). Feldspar grains 
with a West Antarctic origin can therefore be readily distinguished from 
East Antarctic grains in marine sediments (Flowerdew et al., 2012). 
However, existing West Antarctic bedrock data, restricted to ice-free 
outcrops, are sparse and therefore may not reflect the full variability 
of Pb isotopic compositions within West Antarctica. In contrast, 
ice-rafted feldspars likely originate from multiple subglacial sources 
with a wider range of Pb isotope compositions. Hundreds of grains must 
be analysed to build robust conclusions, which is now possible through 
high-throughput laser ablation methods.

Here, we perform an exploratory Pb isotope analysis of individual 
ice-rafted feldspar grains from ice-proximal marine sediments, in com
bination with in situ Rb–Sr dating of a subset of the same grains. We use 
an inverse provenance approach based on clustering to interpret our Pb 
isotope data, supported and validated by comparing the linked 
geochronological results to known onshore data. We interpret these 
results in the context of the known onshore geology and tectonic history 
of the region and infer possible sources for each cluster.

Fig. 1. Compiled Pb isotope data in feldspars from Antarctic bedrock and sediments. a, Bedrock 206Pb/204Pb versus 208Pb/204Pb measured in bulk mineral separates 
of K-feldspar (Kfs), plagioclase (Pl), or undifferentiated mixtures (Fsp mix). b, Pb isotopes in individual K-feldspar and plagioclase grains from detrital sediments and 
sedimentary rocks. Insets in (a) and (b) show a detailed view of West Antarctic (WA) (including Antarctic Peninsula, AP) data, and excluding East Antarctic (EA) 
data. Dashed ellipses show the 95% confidence interval of a bivariate normal distribution fitted to the West Antarctic data. c, sample locations for the data shown in 
(a) and (b). d, detailed view of West Antarctic sample locations. Compiled data with sources are given in Table S1.
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1.1. Geological setting

West Antarctic crust predominantly consists of sedimentary accre
tionary prisms and intermediate to felsic magmatic arcs formed along 
the convergent margin of Gondwana from the early Paleozoic (~500 
Ma) to the Cretaceous (~100 Ma). The Antarctic Peninsula and Thurston 
Island crustal block (TICB) experienced almost continuous magmatism 
punctuated by periodic flare-ups through the Paleozoic and Mesozoic 
(Riley et al., 2018), while Marie Byrd Land (MBL) underwent two major 
magmatic episodes in Devonian-Carboniferous and Cretaceous times 
(Jordan et al., 2020). Spatial relationships among tectonic blocks 
constituting West Antarctica today (Fig. 2) were much the same in 
Gondwana, except that the subcontinent of Zealandia lay outboard of 
(proto-) MBL (Mortimer et al., 2019), and that tectonic blocks now 
forming Patagonia possibly originated from the early Paleozoic 
convergent margin (González et al., 2018).

The tectonic histories of the Antarctic Peninsula/TICB and MBL 
diverged in the Jurassic. The former records ongoing magmatism, 
whereas MBL, situated inboard of the Gondwana margin arc that passed 
through Zealandia, lacks any post-Carboniferous magmatism until the 
appearance of ~125–90 Ma granites. These plutons intruded during the 
broad intra-continental extension across MBL-southern Zealandia 
(Jordan et al., 2020; Siddoway et al., 2004), which initiated the West 
Antarctic Rift System. Subduction ceased by ~105 Ma (Luyendyk, 1995) 
and was followed by breakup between Zealandia and MBL by ~84 Ma 
(Mortimer et al., 2019), leading to the development of the West Ant
arctic passive margin. Meanwhile along the (proto-)Pacific margin of the 
Antarctic Peninsula, plate subduction halted progressively from south to 
north. Since the Miocene, dispersed mafic alkalic volcanism has 
occurred across MBL and the West Antarctic Rift System.

2. Materials and methods

Surface sediment samples from 25 core sites on the West Antarctic 
continental shelf (Fig. 3, Table S2) were selected to cover various 
drainage sectors of the WAIS and Antarctic Peninsula Ice Sheet. Samples 
typically spanned the top ~4 cm of each core, but sampling down to 
10–17 cm was required for some heavily sampled or very fine-grained 
cores (see Table S2). At all sites, however, the analysed sediments 
most likely have a (Late) Holocene age, given the typical thickness of 

Holocene sediments in the study area (e.g., Larter et al., 2014). The 
samples should therefore reflect modern erosional, transport, and 
depositional patterns, with coarse detrital grains supplied by 
iceberg-rafting or (rarely) ice-shelf rafting. Sea-ice rafting can be dis
counted given the over-deepened continental shelf.

A total of 1670 coarse (>150 µm; see Table S2) detrital mineral 
grains were picked from the washed sediment samples, mounted in 
epoxy, ground, and polished. To optimize sample throughput, the 
number of grain mounts was reduced by not mounting the entirety of 
each size fraction. Instead, ~50–100 grains were picked from each 
sample – many more than eventually analysed – to mitigate any bias. 
The grain mounts were screened using a Leo 1450VP variable pressure 
scanning electron microscope with an Oxford Instruments X-act 10 mm2 

area energy dispersive spectrometer (SEM–EDS). Relative major element 
abundances were determined using AZtec v5.0 software. Laser spots 
were set using the SEM–EDS images in TACtool (https://doi.org/10.5 
281/zenodo.11236874).

Lead isotope ratios were measured in 643 Kfs grains, Rb–Sr isotopes 
in 336 of the same grains, and 87Sr/86Sr was additionally measured in 
138 plagioclase grains. All isotopic analyses were conducted at the 
Centre for Earth Research and Analysis, Southampton (CERAS; Univer
sity of Southampton, UK) using one of two 193 nm UV excimer lasers: 
either an Elemental Scientific Lasers NWR193 equipped with a TwoVol2 
sample chamber or a Teledyne Iridia laser with a Cobalt sample cham
ber. Helium (700–1000 ml.min-1) was used as the sample carrier gas, 
with a post-cell nitrogen addition (2–8 ml.min-1) for enhanced sensi
tivity. Instruments were tuned in each session to maximize sensitivity 
and minimize oxide production while ablating NIST 612.

2.1. Pb isotope measurements

For Pb isotopic analysis, the NWR193 laser was coupled to a Thermo 
Scientific Neptune Plus multi-collector ICP–MS (LA–MC–ICP–MS) 
equipped with a Ni X skimmer cone and a Ni Jet sampler cone. A laser 
spot size of 150 µm with ~5.5 J.cm-2 fluence and repetition rate of 10 Hz 
was chosen to maximize ion yield. Ablations lasted 60 s with a 60 s 
washout period. Integrations for each analysis were trimmed to 55.5 s 
and visually screened in iolite 4 (Paton et al., 2011) to omit inclusions 
and any cycles after grains had been ablated through. Bracketing ana
lyses of NIST 610 every 10 sample spots were used for primary 

Fig. 2. Geology of West Antarctica and neighbouring areas based on the outcrop age compilation of Cox et al. (2023) (outcrop areas expanded for clarity), colour 
coded by geological era. Geotectonic provinces and sub-provinces from Jordan et al. (2020). Bathymetry from the International Bathymetric Chart of the Southern 
Ocean (Arndt et al., 2013). MBL: Marie Byrd Land; AP: Antarctic Peninsula; EWM: Ellsworth-Whitmore Mountains. Inset: W(E)AIS: West (East) Antarctic Ice Sheet; 
APIS: Antarctic Peninsula Ice Sheet.
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calibration, correcting for system mass bias and drift. Reference mate
rials NIST 612 and USGS basalt glass BCR-2G were used to assess mea
surement quality (see Table S4).

The isotopes 202Hg, 204Pb, 206Pb, 207Pb, 208Pb were monitored on 
Faraday detectors, with 1011 Ω amplifiers assigned to 206Pb, 207Pb, and 
208Pb, and 1012 Ω amplifiers to 202Hg and 204Pb. Isobaric interference of 
204Hg on 204Pb was corrected by assuming a 204Hg/202Hg ratio of 0.2301 
(Laeter et al., 2003).

Low natural abundance of 204Pb (~1.4%) results in undesirably low- 
precision 204Pb-normalized ratios when measured via this method. 206Pb 
or 207Pb-normalized ratios (with precision an order of magnitude better) 
are more suitable for LA–MC–ICP–MS detrital studies. The half-life of the 
decay from 235U to 207Pb is 704 Myr compared to 4.463 Gyr for 238U to 
206Pb. With more half-lives elapsed and the low natural abundance of 
precursor 235U, 207Pb is less variable in young (<500 Ma) rocks than 
206Pb. We therefore use 207Pb-normalization in our Pb isotope analyses 
and include 204Pb-normalized ratios for reference and evaluation of 
crustal evolution.

For all 204Pb-normalized ratios, NIST 612 precision was ≤1.2% 2RSD 
(two relative standard deviations) and accuracy was within 0.25%. BCR- 
2G precision was ~2.7% and accuracy was within ~0.01–0.02%. Pre
cision and accuracy were better for all 207Pb-normalized ratios, at 
<0.2% and <0.02% (NIST 612) and ~0.35% and <0.09% (BCR-2G) 
respectively (Table S4). Measurements of unknowns with two standard 
error (2SE) uncertainties >0.003 (206Pb/207Pb) or >0.004 (208Pb/207Pb) 
– i.e., worse than ~0.2% 2RSE – were discarded (3.4% of data).

2.2. Rb–Sr geochronology

Detrital feldspar Rb–Sr geochronological analysis took place over 
two sessions. The laser was coupled to an Agilent 8900 triple- 
quadrupole inductively coupled plasma tandem mass spectrometer 
(LA–ICP–MS/MS). Ablation parameters were tuned for each session such 
that both Rb and Sr were measured in pulse mode for all analyses. The 
NWR193 laser was used in the first session (240507), and circular laser 
spots of 90 µm diameter at ~3 J.cm-2 fluence and a repetition rate of 
5 Hz were used for all reference materials and unknowns, apart from a 
subset of plagioclase grains, identified by SEM–EDS, which were ablated 
with a 150 µm spot to constrain the range in possible initial Sr values. In 

the second session (251017), the Iridia laser was used, and parameters 
were adjusted to ~1.3 J.cm-2 fluence and a repetition rate of 15 Hz, with 
spot sizes of 70 μm (Kfs) and 160 μm (plagioclase) to account for addi
tional reference materials (see below). All ablations lasted 30 s with a 
30 s washout time. Following Hogmalm et al. (2017), SF6 premixed at a 
10:90 volume ratio with He at a flow rate of 1 ml.min-1 and H2 at 1 ml. 
min-1 were used as reaction gasses for shifting Sr isotopes to SrF+ masses 
for measurement free from isobaric 87Rb interference, and to eliminate 
40Ar tail interference on 39K for more accurate major element 
determination.

Data were first processed in iolite 4 using an SF6-adapted version of 
the Redaa et al. (2021) Rb–Sr data reduction scheme. Intensities for 87Rb 
were calculated from 85Rb, assuming a natural 87Rb/85Rb ratio of 
0.38562. The gas background was defined using the last ~23 s of each 
washout period. The signal for each analysis was trimmed to 25 s and 
then visually screened in iolite for inclusions. Following Glorie et al. 
(2024), NIST 610 was used as the primary reference material for 
initial isotope ratio normalization and drift correction, using a 
standard-sample bracketing protocol. Measurement errors are reported 
with 2SE uncertainties.

Rb/Sr fractionation during ablation necessitates a second step of 
matrix-matched 87Rb/86Sr calibration (Glorie et al., 2024; Hogmalm 
et al., 2017); however, suitable internationally distributed materials 
are not presently available. Calibration with a NIST SRM607a K-feldspar 
nano-powder pellet produced inaccurate results, confirming previous 
work (Glorie et al., 2024). We instead used in-house orthoclase-bearing 
samples from the Mountsorrel Granodiorite (Leicestershire, England), 
the Dartmoor Granite (Devon, England), and the Mourne Mountains (G2 
granite, County Down, Northern Ireland), the latter two of which have 
been characterized for Rb–Sr reference material potential in a forth
coming study (Corella Santa Cruz et al. in prep).

The Mountsorrel Granodiorite has a whole-rock Rb–Sr isochron age 
of 432 ± 16 Ma, recalculated after Cribb (1975), and an unabraded 
zircon U–Pb discordant upper intercept age of 452 ± 10 Ma (Noble et al., 
1993). An independent biotite Rb–Sr age of 430 ± 8 Ma (Fig. S1) is 
indistinguishable from the Cribb (1975) whole-rock age.

A sample (HG-1) of ‘poorly megacrystic’ Dartmoor Granite (termi
nology of Darbyshire and Shepherd, 1985, and references therein) from 
Haytor West Quarry, Dartmoor, was sourced from the University of 

Fig. 3. Map of the surface sediment sample sites used in this study. Labels refer to core names: see Table S2 for details. Marker shapes show relationships between 
sites in this study and those in Simões Pereira et al. (2018): triangles: identical, circles: within 20 km of an equivalent, squares: no equivalent. Also shown are glacial 
drainage basins (grey lines: boundaries; dotted lines: ice divides) and ‘Making Earth System Data Records for Use in Research Environments’ (MEaSUREs) ice flow 
speed (Mouginot et al., 2017). PC: piston core, BC: box core, GC: gravity core, KC: kasten core, VC: vibrocore.
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Liverpool teaching collection (via UKGE Ltd.). An isotope dilution 
mineral separate isochron of similar granite from the same Haytor West 
Quarry yields a reference age of 283 ± 3 Ma (recalculated after 
Darbyshire and Shepherd, 1985).

Sample BB-G2 consists of orthoclase crystals picked from a miarolitic 
cavity in Mourne granite ‘G2’ (Corella Santa Cruz et al., in prep), with a 
(recalculated) whole-rock Rb–Sr age of 56.81 ± 0.41 Ma (Gibson et al., 
1987).

Plagioclase and Kfs in HG-1 were measured in both sessions and used 
for Rb/Sr matrix correction. The initial Sr isotope ratio (87Sr/86Sri) of 
Darbyshire and Shepherd (1985) was used to constrain a preliminary 
NIST-calibrated Kfs Rb–Sr age calculated in IsoplotR (Vermeesch, 2018). 
The offset from the recalculated 283 ± 3 Ma reference age was then used 
for calculating 87Rb/86Sr correction factors for all unknowns within that 
session.

Accuracy was assessed through measurement of Mountsorrel feld
spars in both sessions and the Mourne feldspar in the second session. 
Isochrons constructed with 87Sr/86Sri fixed to that calculated by Cribb 
(1975) yield ages of 404 ± 27 Ma (2SE external uncertainty; mean 
square of the weighted deviates (MSWD) = 1.01) and 420 ± 37 Ma 
(MSWD = 1.48), which are within uncertainty of the expected 432 ± 16 
Ma age, albeit relatively imprecisely due to moderate 87Rb/86Sr ratios 
(Fig. S3a and c). In session two, an HG-1 calibrated age of 55.7 ± 5.3 Ma 
(MSWD = 0.88) was calculated for BB-G2 from an isochron fixed 
through the 87Sr/86Sri of Gibson et al. (1987) (Fig. S3b). Keeping 85Rb 
counts in pulse mode for high Rb BB-G2 necessitated the change in laser 
parameters for session two.

2.3. Elemental concentrations

Concentrations of K, Na, Ca, Pb, Rb, and Sr were measured alongside 
Rb–Sr isotopes. Unknowns were calibrated with bracketing analyses of 
NIST 610, using Si as an internal standard. An approximated value of 60 
wt% SiO2 was used for all unknown feldspars. Reference material USGS 
BCR-2G was used to assess measurement quality: precision was ~10% 
2RSD and accuracy for all elements was within 10%, except Pb (11%) 
and K (17%) (Table S5).

2.4. Data analysis

Lead isotope ratio cluster analysis was conducted with the scikit- 
learn Python library in two steps. First, a training dataset was pre
pared by removing the less precise half of the data, followed by 
normalization and scaling. The OPTICS clustering algorithm (Ankerst 
et al., 1999) was used to remove data points from very low-density 
areas (i.e., outliers). A Gaussian Mixture Model (GMM) was then fitted 
to the remaining data. In the second step, the trained GMM was used to 
classify the unfiltered dataset. Any data points with a log-likelihood 
value below a threshold containing 99.9% of the GMM were left un
classified (=27% of data). This composite method avoids the inability of 
GMMs to ignore outliers during fitting while retaining their ability both 
to account for overlapping clusters and to classify new data.

Detrital Rb–Sr ages were calculated in IsoplotR in two ways. Indi
vidual single-spot ages were calculated using two-point isochrons be
tween the analysed spots and the weighted mean ± 2SE 87Sr/86Sri of 

Fig. 4. Rb–Sr K-feldspar (Kfs) detrital geochronology. a, Two-point isochrons of five Kfs grains (measured spots with 2SE ellipses), anchored to a fixed initial 
87Sr/86Sr (purple crosses), illustrating the age calculation method for all our detrital grains. b, Histogram and kernel density estimate (KDE) of detrital grain ages 
(filtered to 87Rb/86Sr ≥ 18) as calculated in (a). KDE (adaptive) bandwidth and histogram bin widths are 15 Myr. Peaks on the KDE are labelled with approximate 
ages (rounded to 10 Ma).
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plagioclase analyses (Fig. 4a) (cf. Neofitu et al., 2024). Ages for Pb 
isotope-clustered groups were calculated by conventional multi-point 
isochrons without 87Sr/86Sri anchoring. The ages obtained are inter
preted as magmatic crystallization ages, except where otherwise noted. 
Following Rösel and Zack (2022), systematic uncertainties were added 
in quadrature to the internal 2SE uncertainties for all calculated ages. 
Plagioclase analyses were screened for 87Rb/86Sr >0.3 or >0.1 molar 
K/(K+Na+Ca) (Fig. S4b), leaving 73 grains with a weighted mean 
87Sr/86Sri = 0.7066 ± 0.0017 used for all single-spot isochron 
calculations.

All 332 grains which have coupled Pb and Rb–Sr isotope data are 
included in our multi-point isochron analyses. Kernel Density Estimates 
(KDEs) use single-spot grain ages, some of which are relatively impre
cise. Filtering directly on age uncertainty would bias the dataset toward 

older, more radiogenic grains. Since age uncertainty is inversely related 
to the 87Rb/86Sr ratio, we instead limit KDE analyses to grains with 
87Rb/86Sr >18 (28% of measured grains).

3. Results

A KDE fitted to the filtered Rb–Sr ages reveals a broad Mesozoic peak 
and a long Paleozoic tail, the former comprising middle Cretaceous 
(~100 Ma) and Jurassic (~160 Ma) components (Fig. 4b). Paleozoic 
grains form a peak of Devonian–Carboniferous (~360 Ma) age and a 
Cambrian–Ordovician plateau with a central age of ~480 Ma.

The major component in the Pb data (>80%) falls within the range of 
existing West Antarctic bedrock data (Fig. 1a), but a small proportion 
(~10%) of the data lies outside the bedrock data range, in the less 

Fig. 5. Clustering of Pb isotope ratios in ice-rafted K-feldspar grains. a, 206Pb/207Pb versus 208Pb/207Pb (i.e., 207Pb-normalized; n = 621, including 13 outliers outside 
the plot area). Ellipses represent the 95% confidence interval of modelled Gaussian distributions of each group (A to E), with associated Rb–Sr isochron ages (±2SE 
external uncertainty). Error bars show 2SE analytical uncertainty. b, A subset of 206Pb/204Pb versus 208Pb/204Pb (i.e., 204Pb-normalized) data, coloured by the 
clusters in (a). For clarity, error bars are omitted and data is filtered (n = 310) to show the more precise half of the data. The median 2SE analytical uncertainty for the 
unfiltered dataset is shown for reference. The two-stage terrestrial Pb evolution curve of Stacey and Kramers (1975) and mantle end members are plotted for 
reference. Axis scales and dashed ellipse showing the range of existing Antarctic Pb-in-feldspar data are the same as Fig. 1a (inset) for comparison. c, Distribution of 
Pb clusters from (a) by sample location. Pie charts show the proportion of grains falling in each group, while the size of each pie chart is proportional to the number of 
grains analysed. Iceberg drift is schematically represented by blue arrows (e.g., Rackow et al., 2017). ‘A?’ shows the approximate hypothesised position of the source 
of Group A grains (see text). FMGC: Fosdick Migmatite-Granite Complex. Inset: detailed view of inner Pine Island Bay.
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radiogenic direction of the 204Pb-normalized plot (Fig. 5).
The internal variation observed within the major Pb isotope 

component (Fig. 5a, Fig. S5) and in the Mesozoic Rb–Sr data suggests the 
existence of smaller sub-components. Our clustering analysis yielded 
five clusters in the Pb isotopic data, which we label Groups A to E. The 
same groups are distinguishable in similar relative positions when 
plotted using 204Pb-normalized ratios (Fig. 5b).

The single-grain coupled-measurement approach allows us to assess 
the Rb–Sr ages corresponding to each Pb isotope compositional group. 
All five groups have a detrital Kfs age distribution dominated by a single 
peak (Fig. S6). We therefore fitted isochrons to the Rb–Sr data from these 
groups, without 87Sr/86Sri assumptions, to arrive at more precise Rb–Sr 
ages than is possible from single grain analyses.

4. Discussion

Group A feldspars occur nearly exclusively at two sites: 34MC 
(Thwaites Eastern Ice Shelf) and 14PC (eastern Ross Ice Shelf), separated 
by ~1500 km and an ice-drainage divide (Fig. 5). Combining all Group A 
feldspar grains yields a slightly overdispersed errorchron of 486 ± 36 Ma 
(MSWD = 1.57), suggesting some geological diachroneity. Constructing 
Rb–Sr isochrons using only Group A grains from each site does not 
resolve the scatter, but restricting Group A to the main body of the 
cluster (henceforth Group A1 – i.e., retaining those grains with 
206Pb/207Pb ≤ 1.171 and 208Pb/207Pb ≤ 2.43; Fig. 5a) yields a coherent 
isochron of 492 ± 32 Ma (MSWD = 1.37; Fig. 6a). Grains assigned to 
Group A1 are present in both samples 34MC (n = 22) and 14 PC (n = 2). 

Fig. 6. Isochron-derived Rb–Sr ages and initial 87Sr/86Sr for the Pb groups. a–f, Isochrons constructed using data grouped by the Pb clustering. Colours and groups 
correspond to those in Fig. 5. Isochrons (black lines) are shown with 95% confidence intervals (grey area). Ellipses show the analytical error for each data point. A 
small number are excluded from the fit (empty ellipses) if they are clear outliers or their individual inclusion significantly affects the age. One spot at 
87Rb/86Sr = 101, shown semi-transparent outside the plot area, and another at 31 are excluded from the Group D2 fit; including them individually yield ages of 
64 ± 36 Ma and 74 ± 23 Ma. n = number of data points included out of the total in the group. MSWD = mean square of the weighted deviates; p(χ2) = chi-squared p- 
value for the linear fit. g, Comparison of 87Sr/86Sri and age for each group, derived from the isochron regressions. Also shown (dashed line) is the regional weighted 
mean ± 2SE 87Sr/86Sr of plagioclase grains from the same samples as the Kfs grains, used for the detrital age calculations. All errors quoted are 2SE.
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The small remainder of Group A (=Group A2, with grains from both 
sites) also forms an isochron, with a younger but very imprecise age that 
is within uncertainty of Group A1 (421 ± 85 Ma; n = 5; MSWD = 1.61). 
The very similar but non-identical signatures of Groups A1 and A2 may 
represent closely related but distinct sources.

The presence of Cambrian–Ordovician rocks under the Bindschadler 
Ice Stream (BIS), which flows into the eastern Ross Ice Shelf, has been 
noted previously: mineral grains of late Ross orogenic age (~520–475 
Ma) were found in subglacial debris recovered from both upstream 
(Marschalek et al., 2024a) and downstream (Licht et al., 2014) areas. A 
few detrital zircon grains with similar U-Pb ages have recently also been 
observed in latest Holocene sediments from the Amundsen Sea 
Embayment (ASE) continental shelf, including a till sample from 
Thwaites Glacier, as well as Eocene and Mid-Cretaceous strata from this 
area, but they do not constitute a major age population in those samples 
(Marschalek et al., 2025).

Sandstone intervals within the voluminous turbidite succession 
eroded from the Ross orogen (Jordan et al., 2020) are a possible source 
for Group A feldspar. The Swanson Formation is kilometres thick in 
western MBL (Glen and Cooper, 2021) and is postulated to extend 
throughout MBL (Pankhurst et al., 1998; Spiegel et al., 2016). However, 
the youngest population of detrital zircons in this unit has a U-Pb age of 
520–560 Ma (Adams et al., 2014), and metamorphism, dated by 
whole-rock Rb–Sr, occurred at ~444 Ma (Adams, 1986). Consequently, 
our Rb–Sr age of ~490 Ma for Group A Kfs grains precludes a source in 
the Swanson Formation. Additionally, grains in Group A have low 
analytical uncertainties and appear both angular and unaltered 
(Fig. S7). Primary erosion from crystalline bedrock rather than 
reworking from sedimentary units is therefore considered likely (Tyrrell 
et al., 2006).

Both our sample sites could have received material from ~490 Ma 
bedrock sources situated near the ice divide between Thwaites Glacier 
and BIS (Fig. 5), where negative gravity anomalies are mapped in a 
region of elevated topography and high bed roughness (Bingham and 
Siegert, 2009; Jordan et al., 2023). Although ice velocity is low in up
stream areas, a rough bed induces high shear stress, a factor that pro
motes entrainment of bed material into the ice (Flowerdew et al., 
2013b). The geophysical anomalies suggest the presence of felsic gran
itoids (Jordan et al., 2023), a potential source for Group A grains.

Two geological interpretations are consistent with the ~490 Ma age 
of Group A. The Ross orogeny in the Transantarctic Mountains (TAM) 
included plutonism with a post-tectonic peak at 495–490 Ma but with 
activity continuing until ~475 Ma (Goodge et al., 2024). Early Ordo
vician magmatism also occurred in the Famatinian arc, a part of the 
Northern Patagonia block restored to a position bordering MBL in 
palaeogeographic reconstructions (González et al., 2018; Riley et al., 
2023). Either interpretation requires the existence of Paleozoic arc 
crust within the West Antarctic interior. Airborne gravity data provide 
evidence of broad basement ‘ribbons’ beneath the Ross Ice Shelf, 
attributed to multi-stage extension (Tankersley et al., 2022). Such a 
structure, a result of Paleozoic subduction retreat and extension (Glen 
and Cooper, 2021), could also underpin the West Antarctic interior, 
resulting in the transfer of faulted TAM crust into MBL. Alternatively, a 
fragment of the Ordovician arc may have been left behind during 
Mesozoic oblique subduction and dextral translation of the Famatinian 
belt along-strike to northern Patagonia (Rapela et al., 2018). Indirect 
evidence of the existence for arc crustal elements comes from sedi
mentary detritus shed into Permo-Triassic basins of the Antarctic 
Peninsula (Riley et al., 2023). Under either scenario, a concealed 
remnant of a Paleozoic margin arc would be present in MBL, providing a 
source for Group A grains.

Initial Sr isotopic ratios for TAM and Famatinian granites are very 
similar both to each other (~0.71; Goodge et al., 2012; Rapela et al., 
2018) and to the unconstrained 87Sr/86Sri from the Group A1 isochron 

(0.7091 ± 0.0060, or ~0.711 if the isochron is fixed to 475 Ma; Fig. 6a), 
consistent with either hypothesis. The dominant 475 Ma age of Pata
gonian granitoids (Rapela et al., 2018) and the 495–490 Ma peak of 
post-tectonic Ross orogeny intrusions in the TAM (Goodge et al., 2024) 
are both within uncertainty of the 492 ± 32 Ma age of Group A1, though 
the latter is a closer match. Sparse data from the Famatinian arc of 
northwestern Argentina (Demartis et al., 2021) are a poor match to the 
Group A signature, and to our knowledge, no Pb isotopic data exist for 
the TAM. Without Pb isotopic data from both sources, neither hypothesis 
can be definitively discounted, but we consider a source originating in 
the TAM Ross orogen granitoids is more likely.

Group A grains are absent from more distal samples across the ASE 
shelf. This may result from dilution with detritus supplied from the 
eastern ASE coast, as observed in Nd isotope data of fine-grained sedi
ment samples (Simões Pereira et al., 2018). Alternatively, Group A 
grains may not have been transported beyond the Holocene ice-shelf 
edge. This may be the case if Group A detritus, originating in an area 
of high shear stress, was preferentially transported at the base of the ice 
stream and melted out at the grounding zone, while englacial debris 
from other sources was transported further offshore within calved ice
bergs. Given the geographical restriction of Group A and its similarity to 
TAM Ross orogen granitoids, use of this group as a tracer in Holocene 
sediments may be limited. However, its potential occurrence in 
pre-Holocene continental rise sediments may be diagnostic for Thwaites 
Glacier advance to the shelf break during past glacial periods or the 
collapse of its drainage basin during previous interglacial periods, when 
an armada of icebergs may have delivered vast amounts of IRD with a 
Group A signature to the offshore (e.g., Bailey et al., 2022; MacAyeal, 
1992).

Simões Pereira et al. (2018) did not identify a ~490 Ma signal in 
ice-rafted hornblende grains from nearby site PS75/168–1. The absence 
may be due to a bathymetric ridge which extends to the north and east of 
site 34MC and acted as a pinning point for Thwaites Glacier’s Eastern Ice 
Shelf in the recent past (Clark et al., 2024). While site 34MC received 
IRD only from Thwaites Glacier, site PS75/168–1 on the NW side of the 
ridge could also receive IRD supplied by icebergs calved from Pine Is
land Glacier, which probably diluted the ~490 Ma Thwaites signal 
(possibly exacerbated by the small sample size of 9 hornblende grains 
from that site and/or low hornblende fertility of the ~490 Ma source, 
underpinning the utility of abundant feldspar as a provenance tracer).

Group B grains occur in sample 28PC (Sulzberger Bay) and sample 
14PC, the next location to the west. The Pb isotopic signature of Group B 
is relatively coherent (Fig. 5a). An isochron constructed from Group B 
grains yields an age of 344 ± 32 Ma and 87Sr/86Sri of 0.7157 ± 0.0082 
(Fig. 6b). Glaciogenic debris from the Ford Ranges (Fig. 2), discharged 
by glaciers flowing into Sulzberger Bay, is the most likely source of 
Group B feldspars. Exposures in the region comprise meta-sediments of 
the Neoproterozoic–Cambrian Swanson Formation, which were 
intruded by the Ford Granodiorite suite and anatectic granites at ~375 
Ma and 358–336 Ma respectively (Korhonen et al., 2010; Yakymchuk 
et al., 2015). Mid-crustal equivalents of the Swanson Formation and 
Ford Granodiorite are migmatitic paragneisses and orthogneisses 
exposed in the Fosdick Mountains. Group B’s isochron age matches that 
of the younger anatectic granite. The 87Sr/86Sri is significantly higher 
than the ~0.706–0.708 of the Ford Granodiorite but falls at the lower 
end of the range of values reported for the Swanson Formation 
(~0.712–0.735 at 350 Ma; Korhonen et al., 2010; Yakymchuk et al., 
2015), suggesting the source for Group B Kfs had a component of mig
matized Swanson Formation (or otherwise similarly reworked crust). 
Both the age and 87Sr/86Sri of Group B closely resemble a monzogranite 
(C5-Is51A) sampled at Mount Iphigene in the Ford Ranges, dated by 
zircon U–Pb to 353 ± 3 Ma (Siddoway and Fanning, 2009) with 
87Sr/86Sr350Ma = 0.7152 (Korhonen et al., 2010). This monzogranite is 
interpreted by Korhonen et al. (2010) as a product of anatexis of the 
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Swanson Formation. The high abundance of Group B grains (high 
87Sr/86Sri and ~344 Ma age) in our sample 28PC points to a significant 
subglacial exposure of its source and may substantiate the longer 
duration and greater geographic extent of Devonian–Carboniferous 
crustal assimilation hypothesized by Yakymchuk et al. (2015).

The discovery of a connection between Group B feldspars and a 
proximal, well-characterized source in the Fosdick Metamorphic 

Complex validates our Pb–Rb–Sr method for Kfs and supports its 
application to much more distal sources, including those in subglacial 
bedrock.

55% of grains in sample 28PC are not classified as Group B, but 
instead mostly fall outside any of the Pb groups defined by clustering 
(Fig. 7a). These grains have variable Pb isotope compositions, consistent 
with a sedimentary origin, but a uniform Rb–Sr age suggesting high- 

Fig. 7. Isochrons constructed from outlying Pb isotopic data in samples 28PC and 22PC. Abbreviations and isochrons are described in Fig. 6, and Pb group confidence 
ellipses and colours follow Fig. 5. The isochron in (b) is constructed from the grains inside the dashed line in (a); The isochron in (d) is constructed from a subset of all 
the grains shown in (c). Including the highest 87Rb/86Sr spot in (d) yields an age of 95 ± 18 Ma (MSWD = 1.05).

Fig. 8. Elemental composition of Kfs grains analysed in this study, presented by Pb group and for sample 22PC. a, Feldspar composition along the alkali feldspar solid 
solution, given by the molar abundance of K. A secondary axis for reference shows the molar abundance of Na with a negligible contribution from Ca (0.5% overall 
median of all grains). b, Pb abundance in parts per million (ppm). ASE: Amundsen Sea Embayment, BS: Bellingshausen Sea, E MBL: Eastern Marie Byrd Land.
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grade regional metamorphic resetting. They form an isochron with an 
age of 297 ± 34 Ma (MSWD = 1.9, n = 7; Fig. 7b), corresponding to the 
shoulder at ~300 Ma visible in the regional KDE (Fig. 4b). Outcrops in 
western MBL do not record ~300 Ma metamorphism, so the grains may 
reflect an unexposed source, an unrecognized event, or deposition from 
icebergs drifting in the westward-flowing coastal current (Fig. 5c).

Sample 22PC at the central Ross Ice Shelf edge contains an unusually 
high proportion (61%) of grains not assigned to any group by clustering. 
These unassigned grains form a well-constrained 84 ± 22 Ma isochron 
(MSWD = 1.00, n = 24; Fig. 7d) and have Pb isotope compositions that 
form a relatively coherent but dispersed group, offset from the radio
genic end of Group D (Fig. 7c). This may be the result of low 207Pb counts 
and associated ratio imprecision (Fig. 8b). However, high Na content 
(Fig. 8a) and a distinctive mottled appearance in backscattered electron 
images (Fig. S7) suggest that hydrothermal albitisation at ~84 Ma may 
have reset their age and disturbed their Pb isotopes, potentially linking 
them to Group D Kfs (see below). Almost all samples contain unassigned 
grains, but in much lower proportions (~15–30%) than in sample 22PC.

Group C forms the largest component of seven samples, from sites 
near the TICB. The Middle Jurassic age (171 ± 12 Ma; Fig. 6c) and 
relatively high Na content of the feldspar grains in this group (Fig. 8a) 
indicate a volcanic origin contemporaneous with the Chon Aike Silicic 
Large Igneous Province (Bastias et al., 2021). The age for Group C ma
terial places TICB magmatism at the very earliest part of the Chon Aike 
V2 phase (173–160 Ma; Bastias et al., 2021), and the 87Sr/86Sri of Group 
C (0.7062 ± 0.0022) matches that of the V2-aged Mapple Formation 
(87Sr/86Sr168Ma = 0.706–0.707; Riley et al., 2001). Fixing the Group C 
isochron to 185 Ma yields 87Sr/86Sri = 0.7044, excluding a correlation 
with the V1-aged (188–178 Ma) Mount Poster Formation 
(87Sr/86Sr185Ma =~0.7106–0.7206; Riley et al., 2001).

A peak in activity within the V2 phase along the eastern ASE coast
line is evident in ice-rafted hornblende and biotite grains (40Ar/39Ar 
ages of ~170 Ma; Simões Pereira et al., 2018). Zircon U–Pb ages from 
granitoid glacial erratic boulders from Pine Island Glacier (~175 Ma; 
Jordan et al., 2025), the Sif Island granite (~177–174 Ma; Marschalek 
et al., 2024b), and sediments recovered offshore/under Pine Island 
and Thwaites glaciers (~175 Ma; Marschalek et al., 2025) place plutonic 
emplacement slightly earlier, during an apparent pause in magmatism 
on the Antarctic Peninsula (Bastias et al., 2021). A 182 ± 1 Ma crystal 
tuff at Mount Dowling (zircon U–Pb; Riley et al., 2017) indicates the 
presence of the Chon Aike V1 phase on Thurston Island, and the V3 
phase is apparent in the dominant 152–142 Ma onshore plutons in the 
TICB (Rb–Sr, Pankhurst et al., 1993). On this basis, the TICB belongs in 
the Chon Aike province, consistent with some reconstructions (e.g., 
Craddock et al., 2017), but contrary to others (e.g., Bastias et al., 2021). 
Evidently, the ~178–173 Ma pause in magmatism (Bastias et al., 2021) 
was restricted to the Antarctic Peninsula.

We observe a significant presence of Group C Kfs grains in IRD 
deposited at site 34MC, confirming previous suggestions (Spiegel et al., 
2016; Zundel et al., 2019) that the TICB boundary runs not along the 
Pine Island rift, but beneath Thwaites Glacier – specifically, further west 
than its eastern shear margin (cf. Marschalek et al., 2024b). Kfs grains at 
site 34MC are unlikely to have been deposited by icebergs calved from 
Pine Island Glacier because icebergs would have been blocked by the 
bathymetric ridge that separates site 34MC from Pine Island Bay.

A minor Group C signal, probably contributed by westward-drifting 
icebergs, appears offshore in samples from the Dotson-Getz Trough but 
not in samples along the MBL coast, which are likely more influenced by 
local inputs from MBL glaciers. A small Group C signal reappears in the 
eastern Ross Sea, where detrital zircon and hornblende grains under the 
Siple Coast ice streams share a similar Jurassic age (Licht et al., 2014; 
Marschalek et al., 2024a). Assuming that the Kfs grains on the Ross Sea 
margin are cogenetic with the rest of Group C (i.e., not just a coinci
dental Pb isotope signature) and that the Chon Aike province does not 

extend into the West Antarctic interior, their deposition there could be 
explained by either (i) transport via westward-drifting icebergs calved 
from Thwaites Glacier or further east or (ii) re-working from sedimen
tary rocks in the West Antarctic interior. In the former case, the Jurassic 
zircons may relate not to the Chon Aike Silicic Large Igneous Province, 
but to the contemporaneous (mafic) Ferrar Large Igneous Province 
(Jordan et al., 2020). However, the absence of Group C grains in the 
samples from the MBL coast argues against significant IRD supply via the 
Antarctic coastal current. The second possibility is therefore more likely: 
that the grains are derived from sedimentary strata deposited in the area 
of the Byrd Subglacial Basin before the formation of the WAIS – i.e., 
during the Paleogene (Klages et al., 2024). This seems plausible given a 
similarly aged detrital zircon population in a late Eocene fluvial sand
stone present on the eastern Amundsen Sea shelf (Marschalek et al., 
2025) and possibly extending well into the West Antarctic interior 
(Zundel et al., 2019). The absence of the Group C signal in samples from 
around Alexander Island may be due to the influence of sediment 
sourcing or routing from this island, which is part of the geologically 
distinct ‘Western Domain’ identified in the Antarctic Peninsula terrane 
model (Vaughan and Storey, 2000) and which does not provide a source 
for ~170 Ma Kfs grains.

Group D is the largest component in nearly half of our samples, 
especially along the coasts of eastern MBL (Getz Ice Shelf) and the 
Antarctic Peninsula. Age data derived from all Group D grains are 
overdispersed, but splitting the group into geographical sub-groups 
yields isochrons of 113 ± 23 Ma for Group D in eastern MBL and the 
ASE, and 84 ± 39 Ma in the Bellingshausen Sea (Fig. 6). These mid-late 
Cretaceous ages coincide with widespread magmatism (Riley et al., 
2018) associated with intracontinental extension (Jordan et al., 2020; 
Luyendyk, 1995; Siddoway et al., 2004) and eventual breakup 
(Mortimer et al., 2019) of East Gondwana. Our Pb isotope data show 
subtle differences within Group D between samples from the ASE and 
Bellingshausen Sea (see Fig. S8), likely reflecting differing contributions 
of crustal melts developed in terranes with different geological charac
teristics during discontinuous magmatism (Jordan et al., 2020; Riley 
et al., 2018).

The Rb–Sr age of Group D in the Bellingshausen Sea resembles that of 
Group E (91 ± 35 Ma; Fig. 6e), and the 87Sr/86Sri values are also within 
uncertainty of each other (Fig. 6f). However, the 87Sr/86Sri of Group E is 
elevated, indicating a higher crustal contribution. Group E grains are 
more K-rich on average (Fig. 8a) but have Pb isotope compositions that 
are less radiogenic (Fig. 5a) and clearly separated from those of Group D.

Groups C, D (both subgroups), E and unassigned grains of sample 
22PC appear to reflect ~170 Ma, ~110 Ma, and ~85 Ma peak magmatic 
activity along the Gondwana margin (Riley et al., 2018). Repeated 
magmatic flare-ups occurring every ~25–50 Myr are typical of conti
nental margin arcs (DeCelles et al., 2009). Variation between these Pb 
groups is likely a response to the degree and type of crustal assimilation 
from varied source rocks and different lithospheric mantle composition 
and slab components, reflecting Mesozoic oblique convergence between 
the Phoenix oceanic and Gondwana continental plates (Jordan et al., 
2020) along with inheritance of along-arc isotopic variations acquired 
in the late Paleozoic (Nelson and Cottle, 2018).

4.1. Methodological considerations

Initial 87Sr/86Sr for our Pb isotope groups ranges from 
0.7062 ± 0.0022 to 0.7157 ± 0.0082 (Fig. 6f). Consequently, some 
group isochron ages (without 87Sr/86Sri assumptions) differ slightly 
from peaks in the detrital spectra (Fig. S6) (e.g., Group B detrital peak ≈
360 Ma; isochron = 344 ± 32 Ma). These discrepancies suggest that 
using a weighted mean to estimate detrital Kfs 87Sr/86Sri is not ideal, in 
contrast to biotite where the higher 87Rb/86Sr reduces the effect of 
87Sr/86Sri variation (Rösel and Zack, 2022). The single-grain age data 
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should therefore be interpreted with caution, and since the isochron 
ages fall within the detrital peaks and use all Rb–Sr data without 
87Sr/86Sri assumptions, the isochrons represent our preferred ages.

The clustering algorithms used here are not capable of weighting by 
uncertainty. Where uncertainty is low, this is a reasonable simplifica
tion, as demonstrated by the independent Rb–Sr age verification of our 
Pb compositional clusters. Ignoring large analytical uncertainties, 
however, could lead to clustering errors. In the absence of more precise 
Pb isotope data (potentially achievable by using 1013 Ω amplifier or ion- 
counting detector technology), we therefore recommend using 207Pb- 
normalization for clustering. However, reducing analytical uncertainty 
or including uncertainty weighting in clustering algorithms are both 
possible. The development of multi-collector ICP–MS/MS methods for in 
situ Rb–Sr dating should allow single-grain detrital Kfs dating at much 
better precision than the triple-quadrupole method used here, especially 
at low 87Rb/86Sr (Fig. 15 in Bevan et al., 2021), mitigating the currently 
unavoidable bias towards high 87Rb/86Sr grains and permitting the 
geochronological data to be included in clustering algorithms (although 
accuracy would still be controlled by how 87Sr/86Sri is determined). 
Refinement of the triple-quadrupole ICP–MS/MS method by improving 
availability of suitable feldspar reference materials with precise refer
ence ages may also reduce propagated single-grain age uncertainties 
sufficiently to permit their inclusion in the clustering process.

5. Conclusions

Coupled Pb isotope analysis and Rb–Sr dating of detrital feldspars 
represent a viable and useful approach for characterizing bedrock con
cealed by ice sheets and establishing the provenance of ice-rafted marine 
sediments. Gaussian mixture modelling, when outliers are managed 
with density-based clustering, resolves fine-scale variability in the Pb 
isotopic composition of West Antarctic Kfs grains and reveals 
geographically distinct Pb isotope clusters, each associated with distinct 
and well-constrained Rb–Sr isochron ages. Material with a unique Pb- 
isotope signature and Carboniferous Rb–Sr age in a sediment sample 
from Sulzberger Bay matches closely with the local onshore geology of 
the Ford Ranges, validating the approach and its extension to less well- 
characterized areas.

Isotopically and geochronologically distinct Kfs grains are supplied 
to the termini of both Thwaites Glacier and the eastern Ross Ice Shelf by 
a subglacial felsic body, inferred to match the granitoids beneath the 
WAIS divide recently described from aerogeophysical observations. The 
~490 Ma age of these grains indicates the source is probably an outcrop 
of Ross orogen granitoids within a rifted micro-block of the TAM. Middle 
Jurassic–aged Kfs grains with another distinct Pb isotope signature are 
sourced from the TICB and correlate with the V2 phase of the Chon Aike 
Silicic Large Igneous Province. The abundance of these grains in detritus 
shed by Thwaites Glacier confirms that the MBL/TICB boundary runs 
beneath it.

In situ Pb isotopic compositions of ice-rafted feldspars can be added 
to the West Antarctic IRD provenance toolbox and, especially when 
coupled with in situ Rb–Sr dating, can be used to address other inverse 
provenance challenges in different geological contexts. Ice-rafted Kfs 
grains are suitable tracers for reconstructing past ice-sheet extent and 
erosional dynamics in the Amundsen Sea sector.
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Schönberg, D., 2021. Assessment of elemental fractionation and matrix effects 
during in situ Rb–Sr dating of phlogopite by LA-ICP-MS/MS: implications for the 
accuracy and precision of mineral ages. J. Anal. Spectrom. 36, 322–344. https://doi. 
org/10.1039/D0JA00299B.

Riley, T.R., Burton-Johnson, A., Flowerdew, M.J., Poblete, F., Castillo, P., Hervé, F., 
Leat, P.T., Millar, I.L., Bastias, J., Whitehouse, M.J., 2023. Palaeozoic – Early 
Mesozoic geological history of the Antarctic Peninsula and correlations with 
Patagonia: kinematic reconstructions of the proto-Pacific margin of Gondwana. 
Earth-Sci. Rev. 236, 104265. https://doi.org/10.1016/j.earscirev.2022.104265.

Riley, T.R., Burton-Johnson, A., Flowerdew, M.J., Whitehouse, M.J., 2018. Episodicity 
within a mid-Cretaceous magmatic flare-up in West Antarctica: U-Pb ages of the 
Lassiter Coast intrusive suite, Antarctic Peninsula, and correlations along the 
Gondwana margin. GSA Bull. 130, 1177–1196. https://doi.org/10.1130/B31800.1.

Riley, T.R., Flowerdew, M.J., Pankhurst, R.J., Leat, P.T., Millar, I.L., Fanning, C.M., 
Whitehouse, M.J., 2017. A revised geochronology of Thurston Island, West 

Antarctica, and correlations along the proto-pacific margin of Gondwana. Antarct. 
Sci. 29, 47–60. https://doi.org/10.1017/S0954102016000341.

Riley, T.R., Leat, P.T., Pankhurst, R.J., Harris, C., 2001. Origins of large volume rhyolitic 
volcanism in the Antarctic Peninsula and Patagonia by crustal melting. J. Petrol. 42, 
1043–1065. https://doi.org/10.1093/petrology/42.6.1043.
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