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ARTICLE INFO ABSTRACT

Editor: Don Porcelli The West Antarctic Ice Sheet (WAIS) is prone to major retreat. Identifying when previous WAIS retreats occurred
could improve sea level rise projections, but detection of these events in marine sediments is limited by
knowledge of the geochemical signature of key sediment source regions located further inland - primarily the
Ellsworth-Whitmore Mountains (EWM). This is because a smaller WAIS would likely result in enhanced erosion

of the EWM and permit more widespread transport of EWM detritus offshore. We here characterise the prove-
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GeOChen}lStry N nance signature of the EWM, showing that different stratigraphic units exhibit distinct geochemical character-

Neodymium and strontium isotopes o ) o ) i i )

Zircon U-Pb istics based on unique combinations of zircon U-Pb ages and Nd and Sr isotope ratios. The oldest Heritage Group
displays dominant Grenville Orogeny (1000-1250 Ma) ages, with mean enq values of ~ — 8 and &Sr/%Sr ratios
of ~0.719. The overlying Crashsite Group and Whiteout Conglomerate exhibit dominant Ross Orogeny ages
(490-580 Ma), with mean eyq values of ~ — 12 and — 18 and 875r/%0Sr ratios of ~0.740 and ~ 0.725,
respectively. The youngest Polarstar Formation has common Permian zircon U-Pb ages and eng values of ~ — 4

and 87Sr/8%Sr ratios of ~0.711. Outlying nunataks are assigned to the Heritage and Crashsite groups, extending
our geological knowledge of the Ellsworth Subglacial Highlands. Together, our data suggest that the Ellsworth
Mountains crustal block is characterised by a mean eyq value of ~ — 10, 8731/ 89gr ratio of ~0.728, and bimodal
Ross and Grenville orogeny zircon U-Pb ages. This “provenance fingerprint” should be identifiable in offshore
sediments recording times of major WAIS retreat.

forcing may be sufficient to trigger significant and irreversible (on
human timescales) deglaciation of West Antarctica in the coming cen-
turies (Joughin et al., 2014; Favier et al., 2014; van den Akker et al.,

1. Introduction

If the West Antarctic Ice Sheet (WAIS) was to be lost completely, it

would raise global mean sea level by ~5.3 m (Morlighem et al., 2020).
Satellite observations have documented significant WAIS deglaciation
over recent decades (Rignot et al., 2019; Smith et al., 2020), questioning
the long-term stability of the ice sheet. With approximately 75% of the
WAIS grounded below sea level (Church et al., 2013) and its bed dipping
towards the West Antarctic interior in several drainage sectors (e.g.,
Ross et al., 2012; Pritchard et al., 2025), it is particularly vulnerable to
incursions of warm ocean water and marine ice sheet instability
(Joughin et al., 2014; Hillenbrand et al., 2017). The present day ocean
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2025). An estimated ~8 mm increase in global mean sea level rise from
WAIS mass loss between 1992 and 2017 was driven primarily by
increased ice discharge in the Amundsen Sea drainage sector (Shepherd
et al., 2018). To predict how Antarctica will respond to continued
warming, it is vital to understand past ice sheet (in)stability during
periods when the global climate was warmer than today.

One approach to understanding how ice sheets responded to past
environmental change is to study the provenance of the detrital com-
ponents in marine sediments. By determining where these sediments
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originated, past ice flow patterns and transport pathways of the detritus
can be reconstructed. Provenance tools are most powerful when
following a multi-proxy approach that integrates a range of comple-
mentary geochemical signatures (Licht and Hemming, 2017). For
instance, geochronological techniques, such as zircon U-Pb dating and
hornblende and biotite “°Ar/3°Ar dating, determine individual ages of
coarse-grained minerals (Roy et al., 2007; Pierce et al., 2011; Craddock
et al., 2017a). Integrating such age data with isotope data analysed on
the fine-grained detrital fraction creates an enhanced and often
distinctive overall geochemical fingerprint, enabling more robust
tracing of sediment sources (e.g., Simoes Pereira et al., 2018) and
transport histories of detritus which elucidates ice sheet dynamics
through time (Marschalek et al., 2021).

An important prerequisite for unravelling past WAIS change using
provenance data in marine sediments is detailed knowledge of West
Antarctica's exposed and subglacial geology (e.g., Storey et al., 1994;
Riley et al., 2020b). However, incomplete knowledge of isotopic source
signatures across the continent is exactly where the effectiveness of the
approach is hampered. The Ellsworth-Whitmore Mountains (EWM)
crustal block is one example of such a poorly constrained source area.
Located in a geologically sensitive position for recording WAIS retreat, it
intersects the Amundsen, Ross, and Weddell Sea drainage sectors
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Fig. 1. Geological map of West Antarctica showing areas of grounded ice,
floating ice shelves, exposed bedrock, major ice catchments and ice flowlines
(Cox et al., 2023). Red bedrock shows the extent of exposed Ellsworth Moun-
tains bedrock. Solid red line outlines the Ellsworth-Whitmore Mountains
(EWM)-Haag block extent (Jordan et al., 2013). Basemap data from Quan-
tarctica3 database (Matsuoka et al., 2018). WS = Weddell Sea, AS = Amundsen
Sea, RS = Ross Sea. Transport of material from the Ellsworth Mountains to the
Ross Sea is negligible under the modern ice configuration, and therefore the
Ross Sea embayment is not included in the main map. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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(Fig. 1), making it a critical region of source rocks that are potentially
identifiable in offshore sediment cores around West Antarctica.

The EWM crustal block is exposed primarily in the Ellsworth
Mountains, which extend for 350 km in the Weddell Sea sector. The
mountains comprise a 13 km thick succession of Pre-Cambrian to
Permian conformable strata (Dalziel and Elliot, 1982; Webers et al.,
1992; Curtis and Lomas, 1999; Castillo et al., 2024). The mountain range
is bounded to the east and west by major topographic depressions and
can be divided into the northern Sentinel Range and southern Heritage
Range, separated by the eastward flowing Minnesota Glacier. The Ells-
worth Subglacial Highlands extend for approximately 300 km to the
South and West (Small et al., 2025). Previous studies of the Ellsworth
Mountains have focussed on the tectonic evolution and history (Webers
et al., 1992; Curtis, 2001; Flowerdew et al., 2007; Castillo et al., 2017;
Craddock et al., 2017a; Castillo et al., 2024); the geochemical prove-
nance signature of the modern mountain range and subglacial crustal
block is yet to be characterised in detail, with a first attempt using Nd,
Sr, and Pb isotope ratios recently reported by Horikawa et al. (2026).
This block also includes the Mesozoic crystalline basement observed at
Haag Nunataks (Fig. 1), which is distinct from the sedimentary succes-
sion of the Ellsworth Mountains. This displaced EWM crustal block has a
complex tectonic history and has been rotated and translated to its
current position (Jordan et al., 2020) and has a geological signature that
is distinct from other sectors in West Antarctica and therefore provides a
critical reference point for sediment provenance studies.

Modern ice flow trajectories inferred from satellite imagery indicate
that, currently, detritus eroded from exposed and subglacial Ellsworth
Mountains bedrock is primarily being transported out towards the
Weddell Sea Embayment via the Rutford and Institute ice streams
(Fig. 1). However, in previous warm periods such as the early to mid-
Pliocene, ice sheet retreat could have radically altered transport path-
ways of glacially eroded detritus. In particular, the opening of seaways
through West Antarctica (e.g. DeConto et al., 2021; Lau et al., 2023;
Rahaman et al., 2025) would have provided new transport pathways for
ice rafted debris. Understanding the past configurations of the WAIS in
response to different climates is key to reducing uncertainties in ice-
sheet model projections (DeConto et al., 2021; Golledge et al., 2021).

We here constrain the geochemical signature of samples from the
EWM crustal bedrock. We determine the EWM provenance signature
using strontium (Sr) and neodymium (Nd) isotope ratios (51 samples),
magnetic mineral assemblages (45 samples), major element data (45
samples) and detrital zircon U-Pb ages (4 samples). Together these data
help quantify the distinct provenance characteristics of each lithological
group within the Ellsworth Mountains and permit identifying its prov-
enance signature in studies of past WAIS configurations in marine
sediment cores. Our new data also permit correlation of outlying nun-
ataks, located further south and west, extending our provenance
“fingerprint” to parts of the Ellsworth Subglacial Highlands. We present
these results both in the context of the Ellsworth Mountains geological
history and as an aid to understanding past WAIS dynamics.

2. Stratigraphy of the Ellsworth Mountains
2.1. Regional setting

West Antarctica consists of three main physiographic provinces: the
Weddell Sea province, the West Antarctic Rift System & Marie Byrd
Land, and the Antarctic Peninsula & Thurston Island (Jordan et al.,
2020). The Weddell Sea province contains the oldest lithological units
exposed in West Antarctica, including a Mesoproterozoic (c.1238 Ma)
granodiorite gneiss complex at Haag Nunataks (Riley et al., 2020a) and
Neoproterozoic (c. 682 Ma) diorite of the Ellsworth Whitmore Moun-
tains (Castillo et al., 2024). This province is bound by the Antarctic
Peninsula & Thurston Island to the north and East Antarctica to the
south. The main ice sheet drainage basins in West Antarctica are the
Weddell Sea, Ross Sea and Amundsen Sea sectors (Fig. 1), all of which
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extend into the EWM-Haag region.

The Ellsworth Mountains present-day position lies approximately
perpendicular to the neighbouring Transantarctic Mountains, which,
together with palaeopole reconstructions, indicates post-depositional
block rotation (Randall and Mac Niocaill, 2004; Watts and Bramall,
1981). Basement rocks are not exposed in the Ellsworth Mountains.
Although a Precambrian basement is thought to underlie the EWM,
aeromagnetic data suggests that it is distinct from the neighbouring
Haag Nunataks (Garrett et al., 1987; Storey et al., 1988). The entire of
the overlying Ellsworth Mountains sedimentary sequence is considered
regionally conformable, despite local discontinuities.

2.2. Heritage group

The oldest sedimentary unit within the EWM block is the Heritage
Group, (Figs. 2, 3) predominantly exposed within the Heritage Range
(Webers et al., 1992). The sedimentary succession has long been
considered to be Cambrian, but recent zircon U-Pb ages from a micro-
diorite intrusion indicate that parts of the succession were deposited
during the Cryogenian (ca. 682 Ma; Castillo et al. (2024)). Deposited in a
continental rift basin, the Heritage Group marks a period of volcanic
activity and crustal instability (Curtis, 2001). It is composed of a 7.5 km
thick succession of tuff, lahar deposits, clastic and carbonate sediments
(Craddock et al., 2017a; Webers et al., 1992; Jordan et al., 2020).
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Fig. 2. Stratigraphic column of the Ellsworth-Whitmore mountains, edited
from Webers et al. (1992). Sample numbers are in approximate stratigraphic
position and correspond to those in Fig. 3 and Table S1, with details illustrated
from the use of both hand specimen samples and sample collection field reports
by Michael Curtis and Darren Randall (1993-1996).
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2.3. Crashsite group

The conformable contact between the Heritage Group and the
Crashsite Group can be seen in the Heritage Range (Webers et al., 1992).
Continental rifting and alkaline magmatism ceased at the end of the
Heritage Group deposition, with the remaining 5 km of the stratigraphy
deposited under shallow marine environments (Webers et al., 1992).

The Crashsite Group is found extensively throughout the Ellsworth
Mountains (Fig. 3), with thicknesses reaching up to 3 km in the Sentinel
Range (Webers et al., 1992). The lithology is spatially and temporally
less variable than that of the underlying Heritage Group. The Crashsite
Group consists of Late Cambrian and Devonian strata predominantly
comprised of quartzite, argillite, and conglomerate, with few limestones
and igneous rocks, and was deposited during a period without major
tectonic activity (Jordan et al., 2020).

2.4. Whiteout Conglomerate

The Crashsite Group gradually transitions into the overlying
Whiteout Conglomerate, a 1 km thick diamictite succession deposited
during the Late Carboniferous-Early Permian Gondwanan glaciation
(Webers et al., 1992). Excluding the outcrops in the Meyer Hills, the
Whiteout Conglomerate is restricted to the Sentinel Range of the Ells-
worth Mountains, with its lithology varying significantly between out-
crops (Webers et al., 1992). Diamictites of the Whiteout Conglomerate
are separated by layers of shale, mudstone, and sandstone (Webers et al.,
1992). Ice flow markers and distinct fossils (Jordan et al., 2020) allow
correlation of these lithologies to units found in South Africa, the
Falkland Islands, and the Pensacola Mountains located to the southeast
of the Ronne Ice Shelf (Castillo et al., 2017; Craddock et al., 2017a).

2.5. Polarstar formation

Like the underlying units, the contact between the Polarstar For-
mation and the Whiteout Conglomerate appears transitional. Exposure
of the youngest Polarstar Formation is confined to the NE Sentinel Range
(Webers et al., 1992). The lowermost section of the Polarstar Formation
contains mostly argillite that transitions into interbedded argillite and
sandstone with coarsening upward sedimentary cycles, capped by coal
measures at the top of the sequence (Castle and Craddock, 1975; Webers
et al., 1992). Zircons from the Polarstar Formation show a close prov-
enance relationship to late Permian units in the Falkland Islands,
southern Africa and the southern Antarctic Peninsula (Riley et al.,
2025).

2.6. Ellsworth Subglacial Highlands

Due to the dry and cold environment, the exposed Ellsworth Moun-
tains are not being glacially eroded as rapidly as the subglacial bedrock
beneath the fast-flowing ice streams. It is therefore important to also
quantify the subglacial portion of the EWM block (Figs. 1 and 3), the
only continuous topographic link between East and West Antarctica
(Storey and Macdonald, 1987). Understanding its structure and
composition provides a foundation for reconstructing past tectonic
connections and transport pathways of detritus.

To do this we studied samples from isolated nunataks alongside
published aerogeophysical data (airborne radar, aeromagnetic, aero-
gravity) to reveal the extent of the Ellsworth Mountains and distribution
of their sedimentary strata (Jordan et al., 2013). Within the EWM block
two main domains exist: 1) the Ellsworth domain, and 2) the Marginal
domain, which are divided by the Pagano Shear Zone (Jordan et al.
(2013), Fig. 3). In the Ellsworth domain, sedimentary rocks show NW-SE
trending structures, whereas in the Marginal domain the sedimentary
sequences are oriented NE-SW, suggesting they may contain elements of
an older orogen (Storey and Macdonald, 1987).

Previous observations at these nunataks have found correlations
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Fig. 3. Geological map and geophysically defined subglacial domains. HG = Heritage Group, CG = Crashsite Group, WC = Whiteout Conglomerate, PF = Polarstar
Formation, PH = Pirrit Hills, MH = Martin Hills, NH = Nash Hills, MJ = Mount Johns, MM = Mount Moore (all this study), MW = Mount Woollard, WM = Whitmore
Mountains, SH = Stewart Hills, HN = Haag Nunataks, PM = Pensacola Mountains, EWM = Ellsworth-Whitmore Mountains. EWM-Haag block extent and Ellsworth
and Marginal domain from (Jordan et al., 2013), dashed line divides EWM and Haag extent.

with neighbouring tectonic units (Storey and Macdonald, 1987). Pri-
marily, two main units have been identified in the nunataks of the
Ellsworth domain, both of which have been correlated to the Heritage
and/or Crashsite groups of the Ellsworth Mountains. This agrees with
published correlations, based on U-Pb geochronology and Hf isotope
analysis, which have linked outcrops from the Whitmore Mountains and
Mt. Woollard to the Frazier Ridge Formation of the Heritage Group
(Flowerdew et al., 2007).

A mixed clastic/carbonate unit has been reported at Nash Hills and
Martin Hills containing limestone, calcareous sandstone and argillite
(Fig. 3; Storey and Macdonald (1987)). Possible associated clastic/car-
bonate units in the Ellsworth Mountains include the Union Glacier
Formation, the Drake Icefall Formation, and the Minaret Limestone.
Contact metamorphism has been identified throughout the Nash Hills
and Martin Hills area and is attributed to the emplacement of large
Middle Jurassic granite plutons (Storey and Macdonald, 1987).
Although intrusive rocks are present in the EWM, they are not discussed
further due to their limited surface exposure. Additionally, Jurassic
granites, which yield zircon U-Pb ages between 170 Ma and 200 Ma, are
observed in various locations around West Antarctica (Pankhurst et al.,
1993; Craddock et al., 2017b; Jordan et al., 2025). They are therefore
not unique to the Ellsworth Mountains, and so they cannot be used to
build a distinct provenance fingerprint.

The Mt. Johns Formation, a red sandstone unit, is found at several
nunataks to the SSW of the Ellsworth Mountains, including Mt. Johns,
Pirrit Hills and Mt. Moore (Fig. 3), with each outcrop thought to
represent a separate exposure of this sedimentary unit. The facies types
in the Mt. Johns Formation include sand, mud and silt, suggesting fluvial
deposition on a low-relief surface, typical of ephemeral braid plains
(Storey and Macdonald, 1987). Based on sedimentary facies, correlative
units exposed in the Ellsworth Mountains may include the Hyde Glacier
Formation, the Springer Peak Formation, and the Crashsite Group
quartzites.

3. Samples and methods

For this study, a series of geochemical analyses was conducted on 45
bedrock samples from the Ellsworth Mountains and six samples from

isolated nunataks to the SSW of the Ellsworth Mountains (Table S1;
Figs. 3, 4). Most samples originated from sedimentary or low-grade
metamorphic rocks; however, eight were from igneous or higher-grade
metamorphic rocks of the Heritage Group. Samples were sourced from
the rock repository of the British Antarctic Survey (BAS) in Cambridge
(UK) and were originally collected during field expeditions between
1983 and 1996. Samples were chosen based on their geographic and
stratigraphic position. Where possible, all major facies within each
lithological group were sampled. Nunatak rock units were chosen based
on field observations (Storey and Macdonald, 1987), and their rock unit
and regional correlations were assessed.

Initial separation and crushing of the bulk rock samples took place at
the BAS. Samples were sieved and powdered in preparation for a range
of different analyses. Methods and results of the magnetic mineralogical
analyses are provided in the Supplementary Information. Previously
cored sections of the Whiteout Conglomerate used for palaecomagnetic
investigations were analysed in this study. These diamictites are
composed of predominantly quartz clasts (< 10 mm) within a grey-black
silt-clay matrix. In all cases, the entire core section was crushed and
powdered to produce a homogeneous sample. This approach ensured the
sample material was representative of the unit, rather than biasing to-
wards larger clasts (> 10 mm), which form <5% of the Whiteout
Conglomerate.

3.1. Neodymium and strontium radiogenic isotope analysis

All Ellsworth Mountains and nunatak (Mt. Johns, Mt. Moore, Pirrit
Hills, Nash Hills, Martin Hills; Fig. 3) samples were measured for their
radiogenic Nd and Sr isotope signatures. Analyses were carried out on
50 mg aliquots of the fine-grained bulk rock powder. A mixture of
concentrated HNO3 (1 ml), HCIO4 (0.8 ml), and HF (2 ml) was used to
digest the samples in Savillex vials on a hotplate (120 °C) for 3 to 5 days.
Samples were converted into chloride-form following complete disso-
lution, and Nd and Sr were isolated from the rock matrix using a three-
stage ion exchange chromatography. In a first stage, rare earth elements
(REE) and Sr were separated from the sample matrix using cation ex-
change resin (AG50W X-8, 200-400 pm mesh) and HCI in increasing
molarity. Neodymium was then separated from the other REEs using Ln-
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Fig. 4. Sample location map of sedimentary units and sample sites within the Ellsworth-Whitmore Mountains. Numbered sites correspond to those in Table S1.

spec resin (50-100 pm) and low molarity HCl. The sample matrix from
the cation exchange step was dried and taken up in HNO3 and loaded
onto Eichrom Sr-spec resin to isolate Sr by elution with water.

Neodymium isotopes were measured on a Nu Plasma HR MC-ICP-MS
in the MAGIC laboratories at Imperial College London (UK). Instru-
mental mass bias was corrected for using a known *Nd/***Nd ratio of
0.7219 and an exponential law. Although negligible, interferences of
1445m on *“Nd were corrected for. Measured *3Nd/!**Nd ratios were
corrected using bracketed JNdi '**Nd/!**Nd ratios and the accepted
ratio of 0.512115 (Tanaka et al., 2000). Six procedural Nd blanks were
below 61 pg, with five showing Nd concentrations of <20 pg, corre-
sponding to a maximum blank contribution of 0.04% of the sample
signal, which is negligible. Repeat measurements of the USGS BCR-2
standard yielded results within error of the published **Nd/*‘Nd
ratio of 0.512638 + 0.000015 (Weis et al., 2006), with an average
143Nd/1*4Nd ratio of 0.512640 + 0.000016 (2SD, n = 36). Neodymium
isotope ratios are expressed as epsilon values (enq), which denotes the
deviation of a measured **Nd/!**Nd ratio from the Chondritic Uniform
Reservoir (CHUR) ratio of 0.512638 in parts per 10* (Jacobsen and
Wasserburg, 1980).

Dried Sr fractions were redissolved in 10 pl 6 M HCl of which 1 pl was
loaded onto degassed tungsten filaments, coated with 1 pl of TaCls
activator. Carbonate samples were redissolved in 30 pl to account for
higher Sr concentrations. Strontium isotope ratios were measured using
a Triton Thermal Ionisation Mass Spectrometer (TIMS) in the MAGIC
laboratories. Measured 8 Sr/%®sr ratios were corrected for mass bias
using an exponential law and an ®8Sr/6Sr ratio of 8.375. Interferences of
87Rb were corrected using an 8Rb/%°Rb ratio of 0.386. Analyses of the
NIST 987 standard, yielded a mean %Sr/%°Sr ratio of 0.710245 +
0.000012 (2SD, n = 61), and samples were corrected to a ratio of
0.710252 + 0.000013 (Weis et al., 2006). Accuracy of results was
confirmed by repeat analysis of USGS BCR-2 standard, yielding & Sr/%6Sr
ratios of 0.705006 =+ 0.000013 (2SD, n = 21), which is within error of
the published ratio of 0.705013 + 0.000010 (Weis et al., 2006). Pro-
cedural blanks ranged between ~100 pg and ~ 900 pg, which is
negligible (< 0.05% assuming upper continental crust Sr
concentrations).

3.2. Zircon U-Pb ages

Zircon U-Pb ages were determined on four of the nunatak samples
(Mt. Johns, Mt. Moore, Pirrit Hills, Martin Hills; Fig. 3). We did not
collect any additional U-Pb data from the main Ellsworth Mountains

region as the bedrock zircon geochronology is well characterised
(Flowerdew et al., 2007; Elliot et al., 2015; Castillo et al., 2017; Crad-
dock et al., 2017a; Castillo et al., 2024).

Nunatak samples were crushed and sieved to <500 pm. Zircons were
isolated from this fraction using standard heavy liquid and magnetic
separation techniques, then mounted on glass slides, set in resin, and
polished until zircon surfaces were exposed. Apatite U-Pb dating at
University College London was performed using an Agilent 7900
ICP-MS coupled to an ESI/New Wave Research NWR193 laser system
equipped with an ATLEX I LR laser source (~5 ns pulse width) and a TV2
ablation cell. The laser was operated at 10 Hz for 30 s per spot, including
5 s of background measurement, with a 25 pm spot diameter and an
energy density of 2.2 J/cm? at the sample surface. Ablation occurred in a
100% helium atmosphere flowing at 1.05 L/min through the ablation
cell. Helium was mixed with argon halfway along the sample transport
line to the torch via a Y-piece. The plasma was sustained at 1400 W RF
power. Ions were analysed on a single-collector SEM operating in pulse
or analog mode, scanning masses 29 (12 ms), 91 (2 ms), 139 (5 ms), 206
(50 ms), 207 (60 ms), 208 (40 ms), 232 (20 ms), 235 (20 ms) and 238
(20 ms).

The mass spectrometer was tuned by drawing a 50 pm line on NIST
612 glass, using a fluence of 3.5 J/cm?. This gave 2**Th0/?*?Th values
of <0.2% (oxide production), 2327h /238y values of >90% (fraction-
ation), and 20,000 counts per second of 238y,

Plesovice zircon (Slama et al., 2008) served as the primary reference
material, and GJ-1 (Jackson et al., 2004) and 91500 zircon (Wiedenbeck
et al., 2004) as the secondary (validation) standards. Data acquisition
was carried out using Agilent MassHunter software, isotopic ratios were
calculated with GLITTER 4.5 (Griffin et al., 2008), and post-processing
was performed in IsoplotR 6.6 (Vermeesch, 2018). GJ-1 apatite ana-
lyses yielded a weighted mean age of 599 + 2 Ma (MSWD = 1.3, n = 44),
and 91500 zircon a weighted mean age of 1051.6 + 3.9 Ma (MSWD =
0.82, n = 42). All zircon U-Pb ages used in this study, including those
from the literature, have been corrected for common lead and further
filtered to remove discordant results using a concordia distance
threshold (Vermeesch, 2021b).

3.3. Scanning electron microscopy

Major oxide compositions were determined for all 45 EWM bedrock
samples. 1-2 em® sample chips were mounted in epoxy set into circular
moulds and cut into 1 cm thick pucks using a precision saw. Cut surfaces
were polished and carbon coated before introduction into the Zeiss Evo
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MA 15 scanning electron microscope housed at CASP (Cambridge, UK).
Back scattered electron (BSE) images and elemental maps were collected
using a Zeiss BSE detector and an Oxford Instruments Ultim Max 100
Energy dispersive x-ray spectrometer (EDS) detector. The instrument
was set up at 20 kV and 2000 pA i-probe, with an BSE and EDS resolution
of 1 ym and 2 pm, respectively. Montages of BSE and EDS images cover
5 mm? representative areas for each sample, from which proxy whole
rock major elemental compositions and mineralogy were determined.
The elemental data were collected using the “standardless” approach
developed by Oxford Instruments and detailed by (Pinard et al., 2020).
To check the detector- and instrument-specific calibration is appro-
priate, beam measurements on pure copper were carried out before each
analytical session to ensure that the beam was stable and as sensitive as
previous sessions under identical conditions. In addition, accuracy was
monitored against an internal sample where XRF major-element
geochemistry exists. Images and data were collected, manipulated and
exported using Oxford Instruments AZtec software version 6.1.

4. Results

Below we present lithology, bulk rock radiogenic isotope data, and
U-Pb zircon ages to characterise the EWM block. Data on magnetic
measurements (methods and results) conducted on all 45 EWM bedrock
samples are provided in the Supplementary Information. Magnetic
mineralogical analyses did not contribute additional constraints on the
sediment provenance fingerprint due to variability being confined to the
Heritage Group and the weakly magnetic nature of the samples.

4.1. Major element geochemistry

Elemental compositions vary up-stratigraphy, consistent with the
geological development of the basin. These variations are illustrated
using the analysis of Lipp et al. (2020), (Fig. 5, Table S2). The Heritage
Group displays highly variable compositions, derived from a mixture of
felsic and mafic sources, and records a range of chemical weathering
intensity experienced. In contrast, the younger strata show a systematic
reduction in the intensity of chemical weathering, coupled with changes
in the composition of the crystalline source rocks from which they were
derived. Sediments of the Crashsite Group were derived from moder-
ately felsic sources and experienced high degrees of chemical weath-
ering and are compositionally mature with high detrital quartz contents
(Table S2). The Whiteout Conglomerate diamictites originate from more
mafic sources and record a reduction in chemical weathering intensity,
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Fig. 5. Illustration of rock composition and degree of weathering for the Ells-
worth Mountains samples. Ln(K/Mg): proxy for felsic (>0) and mafic (<0)
sources; In(Al/Na): proxy for weathering (Lipp et al., 2020).
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consistent with their deposition in a glacial setting with dominance of
physical weathering. This trend continues into the Polarstar Formation,
which experienced the least chemical weathering and has the strongest
felsic source signal. Both the Whiteout Conglomerate and Polarstar
Formation are characterised by little variability in their Al/Na ratios.

4.2. Neodymium and strontium isotope composition

The Nd isotope compositions of Ellsworth Mountains bedrock sam-
ples vary between eyng values of +2.5 and — 18.5, with corresponding
873/ 86gr ratios from 0.705 to 0.762 (Fig. 6, Table S2). When consid-
ering both radiogenic isotope systems, each lithological group shows a
distinct fingerprint (Fig. 6). The clear outlier in the data set in terms of
its Nd isotope composition is a sill sample from the Heritage Group,
which matches the range observed in previously analysed sill samples
and is thought to result from the later intrusion of these sills from a
different magma source (Curtis et al., 1999). This sample is the only one
measured in this study with a positive exq value (Fig. 6). As the lithology
of the sill sample only represents a very minor fraction of the exposed
geology, the result is omitted from further characterisation of the Her-
itage Group.

The next highest exg values were observed in the youngest group, the
Polarstar Formation, which yielded a well-defined data cluster around
end = —3.8 to —4.9 and 878r/85Sr = 0.709 to 0.715. At the other end of
the Nd isotope spectrum, the lowest eng values are recorded in the un-
derlying Whiteout Conglomerate (en¢ = —17.5 to —18.5; 878r/865r =
0.723 to 0.729). The older Heritage and Crashsite groups show more
internal heterogeneity, particularly in Sr isotope composition, with exqg
values ranging from —5.2 to —11.9 and — 9.6 to —13.1 and ®7Sr/%0sr
isotope ratios ranging from 0.705 to 0.753 and 0.723 to 0.762, respec-
tively (Fig. 6).

The samples from the nunataks either fall within the field of the
Heritage Group samples (clastic/carbonate samples from the Nash Hills
and the Martin Hills; eng = —7.2; 87Sr/80Sr = 0.716 to 0.717) or at the
transition of the Heritage and Crashsite groups (sandstone samples from
the Pirrit Hills, Mt. Moor and Mt. Johns; exq = —9.3 to —10.6; 87gr/865r
= 0.727 to 0.745) (Fig. 6).

4.3. Nunatak zircon U-Pb age signature

Our new detrital zircon U-Pb dates of the samples from Martin Hills
(n = 83) and Pirrit Hills (n = 115) are characterised by two approxi-
mately equal age peaks, centred around 1100 Ma and 520 Ma. Samples
from Mt. Johns (n = 83) have a dominant age peak at c. 530 Ma, but with
a minor age peak at c. 1000 Ma, whereas the Mt. Moore sample (n =
136) has a dominant age peak at c. 1000 Ma (Fig. 7a). In contrast, zircon
U-Pb ages previously reported for granitic rocks from the nunataks of the
EWM block are centred at c. 170 Ma and 200 Ma (Craddock et al.,
2017b).

5. Discussion

5.1. Sediment provenance characteristics of the exposed Ellsworth
Mountains

Previous studies have shown that different lithologies within the
Heritage Group exhibit different zircon U-Pb age spectra (Fig. 7). In most
cases, the older Heritage Group samples (e.g. Kosco Peak) are dominated
by Grenville Orogeny ages (1000-1250 Ma), whereas the younger
Heritage Group samples (e.g. Springer Peak and Frazier Ridge) tend to
show a bimodal distribution of Grenville Orogeny ages and Ross
Orogeny (480-590 Ma) and/or Pan-African Orogeny ages (500-650 Ma)
(Flowerdew et al., 2007; Castillo et al., 2017). Combined, the Heritage
Group contains Grenville Orogeny zircon U-Pb ages approximately five
times more abundant than Ross Orogeny ages (Flowerdew et al., 2007,
Castillo et al., 2017, Castillo et al., 2024; Figs. 7, 8). We estimate the
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Fig. 6. Neodymium and strontium isotope compositions of all Ellsworth-Whitmore Mountain samples from this study. Nunatak locations are abbreviated as follows:
NH = Nash Hills, MH = Martin Hills, PH = Pirrit Hills, MM = Mt. Moore, MJ1,2 = two samples from Mt. Johns.

maximum depositional age (MDA) of the youngest Heritage Group strata
using the maximum likelihood age (MLA) algorithm of Vermeesch
(2021a). The MLA approach models the detrital zircon U-Pb age spec-
trum as a two-component mixture comprising (i) a discrete peak rep-
resenting the depositional age and (ii) a continuous population of older
ages described by a truncated normal distribution. Although this para-
metric formulation is necessarily simplified, the MLA algorithm has been
shown to yield more accurate depositional age estimates than commonly
used heuristic MDA methods (Vermeesch, 2021a). Applying the MLA
method as implemented in IsoplotR v6.6 (Vermeesch, 2018), we obtain
an MDA for the Heritage Group of 518 + 7 Ma. The Heritage Group
samples show the largest range in both isotope compositions and major
element geochemistry, with eyq values between —5.2 and — 11.9, and
873r/80Sr ratios from 0.705 to 0.753 (Figs. 6, 8). The data have given rise
to suggestions of multiple original geological sources for these sedi-
ments, with agreement that the mountain region was located to the
north of its current position during the Cambrian Period, likely receiving
material from Gondwana (Flowerdew et al., 2007; Castillo et al., 2017;
Randall et al., 2000; Randall and Mac Niocaill, 2004).

The overlying Crashsite Group can be distinguished by its detrital
zircon U-Pb ages, with Ross Orogeny ages being twice as abundant as
Grenville Orogeny ages, and an MLA of 422 + 10 Ma (Figs. 7, 8).
875r/%0Sr ratios range between 0.723 and 0.762, and enq values span
—9.6 to —13.1 (Figs. 6, 8). The Crashsite Group is characterised by
elevated Al/Na ratios in comparison to the younger overlying units,
consistent with significant chemical weathering, sediment recycling and
compositional maturity (Fig. 5).

The Whiteout Conglomerate zircon U-Pb age profiles do not differ
notably from those of the underlying Crashsite Group (Fig. 7). However,
they have distinct Nd and Sr isotope compositions, with highly unra-
diogenic eng values of —17.5 to —18.5 and 875r/80Sr values between
0.723 and 0.729 (Figs. 6, 8), suggesting that while the sediments were
derived from a source of similar crustal age, they originated from
distinct bedrock units within that source region, reflecting spatial and
lithological variability. The Whiteout Conglomerate samples show an
increase in mafic compositions and a drop in chemical weathering in-
tensity in comparison to the underlying Crashsite Group (Fig. 5).

This contrasts with samples from the youngest (late Permian)
Polarstar Formation, which have the highest eyq values, ranging from
—3.8 to —4.9, and 87Sr/%%sr values from 0.709 to 0.715 (Figs. 6, 8).
Zircon U-Pb ages are distinct for this formation because they predomi-
nantly show a strongly unimodal age distribution, with a peak at c. 270
Ma (Figs. 7, 8), and an MLA of 264 + 1 Ma. Major element geochemistry

illustrates that this is the least chemically weathered unit and has the
highest proportion of felsic sources in the EWM stratigraphy (Fig. 5).

5.2. Nunatak sedimentary unit correlations and implications for
subglacial geology

Our new characterisation of the exposed geology of the Ellsworth
Mountains combined with previously published zircon U-Pb data per-
mits improved correlation of our sedimentary nunatak rock samples (to
the SSW of the Ellsworth Mountains) to the main stratigraphy. This helps
constrain the subglacial extent of the different rock groups. All nunataks
investigated in this study are located within the Ellsworth domain
(Fig. 3), which also includes the more distal Whitmore Mountains
(Fig. 9).

In contrast to their similar lithology, all three red sandstone samples
from the nunataks (Mt. Johns, Mt. Moore, Pirrit Hills) have distinct
characteristics, indicating their different positions in the EWM stratig-
raphy (Figs. 6 and 7). The dominant Ross Orogeny age peak in the Mt.
Johns sample resembles that of rocks from either the Crashsite Group or
Whiteout Conglomerate (Fig. 7). However, the radiogenic isotope
compositions of both samples from the Mt. Johns nunatak fall within the
range of the Crashsite Group (Figs. 6 and 9), making it our preferred
regional correlative.

The outlying nunatak located at Mt. Moore yields a zircon age dis-
tribution dominated by Grenville-aged zircons, indicating a likely cor-
relation with the Heritage Group (Fig. 7). This is supported by the
radiogenic isotope compositions, which fall within the values observed
in the Heritage Group (Fig. 6). In contrast, the adjacent Mt. Woollard
sample displays a distinct zircon age signature characteristic of the
Crashsite Group (Flowerdew et al., 2007, Fig. 8).

The red sandstone sample from the Pirrit Hills exhibits approxi-
mately equal contributions from the Ross- and Grenville-aged zircon
populations. This is a pattern also observed in the upper Heritage Group
(Fig. 7). The radiogenic isotope composition of the Pirrit Hills sample
falls between those of the Heritage and Crashsite groups, but more
significantly, between those of the two Frazier Ridge samples (Fig. 6).
The Pirrit Hills nunatak is therefore tentatively correlated to the Frazier
Ridge Formation of the upper Heritage Group.

Similar to the Pirrit Hills sample, the bimodal distribution of zircon
ages in the mixed clastic/carbonate sample at Martin Hills is indicative
of the upper Heritage Group, which is consistent with the Frazier Ridge
Formation or laterally equivalent Springer Peak Formation (Fig. 7).
Whilst the zircon U-Pb age profile of the Martin Hills unit also resembles
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Fig. 7. Age and isotopic clustering across the Ellsworth-Whitmore Mountains. a) Literature zircon U-Pb data displayed as kernel density estimates (KDEs), calculated
using a bandwidth of 30 Ma and bin width of 25 Ma, following Castillo et al. (2017). Grenville (1000-1250 Ma), Pan-African (500-650 Ma), and Ross Orogeny
(480-590 Ma) illustrated in grey bars. Samples from this study highlighted by solid icons. b) Study sites and published zircon U-Pb ages displayed as a multidi-
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previous figures. Literature data are indicated by symbols with coloured outline, data from samples analysed in this study are indicated by filled symbols. ¢) MDS
analysis using subset of data displayed in b), both from Vermeesch (2018), using the Kolmogorov-Smirnov dissimilarity measure. Solid and dashed lines in c¢)
represent the nearest and second nearest neighbours in Kolmogorov-Smirnov space, as explained by (Vermeesch, 2013).

the Landmark Peak sample from the Crashsite Group (Fig. 7), this cor-
relation is discounted because the Nd and Sr isotope signatures of the
Martin Hills sample fall within the range of the Heritage Group (Figs. 6
and 7). Instead, we consider the Springer Peak Formation to be the most
likely regional correlative for the samples from the Martin Hills.

The Nash Hills nunatak was not selected for zircon U-Pb analysis.
However, as it is thought to belong to the same clastic/carbonate unit as
the Martin Hills sample, and both display similar Nd and Sr signatures,
the Nash Hills nunatak has also been correlated with the Heritage Group.

By comparing the new geochemical and geochronological data from
the nunataks in the EWM crustal block with the main exposed mountain

range, we identify likely correlations with established geological units.
While representing different positions within the stratigraphy, samples
from Martin Hills, Nash Hills, Pirrit Hills and Mt. Moore display signa-
tures consistent with the Heritage Group, whereas samples from the Mt.
Johns nunatak predominantly indicate a correlation with the Crashsite
Group (Fig. 8). These findings improve our understanding of the sub-
glacial geology and provide a foundation for future sediment prove-
nance studies.
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5.3. Modern provenance signature of the Ellsworth-Whitmore Mountains
crustal block

The EWM crustal block is located in a region that may have been the
source for detritus discharged into the Weddell, Amundsen, Belling-
shausen, and even Ross seas at times when the WAIS was less extensive
than at present. Using our new bedrock data, we first establish whether
the EWM signature is eroded and transported to the ocean in a modern
ice sheet configuration.

By assigning the geological composition of the nunataks to either the
Crashsite or upper Heritage groups, we infer that much of the Ellsworth
Subglacial Highlands comprises of rocks from these groups. Based on
aerial extent, we expect the Whiteout Conglomerate and Polarstar For-
mation to make up <10% of the Ellsworth domain provenance signa-
ture. Therefore, detritus eroded from the Ellsworth domain would, if
mixed, likely be characterised by bimodal zircon U-Pb age profiles with
both Grenville and Ross orogeny populations, as well as mean eyq values
of ~ —10 and ¥Sr/®5sr ratios of ~0.728. This calculation assumes equal
Nd and Sr concentrations and a 10% weighted mean of Lower Heritage
Group, Whiteout Conglomerate and Polarstar Formation, with 90%
weighted average from 50% Crashsite and 50% Upper Heritage Group
(Fig. 10, Table S3).

Ice flow velocities derived from satellite imagery suggest the two

main transport routes from the EWM towards the Weddell Sea at present
are the Rutford Ice Stream and the Institute Ice Stream (Fig. 1). There are
no data to directly constrain the isotopic provenance signature of
Institute Ice Stream. However, the modal zircon U-Pb age peaks of 560
Ma and 1100 Ma recorded in moraines adjacent to the ice stream (Agrios
et al., 2021) suggest that the eroded material likely originates from the
Ellsworth Subglacial Highlands, particularly from the proximal nuna-
taks at Pirrit Hills, Nash Hills and Martin Hills. Our new characterisation
of these nunataks suggests that their provenance signature is consistent
with that of the upper part of the Heritage Group; i.e. a mean eyg value of
approximately —9 (full exg range: —5 to —12) and mean 7Sr/%°sr ratio
of ~0.717 (full ¥Sr/%0Sr range: 0.705 to 0.753). This signature repre-
sents an equal contribution of detritus from Liberty Hills, Springer Peak,
Frazier Ridge, and Minaret formations (Figs. 8 and 10). The catchment
of the Rutford Ice Stream includes the Sentinel Range of the Ellsworth
Mountains (King, 2009, Fig. 1). The provenance signature of detritus
eroded by the Rutford Ice Stream would, based on our new characteri-
sation, be dominated by a Crashsite Group signature, with average engq
values of approximately —12 (eng range of —10 to —13) and mean
875r/%0Sr ratios of ~0.740 (87Sr/863r range of 0.723 to 0.762)
(Table S3).

The catchment of Pine Island Glacier, which drains into the
Amundsen Sea, currently extends into the EWM block region (Figs. 1, 2).
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However, the very slow ice flow velocities in the upper Pine Island
Glacier catchments suggest low erosion rates and therefore transport of
detritus from the EWM towards the Amundsen Sea Embayment at pre-
sent is likely insignificant (Rignot et al., 2022a; Rignot et al., 2022b). We
argue that instead the EWM block signature is currently likely to be
restricted to the Weddell Sea. This hypothesis is supported by the rela-
tively radiogenic eng values measured in Amundsen Sea Embayment
surface sediments beyond the terminus of Pine Island Glacier, alongside
detrital hornblende and biotite *°Ar/*°Ar data dominated by ~170 Ma
and ~ 270 Ma age peaks (Simoes Pereira et al., 2018; Simoes Pereira
et al., 2020; Marschalek, 2022; Jordan et al., 2025). This is compatible
with a primary sediment source from the more proximal Marie Byrd
Land, Thurston Island, and Hudson Mountains to the Amundsen Sea.

5.4. Prediction of offshore provenance signatures of a WAIS collapse
scenario during past warm periods

Our new provenance characterisation of the EWM crustal block is
especially valuable when considering different WAIS extents in the
geological past. Ice-sheet model simulations resulting in a fully
collapsed WAIS (Sutter et al., 2016; DeConto et al., 2021) indicate that
small ice caps remained on highlands (Ross et al., 2014), and outlet
glaciers would have calved directly from the EWM into the Weddell Sea
and a West Antarctic interior seaway. In such a scenario, EWM detritus
could be transported by icebergs and ocean currents to offshore regions
other than down present ice flowlines, such as the Bellingshausen,
Amundsen and Ross seas.

Major WAIS retreat, at least in the Amundsen Sea sector, might have
increased the input of detritus originating from the Ellsworth Moun-
tains, resulting in a shift towards more unradiogenic eyng values in ma-
rine sediments offshore from this sector (Rahaman et al., 2025, Fig. 10).
The signature of detritus shed towards the Amundsen Sea Embayment
probably differed slightly from that entering the Weddell Sea Embay-
ment due to the heterogeneous spatial distribution of the lithological
groups. The EWM contribution towards the Amundsen Sea, excluding
the Jurassic granites, is calculated to have had enq values of ~ —11,
assuming >50% of the detritus originated from the Crashsite Group
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distributed along the western flank of the EWM (Table S4), along with a
zircon U-Pb age spectrum dominated by Ross Orogeny ages (c. 480-590
Ma). In addition, zircon U-Pb ages of ~170 Ma and ~200 Ma repre-
senting granitic rocks in the EWM block may also be observed (Craddock
et al., 2017b), although Early-Mid Jurassic granitoid magmatism is
regionally extensive (Jordan et al., 2025) and therefore not a diagnostic
provenance indicator unique to the EWM. Pliocene shifts in eng values
and Pb isotope data in sediments deposited on the Amundsen Sea con-
tinental rise have been attributed to major WAIS retreat towards the
EWM during that time (Rahaman et al., 2025; Horikawa et al., 2026).
Our data shows the EWM have eygq values compatible with this
hypothesis.

In contrast, EWM detritus transported towards the Weddell Sea
Embayment would have been primarily sourced from Upper Heritage
Group rocks along the eastern flank of the Ellsworth Mountains (>80%,
Table S4), producing estimated eng values of ~ —9 and a bimodal dis-
tribution of Grenville-aged (c. 1000-1250 Ma) and Ross-aged (c.
480-590 Ma) zircons, similar to those predicted for the modern situa-
tion. As in the Amundsen Sea, zircon U-Pb ages of ~170 Ma and ~200
Ma from Jurassic granitic rocks may also be observed (Craddock et al.,
2017b).

Our new characterisation of Ellsworth-Whitmore bedrock provides a
valuable tool for substantive provenance tracing in sediment cores from
around West Antarctica.

6. Conclusions

The different stratigraphic units of the Ellsworth Mountains have
distinct geochemical characteristics. This provides a framework and tool
for tracing their provenance in marine sediments and constraining WAIS
evolution through time. The lowermost Heritage Group members are
distinguishable through their dominant Grenville zircon U-Pb ages and
eng values of ~ —8. The overlying Crashsite Group and Whiteout
Conglomerate both show dominant Ross Orogeny age peaks in zircon U-
Pb dates but have markedly different Nd isotope compositions (~ —12
and ~ —18, respectively). The signature of the youngest Polarstar For-
mation is characterised by zircon U-Pb ages of 270 Ma and the most
radiogenic enq values (~ —4).

Correlating the geology of nunataks located to the SSW of the Ells-
worth Mountains to these lithological units substantially increases our
knowledge of the geology of the Subglacial Ellsworth Highlands, a re-
gion previously uncharacterised from a provenance perspective. Based
on their radiogenic isotope and zircon U-Pb age signatures, we conclude
that the nunataks are best correlated to either the upper Heritage Group
or Crashsite Group of the Ellsworth Mountains with the associated
provenance signature.

Modern ice drainage and surface velocity maps indicate that Ells-
worth Mountains detritus is presently transported towards the Weddell
Sea Embayment via the Rutford and Institute ice streams, with only
minor amounts of EWM detritus being supplied by the Pine Island
Glacier to the Amundsen Sea Embayment. However, under a WAIS
collapse scenario, opening of Trans-Antarctic seaways in West
Antarctica may have created pathways to the Amundsen and Ross Sea
embayments, which could have allowed the delivery of EWM derived
detritus by iceberg rafting and/or ocean current transport into these
sectors. Such a scenario was recently suggested on the basis of new
provenance data from Early-Middle Pliocene sediments deposited on the
Amundsen Sea continental rise (Rahaman et al., 2025; Passchier et al.,
2025; Horikawa et al., 2026). We here provide the detailed provenance
“fingerprints” for detritus shed from the different stratigraphic units and
regions of the EWM crustal block, to substantiate, ground-truth and
refine reconstructions of past WAIS retreat based on the provenance
signatures observed in marine sedimentary records from around West
Antarctica.
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