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Abstract. Ice sheet modekhould be able to accurately simulate palaeo ice shedtave confidence in their
projecions of futurepolarice sheetmass loss and resulting global deeel rise. This requires accurate
reconstructions of the extent and flow patterns of palaeo ice sheets usingnealata Such reconstructions
canbe achieved by tracing the detrital components of offshore sedimentary records back to their source areas on
land.For Antarctica, bwever, sediment provenance data and ice sheet model restgtsot beendirectly

linked, despite the complimentary information each can prawidbe other. Hereye presena computational
framework(Tracing Antarctic Sediment Provenance, TA8R)tpredids marine geochemical sediment
provenance data using the output of numerical ice sheet modelling. The ice sheds nsrtbtoestimatethe

spatial pattern of erosigmotentialand to trace ice flow pathways. Beyond the ice sheet margin, approximations
of modern detrital particle transport mechanisrsisig ocean reanalysis dgtabduce a good agreemdigtween

our predictiondor the modern ice shdeteansystemandseabedurface sediment3hese resultshow thathe
algorithmcould be used to preditite provenance signature st ice sheet configurati@mASP currenty
predictsneodymium isotope compositionsing the PSUICBD ice sheet modebutthanks to its desigit

could beadaptedo predict other provenance indicaor usethe outputs of other ice sheet models
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1. Introduction
1.1 Motivation and aims

Ice flow pathways and icgheet extent in the geological phawve been inferredsing sediment provenance

studies, which trace marimetrital sediments to their constituent source rocks on the continent (e.g. Cook et al.,
2013;Licht and Hemming, 2017; Wilson et al., 20Marschalek et al., 2021). However, conclusions about ice
sheetextentand flowpatternsdrawn from such data are typicalipt constrained by quantitative analysiis

is because, when viewed in isolation, sediment provenance records can only predisubvb@alerosion

was taking placdyut cannot distinguish between changes in ice extent, changes to subglacial conditions which
influence erosion rates, or changes to glacimarine sediment transport proegs¥éspn et al., 208;

Golledge et al., 2021Following Aitken and Urosevic (2021)rgvenance({ over time ¢) and space () can

be expressefbrmally as a probability density functipwhere theroduct of geological variation in a source

region {O ), erosion of that source regio® (6h ) and transport potentialY ¢h ) are summed ovell

contributing source regions (a, b, ... n)
0 oh 'O 0 ¢h JYoh O 20 oh JYoh 880 20 oh JTY oo 1)

Althougherosion andiebristransport processeseoften consideredvhen interpreting sediment provenance

records interpretations argypicallyl i mi t ed theiag hbmaarbedtype approach, wher
provenance are attributed to a simple advance/retreat of the ice sheetim#rginicinity ofthe core sited.qg.

Cook et al., 2013)Jnless other processes that influence provenance signeturdée eliminated, tiserecords

may be mimterpretedNumerical modelling offers the potential to make more quantitative estimates of the ice

sheet state required to generate observed sediment provenance signatures by predicting the expected provenance

of detritus at the ice sheet margin (Aitken andsdvi, 2021).In this study, we develomaalgorithm(Tracing

Antarctic Sediment Provenance, TASP) to predict geochemical sediment provenammateffakere core sites

from the outpwg of numerical ice sheet modellinghe overall aim of ASPis thereforeto providemore
guantitativeinformation on pasite sheetonfigurationsby predicting the provenance signaturehafseice

sheets

1.2 The dructure of TASP

TASP estimates relative erosipotentialand reconstructs the transport pathways of debris fremeath the ice
sheet tahe seafloor surrounding the continehhis includes representations of the approximate trajectories of
debris at the base of the ice shéetpw/in ice shelvesn icebergs/ocean surface currents, in ocean bottom
currents and in gravity flow®ur inclusion of detritus transport in tloeeanis a critical component controlling
sediment provenance, as most sediment core records alieautly located at the ice sheet martpday and

their distancdrom the ice sheet margin likely varied significantly in the pastnsport of glaciogenic detritus

in the ocean mushereforebe considered. TASP approximates methods of marine detritus transport by splitting
them into three keyinteractingprocesses: iceberg rafting/transport in surface currents (Section 2.2), bottom

current transport (Section 2.3), and gravitational downslope processes (Section 8.48(Fjg
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2. Subglacial
transport follows
basal ice velocities
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1. In each grounded
cell, detrital particles

5. In the surface ocean, debris tracks ocean model currents
and is deposited through melt of a basal ice layer, then a
small contribution from higher in the ice column.

N Lo}

4. In ice shelves, particles track basal ice
flow velocities. Basal ice can be melted,

resulting in depw

3. Debris quantity is
summed at the

grounding zone and
assigned a weighted

7. If a slope threshold is reached,
debris is transported downslope.

are created with a
quantity proportional
to erosion potential
and provenance
value based on an

mean provenance value.
Debris is assumed to
exist in a basal ice layer,
plus a very small
component higher in the

The initial provenance tracer
value is set as the mean of the
surface current and any bottom
current estimate. This iterates
once with the bottom current

6. If a velocity threshold
is reached debris can
be transported by
ocean model bottom
currents.

transport method.

ice column. _—

input map.

Figure 1. Schematic diagram showing the basiprocess of debris transport in TASP from source to sink.

In summary,TASP is structured in a broadly similar wayhow a debris particle might travel from source to
sink (Figs. 1&2):

1. Debiris is generated by glacial erosion, withidlativeamount of debrigncorporated intdasal iceat
any location proportional to the product of the basal shear stress and basal ice velocity. Areas with
higher basal shear stresselocitieswill incorporatemoredebris Debrisis assigned arovenance
tracer valudased on a geolggbasedmap of thesubglaciakource rockge.g.,Appendix J. Sediment
is transported to thgrounding zoneising basal ice sheet velocities and a flowline algorithm. Because
of the time integration of ocean sediment cotggi¢ally 10°-10° years), we ignore deposition and
remobilisation along the flowline.

2. Asresultsare compared tmarinesediment coreslebrismovement from thée sheegrounding zone
to marinesedimentore locationsnust be determinedssumptions aréhereforemade regarding the
distribution of debris in the ice column and the rate this debris is released from icebergs/ice shelves.
These are combined with ice she#flocitiesand ocean surface current trajectories to suggest how
debris isinitially moved from the grounding zone to marine sites.

3. Ocean bottom currenelocitiesare used to determine where these may redistribute debris and the
likely trajectories these currents take.

4. If a slope threshold is reachathwnslope transport afebris is allowedor. This method isterated
once with the bottom current methaab debrigransporicanbe a combination of all three processes.

5. These di mak e

fferent estimates ar e ¢ o mpravenande tracer

values

a
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Figure 2. Flowchart outlining the structure of TASP. Coloured boxes indicate the components contained in the
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Beyond thisoverall structure tiis important to understand at the outset that:
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I TASP does not make any attempt to quantify absolute amounts of debris/sediment. This is because, for

provenance purposes, relative amounts of debris are all that is required; for a given offshore sediment

sample, the fraction sourced from each rock typhéncatchment is what is measured.

1 TASP does not step through time simungtdebris transport. Samples from sediment cores typically

integrate provenance signatures deeig timescaleanakingtime-evolving particle tracking at a

continental scalenf e a s i

bl e. I n

system is in steady state.

stead,

TASP

takes

a

6snapshot

1 TASP iswritten in MATLAB and isexternal to the ice sheet model codibis approach provides

flexibility, with the opportunity to apply it to various existing model experimemAsSPis not model

specific and could be applied to any ice sheet model output, providing key variables (bed elevation,

basal shear stress and basal ice velocities with horizontal directional components) are saved.

2. Model description

2.1 Subglacialdebris generation andtransport

Thestarting point of th& ASP algorithmis anice sheet modedutput, which is used testimate the generation

and subglacial transport of debris (F2). Following the approach of Pollard and DeConto (20T®SP

approximaterosionpotential(O) as proportional to the product of basal velocity)(and basal shear stress

(t ) from the ice sheet model

O toQ

@
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The 6quar ryiQsg @Garamatee defendant an properties including the erodibility of different rock
types and other parameters which are unaccounted for. Haatiallyuniform value of 5.1 x 18°was used
for Qas suggested by Pollard and DeConto (2019). As we are concerned only with relative, and not absolute,

guantities of detritus the value used will not impact results.

There are continuing difficulties in quantifying processes of erosion and entrainment of subglacial debris,
despite extensive study of these topics (Alley et al., 2008%.mears thatvariouserosion laws have been
employedo recreate glacibl eroded landscapgtypically alsousingan erodibility constant antthe ice

velocity raised to an exponeuwfften~2 (e.g. Herman et al., 261 We also note thahore ®phisticated

methods have been previously applied to model erosion beneath alpine glaciers (e.g. Ugelvig et al., 2018;
Magrani et al., 2022Here, we opt to usehe erosion law in Equatidhas is has begproven to reroduce
reasonably accurateodernAntarctictopograply startingfrom a preglacial landscap@Pollard and DeConto
2019) and becausesing adifferent erosion law would be unlikely to result in a significantly different pattern of

erosion potential, which broadscales with basal ice velocity aimtreases towards the ice margin

We note that where till is present at the ice sheet bed, this will shield the underlying substrate from erosion
(Pollard and DeConto, 2003)owever, the thicknesslistribution and original provenanoéatill layer will

vary as a function of timand is increasingly uncertain in the past. AccountingHizin TASPwould therefore
involve incorporating the debris tracing intdime-evolving ice sheet model run, regog significant extra
computational time and negag the strength of TASP as a pgmbcessing tootompatible with anyce sheet
modeloutput Knowing the composition of subglacial sediments to make this useful would also require
knowledge of subglacial geology at a far higher resolution than is currently poBsibéise of these
considerations, in its current form TASP effectively assumesathgill at a given location would be comprised
of the bedrock directly beneath it.

From the site of debris generation at each grid aatlinsent packages were traced to the grounding line using

the MATLAB O0streamlined function and(etg.FieX)dThe ecti onal
6str eaml i caleutatesturvestangantmlo the velocity vector fieldi.e., streamlinesysng an Euler
integrationmethod frominputseed locationsSeed locationsvere selected based on a ugefined erosion
potentialthresholdwhichis set to 0 to includall cells beneath grawded icelncreasing this threshold would

lead to faster run times, at the expense of neglecting erosion in areas with low potsitial The streamline

functionis alsousedin the marine components of TAS$ee Sectiong.2 and2.3) andis responsible fomost

of the computational demand.

Using default setting8 CPUs and 64 B of memoryrequirad arun time of ~68 hoursonthe Imperial College
London HPC clustefAMD EPYC 77422.25 GHzprocessgr Randomly selecting a subset of ocean streamline
locations was investigated as a method of reducing this computational cost. However, it was found that any

reduction in seed locations notably worsened the match with surface sediment measurements.

Once the streamlines were calculajgyvenance tracefalues at the grounding zone end locations were set
using theprovenance tracefalues at the streamline start locations defined bybglaciainput mapfor the

given provenance proxandanerosionpotentialmap.The provenance tracer input map is a critical part of

TASP and, given significant uncertainties in the subglacial geology of Antarctica, likely comprises the largest
source of error in the results.



Typically, multiple streamlines arrive at a given grounding zone end cell. The@fmadnance traceralues of
grounding zone end cells were therefore calculated weighted medyy multiplying theprovenance tracer
145  values of each streamline start location by the ergsidentialvalue (O) of the start location, then summing this
for all streamlines at a grounding zone end.délls was then divided by the summed erogiotentialof all
the streamlines arriving at the grounding zone endicel|B 'Oy O- 0 Q7B 'Oy ), wherei,j represents all
streamline start locations feeding into the grounding zoneTdedprovenance tracefalues at a given cell in
the grounding zone thus reflect integration of the subglacial detritus at all locations upstream weighted to the
150 relative erosiompotential To verify that the terrestrial component of TASP is functioning correctly, an
experiment was performed with a square synthetic ice sheet flowing radially outwards. The provenance tracer
input was a synthetic grid with values varying between 0 and 93&jgnd erosion potential was set to
increaseadially from the domain centf€ig. 3b). As expected, pvenance tracer values at $yntheticice
sheet margin reflect the detritasoded at all areas upstreameightedto the erosiomotentialso that cells near

155 the edge of the domadominatethe provenance signatufeig. 3c).
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Figure 3. Synthetic modeltestfor the terrestrial component. This includes(a) a synthetic provenance
tracer input map and (b) an erosion potentialmap, created using basal shear stress/basal ice velocities
that increase away from the centre.Absolute values are not shown as only relative erosion potential is

160 relevant for provenance tracing.(c) shows the radial streamlines in greyas well as the calculated
provenance tracer value at the ice sheet margin.

Particle transport has been included in many previous studies seeking to examine glacier flow or validate
models (e.gClarke and Marshall, 200dpuvet and Funk, 2@). However, these studies typically focus on
tracing ice movement within the ice column for ice core dating (#agke and Marshall, 2002or onalpine

165 glacieswhich have a very different spatial scale amgbgraphic/climatological settirtg the continental scale
ice sheets which are the focus of TA@Ry. Jouvet and Funk, 281 As we are primarily concerned with debris

generated at the ice sheet bed,neglect verticaransport TASP also assumes all debris generated is advected
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to the ice sheet margin (i.e., no significant subglacial sedimentation odeuntflermore, teadystate ice flow

is assumed, allowingny change tice flow trajectoriego be negle&d TASP does not, therefore, account for
transient phenomena such as the centennial stagnation and reactivation of Siple Coast ice streams (Hulbe and
Fahnestock, 2007T.he time between debris entrainment and deposition offshore may in beahityndreds to
thousands of yeardepending on ice velocities. However, the primary goal of TASP is to reproduetefang

large scale provenance patterns, such as interglacial ice sheet configurations smaller than that &ipresent
thesejce flow will be broadly consistent for thousands of yeAtshetemporal angpatial scales of interest

here the approximationssedareconsideredufficientto capture théroadscaletrajectories of debsiunder the

ice sheets

TASPdoesnot account explicitly for detritus transport in subglacial hydrological netwbidsice sheets

where there is a geneflatk of surface meltsuch as presexdtay Antarcticapnly basal meltwater feeds

subglacial hydrological network3his steady generation of watesulsin low waterflow speedsand
consequentlyery low sediment fluxes, even duriegisodicsubglacial lake drainage events (Hodson et al.,

2016; Alley et al., 2010 Subglaciahydrological networksvill, however, evacuate some small amount of
sedimenbeneath such an ice shedte suggest this debris transport method can be safely neglected in TASP as
the trajectories of this detritus analikely to deviate significantly from ice flow vectors at tmntinentalscale

of interest heréWillis et al., 2016.

However, h a system with significant surface melt, such as the modern Greenland Ice Sfiwtehtialpalaco
Antarctic ice sheetsubglacial hydrological networker even proglacia rivers, could be more important for
transporting detritussuch debris transport it yetaccounted for i ASP, butsubglecial fluvial trangort
couldpotentially be incorporated through interfacing witbmplementary modelling specifically targeting
fluvial transport ofsubglaciakediment (e.g., Delaney et al., 2019; Aitken et al., 2024)

2.2 Ocean surface currents anddeberdice-shelfrafting

2.2.1 Debris distribution in the ice column

Beforepredicting howdebrisis deposited in the marine realihis important to considehe distributiorof the
debrisconcentrationn the ice columras thisis a primary control omarinedebris transportf debris is
incorporatedurther from the edge of anebergmore melt needs to occur for ithe released, potentially
allowing for a longer transport distan€@bservationdgully penetrating the iceolumn are rare bughowthatfor
continentalscale ice sheetat least outside of mountainous regiansst glaciogenic debris is concentrated in
the basal layers of the ice column, typically the lowermeks etres (Gow et al., 1979; Christoffersen et al.,
2010; Shaw et al., 2011; Pettit et al., 20Epirical relationships ohee distribution of debris within this basal
ice layer hae been formulated, showirigfrom the base upwards constant debris content for several meters
followed by a sharp exponential decay (Yevteyev, 1959), but very few data debkevi suggest how typical
this relationship is (Drewry and Cooper, 198hyleed, it can be assumed to vary significantly between
localities depending on factors such as how the debris is incorporated (i.e., shearing and ice deformation vs.
basal freeze on; Drewry and Cooper, 19839 .sheet basal conditioriacludingmelting/freezing rateand the
vertical component of ice flothusgovern the thickness and nature of this deticis basal icdayer(Licht and
Hemming, 2017). @nditions at the ice sheet bark therefore critidg Dowdeswell and Murray, 1990and



result insubstantial variations ithe distribution oflebrisin basal icearound Antarctica before the ice reaches

the grounding zone.

Above thisdebrisrich basal icdayer, the debris concentratignstrongly influenced by the glaciological

setting. For instance, due to a relatively high number of rock outcrops, smaller icebergs calved from glaciers
210 draining through mountainousgionscarry more supraglacial debasdenglacial debris higher in the ice

columnthan larger tabular icebergs calved fromjorice shelves, which may predominantly carry basal debris

(e.g., Anderson, 1999). Thesignificant and poorly understo@dmplexities mean estimating a variable debris

distribution down the ice column for different regions is beyond the scope of this study. Debris distiibution

TASP issimplified by assuming it is the same in all icebergs, although we acknowledge that accounting for a
215  variable debris load would improve the accuracy of the results.

To reflect the potential fdimited concentrations afebris higher in the ice columwe include a very low
minimum englaciatiebris content. This is included becatmelarge ice sheetgt) supraglacial debris is very
rare, but occasionally present (e.g., Evans and O Cofaigh, 2003); (ii) englacial debris above basairdebris
layers has been observiadmultiple locationgNicholls et al., 2012; Winters et al. 2019; Smith et al., 2019);

220  and (iii) iceberg rafted debris (IBR@an be transported for hdreds to thousands of kilometres offsharg(
Dowdeswell and Murray, 1990; Dowdeswell et al., 1995; Gil et al., 2009) beisgroundiebris concentration
is set to 16 times the maximum debris load at the base of the ice column based on an assumption of a ~10%
debris concentration in basal ice vs. ~0.001% higher in the ice column (Dowdeswell and Murray\we990).

find TASP is insensitive to thgrecisequantity of debris higher the ice column used

225  To summarise, TASBssumedebrisin the ice column at the grounding zdaealistributedpredominantlyin a
debrisrich basal layerabove whictthere is avery small, but finitedebris concentratiof-rom an initial debris
content at the icbed interface’® ), the debris concentration in the i) at a giverheight above the ice base

(&) is assumed to decay lineatlp the ice columyreacinga mi ni mum déengl &Xx)i al 6 concen
O | Ao p — (3)

230 Where® is the debrigich basal ice thickness in metrésvalue of4 m was selected fab based on tuning
within the approximate range of observed thicknesSest{a 3.2). TASP was found to be relatively insensitive
to the value chosers summederosionpotentialsfrom the terrestrial component of TASP are savatieend
cells of ice flow trajectoriedO is set based on tt@mount oferoded material reachingese grounding zone

cells dis acumulative product of melt rate and the amount of time elasedescribeth Section 22.4.

235  Other options beyond a linear decay in distance from the bed (EqBati@realsoexplored. These included
an exponential decline in debris yield:

0O | Ao _— (4)

Where adecay coefficient = 5 was selected for raiout of basal debris over a length of time which agrees
closely with more irdepth studies of iceberg rafting (etH4ppwood et al., 2019). Experiments were also
240 performed with constant basal debris yield from the basal icéXi.eO while ® & ). However, these

changes to debris distribution within the ice had a negligible impact on results.
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2.2.2 Representationof ice shelves

Once in contact with the ocean, ice may begin to melt, releasing debris from the ice. ddkltimg of basal ice

may begin before icebergs calve due to the presence of floating ice shelves. Melting at the grounding zone can
lead to high accumulation pfeviouslyfrozenon basal debris or deforming subglacial till in sedimentary
landforms, such as a till delta or groundimgne wedge (e.g., Alley et al., 1989; Batchelor and Dowdeswell,

2015). Important influences on side shelf sedimentation include the seaward extent and morphology of the

ice shelf, the presence of pinning psiwhich can allow freeze on of new sediment, and the temperature of
ocean water reaching the base of the floating ice which governs basal melt/freezing rates (e.g., Smith et al.,
2019). These processes often lead to basal detritus being deposited hattbbrig near the base can also rise in

the ice column if net freezing and/or surface ablation occur (Kellogg & Kellogg, 1988; Kellogg et al., 1990;
Nicholls et al., 2012).

Beneath ice shelvedebrisfrozen into the icavill continue to follow iceflow trajectories, s@re set inTASP

by the ice sheet modéDcean arrents beneath ice shelves are very difficult to obsénuspoorly constrained.
TASP therefore assumé#st there isno debris transpotily ocean currents benedte shelveswith debris
insteadfollowing modeled ice flow trajectoriesand melting oufor refreezinglebrisfree ice at a rate

controlled bythe estimatedsulrice shelf melrate In the code,deflow velocities are effectively treated as very
slow ocearcurrentvelocities, allowing a realistipatternof melting (thus sedimentatiorgnd freezing beneath

ice shelves.

2.2.3 Surface current trajectories

Once calved, icebeltgajectoriesare a function of surface ocean current velocity, wind velocity and iceberg

size dedicated iceberg models account for such complexitiesBigig et al., 1997; Hill and Condron, 2014
However,surface current velocities dominate, particularly for large icebergs (Rackow et al., 2017; Wagner et
al., 2017) We therefore here use aoean velocity reanalysis dataset to approximate the pathways that icebergs
would be expected to take after calving. This velocity field was used as an input for the MATLAB streamline
function, with the end cells of the grounded ice sheet streamlineshi@grounding zone) used as seed

locations for the ice shelf/ocean streamlines.

Whilst it is reasonable to assume the velocities of debris beneath an ice shelf are constant through time, using a
single snapshot of ocean velocities is not accurate. This is because sea ice variability and weather patterns create
substantial seasonal aimderannual variations in iceberg pathways estimated from ocean surface current

velocities. To account for this effect, debris trajectoarescalculatedor multiple monthly mean velocities

Debris transport was assumed to follow the trajectories produced by each velocity field.

As we seek to approximate many debris transport mechanisms in a single framework, the method of ocean
model particle tracking described here is relatively simple compared to code designed specifically for this task
such as Parcels (Lange and Sebille, 2@t ROMSPathKlunteret al., 2022)Such tools are more sophisticated
than required for the purposes of TASP, for instance operating andBccounting for particle dispersion.

TASP does not, therefgreeek tareplacethenm theyareinsteada potentiallyusefulcomplement.
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2.2.4 Debris distribution along surface current trajectories

Once thdrajectories of surface curreritave beemleterminedthe debris distribution along eatrhjectorycan
be predictedThis is importanbecausavhere multiple trajectories cross the same ocean cell, tnesebea
realistic weighting to the different sourlmeatiors. To achieve thisthe subglacial erosigmotentialvaluesfrom
the terrestrial componefaeding into each cell at the groundimgneare summedndused to weight the initial

debris concentratioim eachoceansurface current startinggll.

In the oceanmodernmelt ratesin TASParecalculated usingea surface temperatui@s) corresponding with
themonthly ocean surface velocity data used (Zuo et al., 2Gb@ernicus Climate Data Store, 2p2¥elt rate

(0  will vary as a function of ocean temperature; we parameterise this from the empirical equation of Russell
Head (1980):

0 c¢rypm Y pg 8 (5

0 is calculated for every ocean cell for each month in the ocean datkisetigh this does not account for the
many complexities associated with calculating iceberg melt which are represented in dedicated iceberg models
(e.g. Bigg et al., 1997; Hill and Condron, 2014), it is considered a sufficient simplification for the purposes of
TASP.

TASP then loops over each cell in each surface cutrgjettory calculatingld (the thickness of basal ice

meltedin cell ¢) as:

@ @ 0 5 (6)
Whered is the thickness of ice already melfed om t he O6i ceber3isthedistancke previ o
travelled from the last cell, and is the magnitude of the velocity in tigevencell. The debris yield for

the given cell is then given yquation 3In this way, @bris from icebergs more proximal to their source
location will dominate th@rovenanceignature, but where more local icebergs are absent, there is the potential

for far-travelled icebergs to influenggovenance tracemalues.

The relative amount of debris release over time from individual icebergsnaidality,depend on iceberg size
and frequency of overturning, and as such may be episodic (Drewry and Cooper, 1981; Dowdeswell, 1987;
Dowdeswell and Murray, 1990). Howevere verify thatour equations accurately represent iceberg melt by
inputing typical Southern Ocearalues for"Y; this producesdebrisyieldsover timecomparable to those of
studies with a more rigorous treatment of icebaayement andnelt (Dowdeswell and Murray, 1990;

Hopwood et al., 2019).

To convert this relative debris amount into an estimate gbitieenance tracer valdier each ocean cell, the
provenance tracer valwé glaciogenic debris at each ice sheet grounding zone cell was projected along the
iceberg paths and weighted based on the debris content of the grounding zone cell and the amount of basal ice
melted. Each ocean cell is therefore assigned two valueaébrstreamline: a)@ovenance traceflue, and

b) a relative debris amount. For each month in the surface ocean velocity/temperature dataset, a map of

provenance tracer valuesthen calculated based on the debris amount saved for each streamline and the

10



grounding zone provenance tracer valienean is then taken of the monthly estimates to produce the final

0 s ur f a c provenancervaluedtirbate.

315 Areas with no iceberg tracks over them, but within 40 km of an iceberg track, were filled using interpolation.
This interpolation somewhat accounts for the potential for variations in ocean surface currents which are
unresolved here. Furthermore, it is likely that over the centuries integrated within most sediment samples of
centimetrescale thickness, there wouldé transport of icebergs over more of the seafloor than captured in the
years of data feasible touse in TA®P. gi ven O0i cebergd is not-evoinger ef ore, |
320 manner as its trajectory i s c artentuvelocty datd. Altheughe d on a si n
unrealistic, this simplification was necessary to avoid detailed modelling of icebergs which would need to

include additional factors, such as morphology, wind stress etc. (e.g. Rackow et al., 2017)

Sea ice conditions impact iceberg movement and melt, leading to séasbaalgng detritus transpolin
surface currentdVe do not explicitly account for sea ice movement but note that the far lower sea surface
325 temperatures in the winter months, when iceberguallycalve less frequently and are frozen into seawck,

weight ourresultsnear the coasbwardsthe summer months.

2.2.5 Suspendedsediment

Until now, it has been assum#uhtdebrisis transportedntirely within ice Thisis not realistt, as finegrained
detritus can also derive from meltwater plumes rising from beneath the ice shedt thesgrounding zone (e.qg.
330 Lepp et al., 2022Meltwater plumegan deposit sediment tens of kilometres away from the grouadimgand
will track ocean currents (e.g. Smith et al., 2019, and references therein). Furthemmenmelted out of the
ice shelficebergsvery fine grained IBRD will not instantaneously fall out of the water colunstead silt
particles (on the order of50 um) with slower settling velocities will be transported horizontally as they sink
down through the water column over periods of days to months, leading to potential transport distances of tens

335 to thousands of kilometres, depending on grainaimecurrenspeed Az et su Scott and Syvitsl

Meltwater plumes (and fingrained debris melted out of icebergs) can travel at varying heights in the water
column, depending on the relative densities of the plume and surrounding ocearladagh not explicitly
represented in TASRve argue these debris transport mechanisms will track ocean flow pattdrhence are
somewhat representég the use of both surface and bottom current approximationsksegection 23).
340 Given that ouprovenanceracervalue estimate using ocean surface currents represents not onlytHBRD
immediately settleshut alsgpotentialsettling of finegrained deitus derived from icebergandbr meltwater
plumes, we refer to the estimate derived fitomcking surface currensss t he O0sur face currento
than the IBRD method.

2.3 Bottom currents

345 Iceberg rafting andurface currentare not responsible for all transport of glacimarine detritus. OneroEgess
operatingespecially on the continental rigs the transport and deposition of predominantly aitid claysized
detritus by bottom currents. Thesarrentstypically flow parallel to the continental slope where they can

influence the movement of detil particlesalready in suspension. Bottom currents do not only deposit
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sedi ments as ficontouriteso but c¢can alurfaceiftheirvelatides a n d
are sufficiently high. As well ais the deepcean, bottom current velocitieanoccasionallybe sufficienty

high to remobilise sediment on the continental shelf (Ha et al., 2014; Jenkins et al., 2018).

In TASP, ottom currentsre definedas the deepesteanvelocity layer. As TASP seeks to represent transport

of the <63um grain size fractiont assums thata current velocityn the rangef ~0.12-0.18m/s is needed to

start the resuspension and redistribution of the finest sediment particles (McCave and Hall, 2006; Gross and
Williams, 1991). This threshold can vary significantly depending on properties such as the mean grain size,
sorting and cohesivity of the sediment, hurting this parametawithin this rangesuggested a best match with

seafloor surface sediments wheethreshold 00.16 m/sis used $ection3.2).

The oceameanalysis velocity data are unlikely to capture the full variability in bottom cudyeratmics which
includesignificant changem current speed and orientation on timescakeshort as hou(g.g. Camerlenghi et

al., 1997; Giorgetti et al., 2003). This poses the question as to whether the sadineeotd reflects

predominantly an integrated mean of lelegm bottoracurrentflow variability, or whether it is dominated by
episodes of peak current speed! current direction at these timekere, it isassumd the latter case applies

and, to account for the temporal variability in bottom current strength, peak flow velocitessarmsed to be

2.5 times the monthly mean in the ocean reanalysis product. This relationship is based on measurements of
bottom current strength at mooring sites around a contourite drifieondhltern Antarctic Peninsula continental
rise (Camerlenghi et al., 1997; Giorgetti et al., 2003), which record peak velocities approximately two to three
times greater than mean velocities. The bottom current speed record from the Antarctic Peninsula drift is also
comparable with other bottom cant records (Gross and Williams, 1991 )s thereforesuggestdthat, in areas
where meamonthlyflow velocity exceeds 0.06m/s in the reanalysis product, the aforementione@ ®/s
threshold speed for the startreBuspension anginnowing is exceged during times when currents are

strongest.

Consequently, all areas where bottom current velocities exceetird/6@re used as source locations for

debris. Our approach is supported by the fact that the sortable silt mean size of seafloor surface sediment from
another Antarctic Peninsula drift, recovered at a comparable water depth as the mooring measuregestss, sug
formation under a bottom current with a flow velocity matching the peak speed recorded in the mooring data
(Hillenbrand et al., 2021pet ri t us entrained in bottom currents i

function.

As suspended particles will not be deposited uniformly over a giveamling deposition over a streamline
must be approximated. Although detailed modelling of bottom current erosion, transport and deposition is
beyond the scope of thisudy, anapproximation produces a realistic exponential decay in suspgadabte

concentrationd) over time(d , seconds):
o O0A@D— (7

Here,N is the probability of a particle sticking to the ocean flaoiis settling velocity, andis the thickness of
the layer with suspension load in metres (Einstein and Krone, 186®2)e are not concerned with absolute

amounts of sediment, the initial particle concentration i§ irrelevantand set to 1A value of 3.3x1@ m/sis
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usedfor the settling velocity, which is within the range expected forfgmained detritus (Einstein and Krone,
1962; McCave, 20058uspended particle layer thicknésk is highlyvariable andincertain and watherefore

tuned against seafloor surface sediment,deith avalue of 15 m selectg(Gection3.2).

The probability of the particle sticking to the bég ih Equation?7 can be calculated from bottom shear stress,

390 1 (N m?), using a critical depositional stregs,(N m?):
n p — 8

(Einstein and Krone 1962j. isset t00.08 N n¥, in line with observed estimates ftifferent classes of

sediment which vary between 0.05 and 0.1 ®I(8hi et al., 2015; Lumborg, 2005; McCave, 2008)turn, t

can be approximated as a product of vertically averaged vel&dignd water density { using a quadratic law
395 (Mofjeld, 1988; Garcia and Parker, 1993)

t " oY (9)

At the deepseawater depths of interest here, the drag coeffic@ntcan be estimated using:
0 I riiT€ p (10

Where'Ois water depth and is the roughness length. Here we us&®* m for the roughness length, which is
400 areasonable approximation given ttieg drag coefficient is insensitive telatively small changes iwater

depth in the deepea(i.e, Ol &) (Mofjeld, 1988).Il is the von Karman constant, 0.41. This approximation

yields a spatiallyvariable drag coefficierin the order of ~18, which isa magnitude consistent with

observations (Umlauf and Arenborg, 20009r simplicity, he ottomcurrent velocityis assumed to be

approximatelyequal to the depthveraged velocity.

405 To set the initiaprovenance tracer valuwé detritus mobilised by bottom currents, we use the output from the
surface current method. To account for any seasonal changes in bottom current velocity, we then iterate the
current tracing24 months suggestgdising the output from the previous month to septiowenance tracer
value of sediment eroded where possible. Similar to the surface current estimate, the results for detritus moved
by bottom currentareinterpolated for 40 km arourtchjectories taccount for unresolved pathways and for the

410 fact that there is relatively little data to constrain modelled bottarrent velocities in the ocean reanalysis

product.

This approach to bottom current transpassumes the transport along a given monthly mean trajectory occurs
under stead¥gtate conditions and does not accountfaanging currents during the duration afedrital
particle beingsuspendd This approach iby necessity a majaimplification of the treatment of particle

415  transport and sediment remobilisation by bottom currents. Nevertheless, the areas subject to sediment
remobilisationare capturedalongsidethe provenance of detritus reaching a given location through bottom

current transport.
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2.4 Gravitational downslopetransport

Substantial volumes of glacimarine detritus can be moved through gdavign downslope processasich as

turbidity currents, slumps and debris flows. To represent these transport mechanisms, thewesmmce

tracervalues from the surface and bottom current methods at all locations with a sloggnabstlly confined

to the continental slope, are selected. Blope thresholdvas selected by tuningithin a range of feasible

values(Stow, 1994 Section3.2). These grid cells are used as start locations from which the direction of

gravitational transpoiit calculatedising the D8 algorithm@é Cal | ag h an )awhidhitédsees tintla 1 9 8 4

cell is repeated (i.ean upwards slope is reachedpSP makes no attempt to account f@riations in debris

load overtravel distance along a gravitational transport pathways is deemedeasonableasunlike ocean

currents, such paths are unlikely to cross as the direction of travelswillybe approximately perpendicular

to the coast (on the shelf) tire shelf break (on the continental slope)usicalculaton of the relative quantity

of sedimentis unnecessary

Unresolved bthymetric features mean gravitational flows are likely to caetyitusbeyond the constraints of

theapproximate gravity flow path3hegravitational transpogtrovenancestimate is therefore interpolated

Gravity flowsdo not necessarily shed th&ad oncethe slopefalls below a threshold; turbidity currenter

examplecan carryparticlesover llometres €.g.Mulder, S our gravity flow paths were alrea
pl yparticl 1000Kil ¢.9.Mulder, 2011) As our gravity flow path Iready

typically 300-600 km long, we interpolate a further 300 kitrall locations bgond the shelf break.

Theoretically, the relief on the continental shedh besufficientin placesfor gravity flows to redistribute

sediment (e.g. Anderson et al., 1983; Hillenbrand et al., 2005). However, these processes are unlikely to

transport

significant

amounitld 0dfs

kendi memts i alte rtelde hep &t

gravitatonal downslope deposits have only been identifie@intarcticalocally on the very ruggeaver

deepenedhner continental shelf (e.g., Smith et al., 2088gan et al., 2020Thus we do not interpolate the

gravitational transpogirovenancestimate on the continental sheléfinedas water depths1200 m. Although

this depth threshold isignificantly deeper than the tragerage water depth of tkentinentakhelf, which

varies predominantly betweed00 and B0 min Antarctica using1200 mavoids inclusion of most over

deepened aream the innermost shetioseto the presenice sheet margin, where interpolatisimould be

avoided

Turbidity currents flowing perpendicular to the shelf brdalwn the continental@pe can carry suspended

particlesto locationson the continental risehere they are captured by bottom currents flowing parallel to the

margin i.e., approximately parallel to th&helf breal(e.g., Rodrigues et al., 2022a; Hillenbrand et al., 20P4)

account for this interaction between gravitational downslope processes and bottom current transport, the output

of the gravity flow methodvas iterated mcewith the bottom current method described above. Although this

approach does not explicitly represenspendedhaterialsuppliedby gravitational processwhichis

subsequentlgaptured by bottom currents, using an iterative mettuadsaccount for particle transport both

paralleland perpendicular to trentinental margitin both the bottom current and gravitatiopabvenance

tracervalue estimates.
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Figure 4. The predicted fraction of offshore sediment originating from five IMBIE drainage basins shown in pink (a

e) and the total fraction from all 5 selectedbasins (f).

To evaluateTASPS eesults, we use an idealisprbvenance tracenap for the IMBIEANtarcticdrainage basins
(Zwally et al., 2012). Each basin was set fwr@venance tracefalue of 1 and elsewhere set to 0, and this
repeated for five major drainage sectors in Antarct¢ahe Siple Coast, b) the Amundsen Sea, c) the central
Transantarctic Mountains, d) Victoria/Oates/George V Land and e) the Antarctic Peniingsifgoducel maps

of the fraction of sediment derived from each basin #igrhis demonstrates th&@ASP captures patternof
sediment dispersal offshore where sedimentation is concentrated close to the grounding zone and broadly

diminishes with distance from the source (e.g. Smith et al., 2019).

2.5 Relative contribution of transport mechanisms

To produce a 06 b ersvenarcendpjitisanécesdary soappbriion tberrelative contribution of

the three marine transport mechanisms (Sectidh2.2) around the Antarctic continental margin. The TASP
Obest estimated6 map uses the value for gravity fI
are absent, and surface currents where there is naignavity flow norabottom current estimaigig. 2).

Assigning one method to each grid cell is not physically accurasdl, msrine transport mechanisms may

interact at a given location. However, TA&€counts for this as it uses the surface current estimate as the source
of the bottom current estimate, and the bottom current and surface current estimate maps as the source for the

gravity flow estimate. Anajor strength of this approach is that it does not require an estimate of the absolute
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quantity of detritus transported by each mechanism, which is useful given thatethef these processes are

very poorly constrained.

In some settings, marine transport processes can be estimated given observations of geomorphological features
(e.g., contourite drifts, channels eroded by turbidity currents), grain size parameters (e.g., contentof coarse
grained clasts indicative of IBRBupply, percentage and mean of sortable silt as a proxy for bottom current

vigour) and sedimentary structures (e.g., normally graded turbidites, winnowed layers of residudjredaese
sediments). However, making these inferences requires good cowstiadpgh-resolution bathymetric and

seismic data and the collection of numerous sediment cores from targeted locations. Even then, however, it often
remains difficult to determine the fraction of the sediment transported by different mechanisms (e.g., Rodrigues
et al., 2022a, 2022bThe approach used by TASP is therefore considered a necessary and appropriate

simplification.

3. Results when appliedo presentday Antarctica
3.1 Selected provenance tracerstudy site and input data

An ability to accurately represent the modern system is-eeprgsite for reconstructing sediment provenance

in the pastFurthermore, most ice sheet sediment provenance studies focus on Anfergti€ook et al., 2013;
Wilson et al., 2018; Marschalek et al., 2024/jth theseconsiderationgn mind,we here apyl TASP to the

modern Antarctic ice sheets (i.e., East Antarctic Ice Sheet, West Antarctic Ice Sheet (WAIS) and Antarctic
Peninsula Ice Shee§or this case studyh¢ performancef TASP can easilpe evaluatechecauséhe spatial
distribution of provenance proxy measurements in marine sediments is far more complete in recent (i.e., late
Holocene to modern) surface sediments than in older, more difficult to date, sediments (e.g. Simdes Pereira et
al., 2018). This is aampanied by the ability to directly measure ice surface velocities and ice thicknesses; ice

flow drainage pathways and erosipotentialsare therefore far more precisely constrained than is possible for

past ice sheets. Modern oceanographic data mean marine processes transporting glaciogenic detritus can also be

more accurately simulated at the present day. By predicting the provenance signature of the modern Antarctic
ice sheets and comparing this to m@&d seafloor surface sediments, we demonstrate the accuracy of TASP
and show that applying it to past ice sheets should produce useful fealden ice sheet simulatiocsn be

i nput into the current ver si torducefutpltalsy Rot comparingresulis n g

of the provenance tracing to seafloor surface sediment measurements.

To trace debris transport, a sediment provenance proxy is required. TASP could be adapted for any sediment
provenance tracer, such as clay minerals (e.g. Ehrmann et al., 2011), heavy minerals (e.g. Hauptvogel and
Passchier, 2012), elemental concentrati@xg. Monien et al., 2012), clast petrography data (e.g. Sandroni and
Talarico, 2011) or detrital mineral ages (e.g. Licht et al., 2@ag¢h provenance proxy would require a map of

its subglacial distributionin the case of theategorical datée.g.clasttypes) or binned distributional data (e.qg.
specific detrital mineral age populationEASPwould require adapting to account for multiple input maps and

saving of multiple oygut maps, with the associated extra memory demand.

However for this case studyASPtargetsdetrital neodymium (Nd) isotopewhichareexpressed simply as a
single numberfor which TASP is currently designeldd isotope compositions asepowerful sediment

provenance proxy as all rod&rming minerals incorporate Nd and Sm into their structure, meaning all rock
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types will be accounted for and are integrated in the provenance signal. Furth&dhis@ppe compositions

are generally unaffected by grain size sorting (Garcon et al., ZDi&3e factorsneanNd isotope compositions

have seemidespread application in Antarctic sediments (Farmer et al., 2006; van de Flierdt et al., 2007; Roy et
515 al., 2007; Cook et al., 2013; Pierce et al., 2017; Sim&es Pereira et al., 2018; Marschalek et al., 2021).

The™NdM*Nd ratio is typical |l wdi),tee inpartsperd0,00hcomeppraditolthen not at i
modern Chondritic Uniform Reservoir (CHUR; Jacobsen and Wasserburg, 1980):
j

- j p p Tt (11)

520  Analytical errors follkq values are typically reported between ~0.2 and 0.3 epsilon unit&éerger et al.,
2006;Marschalek et al., 2021).

Geographically, we examine the region offshore of West Antarctica and adjacent areas of East Antarctica (from
approximately 60°W to 140°E; Fi§). This spans the location of many existing detrital Nd isotope provenance
studies (e.g. Cook et al., 2Q18arschalek etal., 2021 and c¢ o mp i Ju\@luds of nostinental rocks e U
525 (e.g. Simbes Pereira et al., 2018; Marschalek et al., 2021). Although TASP estimates provenance all around
Antarctica, useful results are limited to this extent of compiled literafurealues Expanding the useful area of
the domain would require additional compilation of bedrock literature data and assumptions regarding
subglacial geology (Appendix 1Applicationof TASPto other ice sheetsuch as the Greenland Ice Sheet,
possible, butvould requiresomemodificatiors to the model coelto account for the different geographic
530 setting As TASP focuses on marine transport proceasesdoes not represent fluvial sediment transfiast

most applicable to ice sheets with predominantly maenminatingglaciers.
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Figure5. a) Map novfaliurelsamuds e as an input for the prowenance tr
535 values within 200 km of a mari ne &ualué Seafmorsudadd samgplet sampl e wi
locations are shown as white circles and volcanoes with reported subaerial eruptions in the historic record are shown
as red triangles (Patrick and Smellie, 2013). The MEaSURESs grounding line and modern ice (shelf) fronts are
indicated using solid grey andblack lines, respectively (Rignot et al., 2013; Mouginot et al., 2017). b) Thenfidence
| e v enqvalod estithate, displayed on BedMachine bathymetry (Morlighem et al., 2020). Uncertainty levels are
540 classified eithe rn damiblack)xapeasswittdsubglaciallgeobagy tohstrdihed by
gravimetric/magnetic/geomorphological etc. data (brown); areas with few direct constraints, limited to isolated
subglacial samples obtained by drilling through the ice (grey); and areas without any rock type constraints, filled
using Kriging (white). Volcanic seamounts and islands (e.g. Lawver et al., 2012; Kipf et al., 2014) are circled in red.
These features are displayed because they potentially supply additional radiogenic detritus to marine sediments
545  which is unaccounted for in our algorithm. The Souttern Boundary of the Antarctic Circumpolar Current (SBACC)
is shown as a black dashed line (Orsi et al., 1995).

To assign er qdakelfordomparisort witsoffshare rétords, the first requirement is a spatially
cont i nuo u snydfershe studparea belmw graiinded ice (Ba). Constructing this map required the
compi | at i o ngdatd for Hiffetert roek types (see Bppendix 1 for a detailed description). This

550 process was aided by an existing compilatioth@tiata from the Pacific sector of West Antarctica (Simdes
Pereira et al., 2018, 2020), extended to the Ross Sea sector (Marschalek et alls2@@ B) different
provenance proxy would require construction of another map for the given provenance tracer.

To assess the accuracy of our sedi ment mvaluesenance tr g
measured in recent seabed surface sedimentss@igrhese data were compiled from all known literature

555  sources in our study domain (Walter et al., 2000; Roy et al., 2007; van de Flierdt et al., 2007; Pierce et al., 2011;
Cook et al., 2013; Struve et al., 2017; Simdes Pereira et al., 2018, 2020; Carlson et al., 2021; Shao et al., 2022).
New seafl oor sqdataffranctiee Ress Sen weeeralso ifdluded to improve spatial coverage in this
area (Table A2).

60°W Faster
- ) Erosion

90° W

120° W

Slower
Erosion
150° E

180°

560 Figure 6. a) Erosionpotential map used to seed start locations. Absolute erosi@otential is not given as ths is

uncertain and not required to predict offshore provenance. b) Grounded ice streamlines (grey), with points at the end

19



565

570

575

580

585

590

595

of each streamline cnovaloearthe dtreamtine startgpoinAgdasher bax mdicatés the
location of theinset, which shows more detailed flowlines in the AmundserSea EmbaymentThe colour bar in the
centre shows both the erosiopotentiali n panel naValuesimpand H.e 0

To simulate the generation and transport of debris subglafidy6), we use a simulation of the modern ice

sheet from the model PSUICE3D, which is a firdiference numerical model with hybrid ice flow dynamics
(Pollard and DeConto, 2012). The simulation used (DeConto et al., 2021) closely matches modern observations.
It was run at 10 km resolution, althougASP automatically adjusts to match coarser resoluticesshelf melt

rates are set by observatiover the 2012018 period (Adusumilli et al., 2020)

The ORASS ocean velocity reanalysis datagas usedd provide temperatures and ocean curréort824

montrs spanning January 1993 Beecember 2019 (27 yeaiduo et al., 2019; Copernicus Climate Data Store,
2021) Experiments with fewer months data showed that at least 20 years of data are requiZd yestts

accurately captimg most annual/interannual variation in iceberg trajectaresind AntarcticaHowever, he

ORASS ocean velocity reanalysis dataset only extends to 80°S, which does not reat¥inthdrontalong

parts the Ross arfilichnerRonne ice shelveJhis produced a gap in the velocity field. Simply interpolating
available surface ocean velocities did not produce plausible flow directions near the ice sheet margin in the
regions not covered by the reanalysis product. Consequently, the mean of the interpolated ocean velocity data
and extrapolated ice velocities begbthe ice sheet margin was used, after scaling the latter to the mean of local
ocean velocities so they are a consistent order of magnitude

subset ocean = pSubset of ocean velocity matrix R
subset ice _no_gaps = pEquivalents ubset of interpolated ice velocity matrix R

if subset _ocean has atleast1 non- NaN value and atleast 1 NaN and the centre
cell is NaN
subset_ocean _no_gaps = interpolate(subset_ocean)
scaling_factor = mean( subset_ocean _no_gaps)/mean( subset _ice _no_gaps)
subset_ice_scaled = subset _ice _no_gaps * scaling_factor
output_ocean_velocities = ( subset_ocean _no_gaps + subset_ice_scaled) / 2
end

We verify that our iceberg pathways are trabeshdlycorrectly by comparison to observations of iceberg
movement. Our results are broadly similar to observed iceberg tracks and studies modelling iceberg drift and
distribution (Fig.7). In addition, the spatial distribution of smaller icebergs observed from ships matches with

the distribution we produce (Orheim et al., 20A¥pjectories are not consistent from ~90°E westward to

~60°W because the path of the Antarctic Coastal Current strays outside of our model domain (and study area) at
~90°E (Fig.7). A larger domain would therefore be required to studgsabetween 90°E and 60°W (e.g.

Iceberg Alley in the Weddelcotia confluence).

Due to very sparse 4igitu measurementknowledge of bottom current floaround ice sheets mainly derived
from shallower oceanographic data, but we suggesDB®wS50cean reanalysis product provides the best
estimate availabldata used spa?4 months (201-2019.
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Figure 7. a) Heatmap of oceansurface e | oci ty paths, which are assumed to
colours highlight areas where icebergs pass through more frequently. b) The relative quantity of iceberafted

sediment deposited by our representation of icebergs (unitless). ¢) Melikd iceberg trajectories accounting for

additional influences such as wind velocities and sea ice (Rackow et al., 2017). Colours represent different iceberg size
classes (1 = km?, 2 = 210 knm?, 3 = 16100 kn¥, 4 = 1061000 kn? and 5 = 10085000 kn¥). d) Observed trajectories

of large (>5 km across) icebergs from the U.S. National Ice Centre and Brigham Young University (Stuart and Long,
2011), presented in Tournadre et al. (2016). The broad pattern of iceberg movement produced by our algorithm in (a)

agrees well with modelledc) and observed (d) iceberg trajectories in our study area.
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610 3.2 Parameter tuning and sensitivity tests

Table 1.Parameters used in TASP.

Parameter Symbol Unit (\:/oﬂgteaglc) (Tifugégﬂggglgs
Erosionpotential 0] mm/yr - -
Ice basakhear stress T Pa - -
Ice basal velocity magnitude o} m/yr - -
6Quarryingd co o) 1/Pa 5.1 10%° -
Debris concentration (0] - - -
Debris yield above basal ice (0] - 10° 10°%to 10°
Initial debris concentration (6] - 1 -
Basal ice thickness () m - -
Initial basal ice thickness (@) m 4 2-12
Iceberg basal melt rate 0 m/day - -
Ocean Temperature Y °C - -
Magnitude of surface current velocity] U m/day - -
Distance travelled since last cell 3Q km - -
Suspended sediment concentration &) - - -
Initial suspended sediment concentrati ) - 1 -
Probability of particle sticking to bed N - - -
Time o} second - -
Settling velocity 0 m/s 3.3 10° -
Suspended sediment layer thickness w m 15 51to 50
Bottom shear stress T Pascal - -
Critical depositional stress t Pascal 0.08 -
Seawater density ” kg/m? 1025 -
Drag coefficient 0 - - -
Vertically averaged velocity Y m/s - -
von K&rman constant I - 0.41 -
Water depth O m - -
Roughness length a m 5 10* -
Sediment decay coefficient _ - 5 -
Bottom current velocity threshold - m/s 0.16 0.12t00.18
Gravity flow slope threshold - degres 1.0 08to2
Gravity flow depth threshold - m -1200 -
Surface current estimate interp. distan - km 40 -
Bottom current estimate interp. distan( - km 40 -
Gravity flow estimate interp. distance - km 300 -
Numberof m\(l)gltgtl:)i/t in(;;zjisnes(tjjrfacecurrent i months 394 i
Numberof msglgclﬁirggfggg)ttom current i months o4 i

Estimatingthe provenance of debris generated beneath the ice and transported in theequaas assumptions
regarding, and simplifications o, highly complex and often poorly understood series of sysiémexplore

615  parameter sensitivity and tutiee most poorly constraineparametersised This is done byomparing the
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TASP prediction to seafloor surface sediments aicutatingthe root mean square error (RMSid

coefficient of determination @ We note that no parameter tested was bthangehe RMSE by more than

~10%(Fig.8) ; t hi s s ugugneaspt si st hlei kienlpyutt h(et maj or source of di
results and measured seafloor surface sedimdate, we do not formally explore parameter interdependence

620 and recommend that TASP usexplere the model parameter spdoetheir own use cases.

For theterrestrial componentxperiments were performed with spatially variab}e 6 quar ryi ngé coef fi
valuesfor different ice drainage basins asHollard and DeCont(2019) However, this revealea negligible

impact on resultsThis is most likely becaugbe map ofQusedonly variedover very largescale basins

(Pollard and DeCont®019. Af i ner r esol ut i on mghtlead todiffeeent litHologiebem@ d i bi | i t

625  disproportionately represented offshardluencing provenance signatures
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Figure 8. Best estimate Root Mean Square Error (RMSE) results of tuning a) bottom current erosion threshold, b)
slope threshold, c) debrigiich basal ice layer thickness, and d) suspended sediment layer thickness parameters. The
parameter value selected is highligted in yellow. Experiments were conducted using initial assumptions of a 1.2

630 degree slope threshold, 0.16 mkottom current velocity threshold, 6 m basal ice thickness and 15 m suspended

sediment layer thickness.

Firstly, experiments varyinghethicknesses of the debikh basal ice layewere run(Fig. 8c). This parameter
was varied between 2 and 14 metres, in line with the observed range of thicknesses (Gow et al., 1979;

Christoffersen et al., 2010; Shaw et al., 2011; Pettit et al., 2014) and results compared with seafloor surface
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635 sediment data. This revealed that the overall result is relatively insensitive to the chosen bagsétilétwis

layer thickness, with an optimal value4m (Fig.8c).

The amount of englacial debris relative to the basal debris concentration is another poorly constrained
parameter. It was by default set to®ltiimes the maximum debris load at the base of the ice column based on
Dowdeswell and Murray (1990), but experiments were conducted varying it betwéandLOG. These results

640 revealed TASP is insensitive to this parameter, although excluding this englacial debris entirely (i.e., setting the

relative concentration to 0) does have a significant impact on the resultS)(Fig.

The sediment transport method selected at a gigafloorlocation will be influenced by the thresholds used to

determine wherenarinetransport mechanisms are active; in other words, the slope threshold for gravity flows

and velocity threshold at which bottom currents can transport sediment. Given this importance, these parameters
645  were varied over a range of feasible values (8a.b). These results show that a velocity threshold of 0.16 m/s

and slope threshold ofdegrees produce the optimal results.

60°W . (a) +5 | (b) +5

No Englacial-
Englacial
ENd

Figure 9. Impact of assuming all debris is contained in a basal layer. a) The resassuming there is no englacial
debris. White areas offshore | ack dat svalubs)assiming énglacieince bet wi

650 debris is absent (panel a) or present (Fig. 10g). Black offshore areas lack data.

The treatment dbottom currents described in SectioB 2quires estimates of several parameters, including the
bottom current threshold required to resuspend sediment, the relationship between mean and peak bottom
current velocities, critical depositional stress and roughness length. Most of these par@andiersstimated
with some degree of accurabgsed on theory and/or empirical data, but the suspended particle layer thickness

655 is subject to significant uncertainty. This is because particles are unlikely toeaisyer with a clearly
defined upper surface. The thickness ofriepheloid layer on the Antarctic margiaries between less than 10
m and~1C7 10®* m (e.g. Tucholke, 1977; Gilbert et al., 1998; Gardner et al., 20h& parameter was
therefore tuned agai nevaluesneeastireneots (FBE).INoté that this effeetivdlyme nt U
tunes the other constants usedquations/-10.

660  Very thin suspended particle layer thicknes3t§sn() led to very short transport distances, whichuatikely to

capture bottom current transpddising anincreasinglythick suspended layehicknessesulted in transport
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665

670

overlongerdistancesbut a poorer match with seafloor surface sediment measuremertigjher RMSE; Fig.

8d). A 15 m layer thickness wabkereforeusedas a compromisechievingsometransport vithout significantly
worsening the match with seafloor surface sediment measurekthtaigh 15 m is less than the thickness of

the nepheloid layer in several sectors of the Antarctic margin (Gardner et al., 2018), we argue it is physically
plausible given that nepheloid layer thicknesses there have been measured in austrslispniag when the
nepheloid layer probably contained remnants of plankton blooms that took place just prior to these
measurements. Furthermore, suspended partioleeotrations are not uniform and are highest nearest the
seafloor, and we are only concerned with bottom currents, which only comprise the lowermost part of the water
column. Transmissometer data also suggest that suspended sediment concentrationmenrtedlyan the

lower tens of metres of the water column (Tucholke, 1977; Gilbert et al., 1998; Gardner et al., 2020).
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3.3 Comparisonto seafloor surface sediment measurements
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Figure10.Compari son bet ween o sakesinseifloa sudacarsedimertsl Results@re shown

675 individually for each transport mechanism of glaciogenic detritus in the marine realm (&), plus selection of the
nearest matching method (d). The solid 1:1 line is flanked by dotted lines indicating 1 and 3 epsilon unit deviations,
respectively. Red crosses mark samples within 200 km of volcanoes which have been active in the historical
observational era; these samples may (or may ~avalte)Thde i nfl ud
di fference between t he mea sdaluesofseaflabr sorfaa sediments (d)(is,alscsshowmat ¢ h) |

680  as a histogram (e).
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Figure 11.  Si munkvalties atound the West Antarctic margin including the absolute values (a, ¢, e, g) and
difference from the seafloor surface sediment data interpolation (b, d, f, h). The predictdda provenance of seafloor
surface sediments by modelled surface current (a & b), bottom current (c & d) and gravitational downslope (e & f)
685 transport are shown, as well as the result when the closest matching method (surface current, bottom current,
gravitational) to tavaluesinselectedfar baah gaddcell¢gandeh). t op U
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TASPO6s r kesampared tdheabservediq valuesof seafloor surface sediments to evaluate the
accuracy of the algorithm (Fig0&11). This produces a map bfq valueswhere the most radiogenic (least
negative) values are found around the Antarctic Peninsula and along the Marie Byrd Land coakg)Fig. 1

690 Slightly less radiogenic values are found in the Bellingshausen and Ross seas. The East Antarctic coastline
offshore of George V Land produces the least radiogenic values, although the influence of more radiogenic
debris transported from the east is clear (Fig)1This general pattern agrees well with surface sediment
sample measurements (Fig), with an overall RMSE 08.05 and R of 0.580. We suggest that uncertainty in

underlying geology (Appendix 1) is the main source of this discrepancy.

695 T A S Porse d inevaleesimatdda% of surface sediment values within 1 epsilon unit &t within three
epsi | on wsigndlsin sedimbneprodenance records off East Antarctica and in the Ross Sea exceed
three epsilon units (e.g. Cook et al., 2013; Wilson et al., 2018; Marschalek et al.,\Ré2dghieve a close
match tosurface sediments frospecific core sites with doweore records, including International Ocean
Discovery Program Site U152Mérschalek et al., 202Ipeasured =7.7, TASP prediction =8.0), Integrated

700  Ocean Drilling Program Site U1361 (Cook et al., 2013; measuréd.5, TASP pediction =-13.3) andSite
PS58/254 $imbes Pered 2018; neasured =3.0, TASP prediction3.7). TASP can, therefore, reproduce
observed seaf | owvalues tor Sufficeat degeelof anainady to Provide useful predicfons
past ice sheet configuratian

60°W,

90° W|

705 Figure12.Resul ts when using inverse distance wenNdi@ghesofng from t he
seafl oor surface sedi mentwmval mned uamndgblp)t h diealuedpicdicegp vd @t leat
by this method and those measured on the surface sediments. ¢) Shows the scattered relationship between measured

and modelled seafloor surface sediments.
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720

725

730

735

Regionally, moded at a match i s particularly goodyunnndhenear !l y a
central Ross Sea and the Bellingshausen Sea (Hiy. TASP alsgerformsbetterin deep watelocationsthan

for continental shel§ites Furthermore, the Amundsen Sea embayment offers a dense offshore sample network

to compare TASPOs results t ob5)(.SiTnre sqodieesldbirmtdesdleet al . |,
finer-scale provenance features, but the match is good close to the terminus of both Pine Island and Thwaites

glaciers and in the central Pine Islafkwaites paleace stream trough (Fig.1). TASP also broadly captures

the mixing of the distinct detritus supplied by each of these tworréfdS outlets (Simbes Pereira et al.,

2020).

If marine transport processes are neglected, offshore provenance signatures can be fstimtéieslibglacial

component alone (Section2.I)o i nvestigate TASPO6s per fdebrimasinply compar
advected approximately perpendicular to the coast, an inverse distance weighting interpolation was used to
extrapolate the provenance signature of the glaciogenic detritus supplied to the ice sheet margin offshore (Fig.

12). The number of neighbou(46) and distance weiglfl) were tuned to optimise resulihis resulted in a

RMSEof3.D, worse than TASPo6s prediction bewmowhgnor ati ng ma
considering the full range in parameter choice within the range of plausible values, fotlvetiRMMSE

remained below 3.19 (Fi§). TASP6s i ncor por ati on of marine detrital pa
resul ts i n auvallenat safloomsampte kitest This i8l because arséndistance weighting

method does not reflect transport of detritus approximately parallel to the coast by ocean currents/icebergs.

4. Discussion
4.1 Distribution of different sediment transport processes

An outputof T A S Rappsoactis a map showing the regions where surface currents, bottom currents, or gravity
flows are expected to be the primary debris transport mechamiargiven point on the seaflof¥ig. 13).0n

parts of the continental shelf, low bottom current velocities mean the surface current estimate often provides the
only estimateof (g values (Fig13). The results for the Amundsen Sea and eastern Ross Sea continental shelf
suggest a particularly strong influence of surface currents/IBRD on the provenance of the sediments deposited in

these regions.

The threshold for bottom current influence on fgrained sediment provenance is reached in many locations on

the continental shelf and parts of the continental slope and risel@ig.hese areas are particularly

concentrated along the western Ross Sea continental shelf, Antarctic Peninsula, Marie Byrd Land coast, Victoria
Land coast and George V Land coast. In the Ross Sea, this may reflect sediment transport along Ross Sea

Bottom Water export pathways (Orsi and Wiederwohl, 2009).
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Surface Currents

. Gravity-Driven Processes
. Bottom Currents

740

Figure13. Transport mechanisms for gl aci maivaluemap.€olouisérers sel ect
intense within 200 km nocbnstmiets antl pake awapfrom these censteiaten White ardas

indicate grounded ice or a lack of sedimentation. Small black areas away from the grounding line denote where two

or more methods pniveldei ct an identical V]

745  Beyond the continental shelf, gravitational downslope processes dominate in nearly all locatid®.(Fig.
Compared to the other sediment transport mechanigdsnant core sites in these regions typically provide the
closest match with TASP&20(Fgs.20&ll) Substamtial modetatatntismatch R MSE ©
for the gravitational downslope mechanism is limited to sites with special, localised environmental settings,
which are discussed in detail below (Sectid$).4The close agreement between TASP and the measured

750 seafloor surface sediments suggests that sediment transport perpendiculanetf ireak is dominant further
offshore, and that the amount of detritus moved by gravitational downslope processes typically exceeds that of

detritus solely supplied by ocean currents in these areas.

4.2 Volcanic detritus

Wind-blown dust from other continents reaches Antarctica and could influence the provenance signature of
755  marine sediments (Neff and Bertler, 203articularly during full glacial periods (e.g. Sugden et al., 2009)
However, such sources are minor in most Antarctic continental margin settings used for sediment provenance

studies (e.g., Walter et al. 2000; Wengler et al. 2019) and are therefore neglected.

However,volcanic material/tephra erupted above the ice surface and carried offshore, either, by laiyrets
within icebergspr on sea icecould be present in the seafloor surface sediments in areas close to and downwind

760  of volcanoegqe.g Chewingsetal.,,2014)Thi s detr i tus ¢ oulngvalesias@enazoict i al |y i n
volcanic material in West Antarcticaakdi ct ori a Land i s Naglhdsghighbddi ogeni ¢ (
concentration (Goldich et al., 1975; Aviado et al., 2015; Futa and LeMasurier, 1983; Hart et al. TASE7).
does not attempt to account foetmfluence of this volcanic materiéhdeed, seas whergredictedliq values
are less radiogenic (lower) than those observed include the coast of Victoria Land, part of thEd4sblo$

765  Marie Byrd Land andhe area arounthe northerntip of the Antarctic Peninsula (Fi@l), and his mismatch is
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775

780

785

790

795

likely attributable to volcanoes in these areas that are either still active or have been active in the recent past
(e.g., Dunbar et al., 2021; Patrick and Smellie, 2618 5). The explanatiorfor mismatch in these areiss
supported byvidence frongrain size distributions and visual observati@isllogg et al., 1990; Atkins and
Dunbar, 20093as well as clay mineraloge@., Hillenbrand and Ehrmann, 2005; Hillenbrand et al., 2021; Wang
et al., 2022 indicating that volcamidetritus forms a significant component of the sedimeatstheseactive

volcaric provinces Neodymiumisotoperecordsfrom these areas shouldereforebe interpreted with caution.

Three sample collectedadjacent to the Adare and Hallp&ninsulas on the Northern Victoria Land coast
recorded par t igvalldeswhithyre alsmadt captared by ASP (dltliers in Fig.10; Table A2)
Visual mineralogcal compositiora n gqvalllies of >+4 suggest theonsistalmost entirelyof detritus derived
from the late Cenozoic volcanic rogkonstitutingthese peninsulas. However, as so@rce volcanodsave not
been active for at least ~2 million years (LeMasurier et al. 199i8)discrepancy cannot be attributed to recent
tephra deposition but must result from the supply of locally eroded volcanic matbeak resultmstead
highlighta limitation of our 10 km model resolution, igh is not able to resolve subbcalisedareas of a
particularrock type Fig. 5). If such sitexloseto the shoravere of interest for sediment provenance tracing, a

more localised, higér resolution modelling approactould need tdbe pursuedo yield more accurate results.

To visualise the locations of seafloor surface sediment samples which are in the vicinity of recently active
volcanoes and therefore potentially influenced by significant volcanic deposition, sites within 200 km are
highlighted in red in our scatter plaiad excluded from our statistidsig. 10). This distance was chosen based
on visual inspectionf areas of obvious discrepancy with seafloor surface sediment measurffigerit$). We
emphasis¢hat the exclusion of these sites does not imply that sedliprevenance data here are not useful;
insteadthe provenance data these areaareviewed as having thgotential for unaccountefibr volcanic
influences. One exception is the recent volcanic activity suggested in the Hudson Mountains near Pine Island
Bay in theeastermrAmundsen Seambaymen{Patrick and Smellie, 2013; Corr and Vaughan, 2008), which we
do not use to exclude datany volcanic input to marine sedimertsreis likely very local and minor given
boththerestricted geographical distribution of this tepbrdand (Corr and Vaughan, 2008nd the rare and
locally restricted occurrence of tephra in marine sediments from the area (Herbert et ., 2023

Volcanogenicdetrituscould also reach sample sites from volcanic seamounts and isiagdshj. Theseare
widely distributedandrange in age from the early Cenozoic to re¢éahnson et al., 198Prestvik and
Duncan, 1991Hagen et al., 1998; Hagedorn et al., 2@3@nter and Castillo, 200Rilling et al., 2009 Lawver
et al., 2012Kipf et al., 2014, with radiogenic isotope compositiottgatare similar tootherCenozoic volcanic
rocks (Kipf et al., 2014; Panter and Castillo, 2007; Prestvik and Duncan, T9@%Ee seamounts and islands
are not accounted fim T A S $pdedictediq values for seafloor surface sedimeassthespatialextent and

magnitude of the influence of such features is uncertain.
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800 4.3Localised impactof grounded icebergs and sea ice
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Figure 14. Close up ofthe Mertz Glacier Tongue (MGT) region imaged in June 1999adapted from Massom et al.
(2001) andMarsland et al. (2004). Location of map shown inAppendix Fig. Al. Red-blue colours indicate the
di screpancy between t fueauesagirEiy. l1b. @vedan i a mapofeld (nutipyeat) and

805 new sea ice trajectories (red and yellow arrows, respectively), which are deflected to the north due to grounded bergs
(GB) and fast ice.Note that the MGT had undergone a major calving event in 2010 but since then another seaward
extending tongue consisting of floating glacial ice protruding from NinnisGlacier (NG) and Mertz Glacier and
amalgamated by fast ice has established (e.g., Wang et al., 2088afloor surface sample measurement locations are

shown in yellow.

810 OffshoreoftheNi | kes Subgl acial Basin and adj acegtalueso t he Ki |
are more radiogenic (higher) than those measured in the seabed sedimenty (Fig. A key faad or i nf |
values in these regions is the supply of relatively radiogenic detritus via the westward flowing Antarctic Coastal
Current, which in both these areas appeadetivera greater fraction afadiogeniadetritus in our model than
in therealworld. This ismost likelya consequencef icebergs remaining closer to the coast in the simulation

815 compared to realityin these areas, we suggest thatabean reanalysis product may not be resolving local
factors- such as local ocean currents and the presence of grounded icebergs and fakidhdead to more
far-travelled icebergs carrying relatively radiogenic detritus being diverted north, away from the coast. Offshore
from Wilkes Subglacial Basitipr example, higkresolution modelling of sea ice trajectories around the Mertz
Glacier area shows that icebergs coming from the east are deflected north by a melange of fast ice and grounded

820 icebergs (Marsland et al., 2004), allowing locally derived debrii wi t h  mawvalues) ® eantoiev e U
dominant in the |l ee side of this Apromontoryo (Orejol
the area where TASPO6s results and 4)oSnslely, ¥gyre offshore di f f er
from King Edward VIl Peninsula deflects icebergs, which drift within the Antarctic Coastal Current westwards
along the Amundsen Sea shelf, to the north before injecting them into the eastward flowing ACC (Keys, 1990;

825 Rackow efal., 2017). This implies that grounded bergs, sea ice aresolved ocean currents are a key control
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860

on the provenance of continental shelf sediments in these regions and should be carefully considered when

interpreting sediment provenance records.

At some sites, observedismatchmayalsobe linked to uncertain dating eéafloor surfaceedimentsTo

achieve a good spatial coverage, we group\ailablemeasurementsn samplesikely to be late Holocent®

modernin age but difficultiesin radiocarbordatingof often carbonatéree Antarctic sediments mean these

samplesnay vary in age throughout the Holocene on alsjtsite basis.

5. Conclusionsand future direction

We presenTASP,the firstalgorithmto predict offshore sediment provenanng the results of ice sheet
modellingand ocean modellingDebris isincorporatedandrouted at the ice sheet bed based on ice sheet model

results and an erosion law.avnedetrital particletransport mechanisnisclude representations of surface

currentswhich are used to approximate iceberg trajectoriestoBh currend redistribute sediment if a velocity

threshold is reachednd gravity flowdransport material downslop&hese estimates are then used to make a

provenance proxy map across the seafltf@reby directly predicting sediment core data for a given modelled

ice sheet extent.

To demonstrate that TASP produces useful resultsajipfied to estimatbld isotope compositiaaround

West Antarctica and the East Antarctic George V Liawadgin. Comparison of our results to seafloor surface

sediment measuremersisow thaimost (81%)coresites differ by less than three epsilon unithjch isless

than the signal typically seen in dowaore recordsThis application of TASP to modern Antarctic Nd isotope

compositionsalso helpsinderstandhe moderrsedimentangystem For instance, ouindings show that

westward flowingoceancurrents control deposition on the continental shefffilsta goodmodeldata match in

deeper watermdicatesgravity-driven processes atiee dominantsediment delivery mechanistimere

Furthermore, our resultselpsuggestegions wherdocal factors such ageological uncertaintyecent

volcanismor sea ice arékely impactingpresent dagleposition with implications for interpreting sediment

provenance data in these locatiohise TASP algorithmis particularly powerful beyond the continental shelf,

whereit producs a

seafloor surface sediments. This is likely because griesbgration ofprovenance signalmakesour approach

c |

os e

mat ch

when

usi

less reliant on precise mapping of uncertain subglacial geology.

ng

a

S i

myy Vakigsaf o n

Thedevelopment oTASP aspresented here wilermitfuture applicationto palaeo ice sheet model

simulations Model output from smallethanpresent ice sheets can be directly input to the framework provided
here, althougluse ofhigh-resolution modellegalaeo ocean currents would tughly beneficial. Results from
applying TASP this wawiill help interpreexisting anchewsedimenprovenance recordsy suggesting what

ice sheet configuratiormuld produce the changesli values(and potentially other provenance proyies
recordedat any given core siteTighter coupling of numerical ice sheet model simulations and provenance data

offers the potential for the advancement of both fields; results of numerical modelling can be directly compared

of

to reatworld constraints, and interpretations of geochendoal mineralogicadlata can be testedisualisedand

guantified in terms of ice sheet volume and ext€ASP also has the potential to betingetpotential

sediment core sitder provenance studies, as the regions with the greatest sensitivity to a provenanceiproxy c

be identified.

33

t

h e



Improvedknowledge of subglacial geologgarticularlyin the West Antarctidnterior, would enableTASPto
865  produceeven moraisefulandaccurate results. Future geophysical surveys, as well as drilling campaigns
targeting subglacial sedimeraad bedrock wi | | r educ e ymapangthus prédictions i n our U
offshore.Additional insights could be achieved bypandingour Antarctic case studyp different parts of the
Antarctic continentOur method could also be adapted for numeprasenance proxies, such as detrital
mineral dating, major and trace element geochemistry, clay and heavy mineralogy, or clast petrography. Each of
870 these proxies offers a different sensitivity to changes to erosion patterns and thus different precisgighasd

in different regions and at different times in the past (Licht and Hemming, 2017).

Codeand Data Availability
The TASPcodeis available under a GPLURRence. The versioof TASPused toproduce the results in this
paperwas run using MATLABversion R2022andis archived on ZenodMarschalek2023;

875  https://doi.orgl0.5281/zenodo.11449968\n example ice sheet model outpiged to produce the results in
this paper is also available inetf ASPrepository(DeConto et al., 2021The subice shelf melt rate data
(Adusumilli et al., 2020) can be found here: https://doi.org/10.6075/J04Q&a8#TheORASS ocean
reanalysis product files used (velocity and sea surface temperature) can be downloaded here:
https://doi.orgl0.24381/cds.67e8eelCopernicus Climate Data Store, 20243%.these are published datasets,

880 itis not appropriate toopythese data in our TASP repositay it could lead to confusion about the original
source of the dat&dlowever, the files are freely accessible in these archives or can be provided by the

correspondinguthor on request.

Thenewneodymium isotope dataublished here are availalilere https://doi.orgl0.5281/zenodo.7548284
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Appendix 1 - Regional Description of the Neodymium Isotop€omposition Map

A.1.1 Approach

Here we present a regidoy-region summary of the sources used to define the extent and Nd isotope
composition of the bedrock of West Antarctica and adjacent areas of East Antarctica. A description of
geological formations, lithologies and the tectonierfeavork of the study area is not relevant to this study and
so is not discussed here. For reviews of East Antarctic, West Antarctic and Transantarctic Mountain geology,
see Boger (2011), Jordan et al. (2020) and Goodge (2020), respectively.
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Figure Al. Geographical locations mentioned in theupplemenary and maintext displayed on BedMachine
topography (Morlighem et al., 2020). The area covered by the map shown in Fidl i marked by the box with the
black dotted outline.

The (g valuemap (Fig.5a) was based omeasurementsf rock Ui values from published literatussurces
which hed been previously compile&{mdes Pereira et al., 2018, 20Rarschalek et al., 2021These datasets
wereextendedacross the domain used hei¢herecoordinates fothelocations ofrock sample werenot given
in the original publicationtheyweretaken fromthe SCAR Antarctic Digital Database Map Viewer
(https://lwww.add.scar.orgbased on the location name
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