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Abstract.

Conceptual de stream landsystemderived from geomorphologal and sedimentologicalobservationsprovide
constraints on iceneltwatettill -bedrock interactions on palaé® stream beddVithin these landsystemdje spatial
distribution and formation processesribbed bedforms remain unclear. We explore the conditimifer which these
bedformsmaydevelop and their spatiatganisatiorwith (i) an experimental model that reproduces the dynswficce
streams andubglaciallandsystemsnd (ii) an analysis ofhe distribution of ribbed bedforms @elected examples of
paleecice stream bedsf the Laurentide Ice SheewWe find thata specific kind ofribbed bedformscan develop

subglaciallyfrem-a-flat-bedthrough softbed deformation, where the ice flow undergoes lateral or longitudinal velocity

gradiens ard the icebed interface is unlubricated: oblique ribbed bedforms devieéneathlateral shearmargins
whereas transversgbbed bedforms develop below frontal lobdses—lateral-ribbed-bedformspndlobes—{i-e;
gradiens andthe icebed- interface is-unlubricate®e infer suggesthat (i) their orientatiorreflectsthelocal stress state
alongthe-icebedinterfacethey strike orthogonal to thmpressig axis of thehorizontalstrain ellipseof the ice surface

and (i) ther developmentevealsdistincive types ofsubglacial drainagpatternsbelowthese-two-kinds-ofnargins:
linked-cavitiesbelow lateral shear margiasd efficient meltwater channddslow frontal lobesespectivelyThese ibbed

bedformsare may thus constituteconvenient geomorphic markeis reconstrucpalaeeice-stream-margingteral and
frontal marginsand constrainpalaesice flow dynamics anéhfer pataeemeltwater drainage characteristimSpalaee

ice streams

1. Introduction

The dynamis of ice sheets igrgelycontrolledby the activity of narrow corridors d&stflowing ice, namedce streams
(Paterson, 1994)n Antarctia, 10% of the ice sheet is covered by ice streantd90% oftheice sheetis estimated to
discharge through these corriddnat flowatafew hundreds of ngt (Bamber et al., 2000Btudies ormodernice streams

i throughsatelliteimageryremote sensingooreholeobservatios and geophysid¢ measuremesi have improved our
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understandin@f the influenceof ice streamsnthe mass balance of ice shedfsny investigations highligtitherole of
lateralshear marginand frontal lobe®n the overall stress balancef ice streamsindthe importance of imparted drag
here, along with basal drag in controlling flow speed and ice stream avidtlengtt{Engelhardt et al., 1990; Goldstein
et al., 1993Echelmeyer et al., 199#atterson, 1997Tulaczyk et al., 2000Raymond et al., 200Kyrke-Smith et al.,
2014 Minchew & Joughin, 2020 A lack of knowledgeremainshoweveron the spatial and temporal@ution ofbasal

conditiorsbeneath ice streams.(, distribution of basal shear stressmeltwater drainageatterrs) and ortheprocesses
acting at théce-bedinterfaceduringthe formatiorof sulglacialbedforms This isbecausd®asal investigations anodern
ice streams arestrictedto punctual observationBalaeoglaciologywims to fill this gagby using the geomorphological
and sedimentological record of formime streambeds Based on this approackpnceptual modslof ice stream
landsystens characterized by either synchronous or timamsgressive imprintsave been developgByke and Morris,
1988; Kleman and Borgstrdm, 1996; Clark &tdkes, 2003)

Even thougha general modelof ice streanlandsystera have now beeis-row-wellestablishedthe genesisof some
landformsin these landsysteraremairsdebatecdnotably regarding therelation toicedynamicsandsulglacialmeltwater
drainage After megascale glacial lineations and drumlinshbred bedformg subdacial periodic ridges that form

transverse or obligue to the ice flowrelitioni potentially represensomeof the mostconspicuousand ubiquitous
landorms on palaedce stream bedgStokes, 2018) Howevegltheugh—to—date their distribution is not clearly
accommodateth currentice stream landsystem modéRyke et al., 1992Clark andStokes2001; Stokes et al., 2007)

—and-Thar formation is explained-by-attributedeitherto varietyofinterpretaibns(i) bed deformationd.g.Boulton,
1987 Hattestrand & Kleman, 199@indén et al., 20008 (ii) meltwater flow(e.g. Shaw, 2002pr (iii)) a combination of

MHitte nd-& Kleman—1999 Lindén-e 0

+—2008e.g Fowler &
Chapwanya, 2004;The formation of ribbed bedforms byost of these mechanismgich-typicallyfoecus-einvolves

spatietemporalvariations in basal shear stressce—velocityand-icded-couplingdecoupling—resultingrom-loca

basal-conditiongariationsareobserved acrodateraltheshear marginéRaymond et al., 200Bndfrontal lobe margins

(for—terrestial-terminating—ice—streamdPatterson, 1997pf ice streamsThesemarginsshould thereforeconstitute

preferential areas fdhe formation of ribbed bedformblowever, gpossible relation between ribbed bedforms and ice

stream marginbas se-farnot beenreportedso far

Here,we re-examinethe formation-and-d efilVe-provide new
constraintsegardingher formationand distributiorof ribbed bedformbeneath ice stream margimgcomparing results
from experimentaimodelling andpalaeeglaciologcal investigationsFor that purpose, &developedan experimental
modelthat reproduceghe dynamis of ice streanmargirs dynamie together with the evolution of subglactzdforms
and meltwater drainag&rom remotelysensedmages and topographéata, ve also mapped ribbed bedforfslow
lateralshear androntal lobe margins of palagice stream®f the Laurentiddce SheetBy combining the experimental
andgeomorphologicakpproachegsults we propose aimtegratednerphe-hydre-glaciologicalmodelfor the formation
of ribbed bedformsssociated withce streanmarginsand —\We-finally-integrateribbedbedformsinto-the-ice-stream
landsystem—anedliscuss thie palaeeglaciological implications for the mapping of palaeiwe streams rad the

reconstruction of past subglacial hydrology and ice stream dynamics

[Code de champ modifié
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75 2.Ribbed bedforms in ice stream landsystems
2.1. The general model of an ice stream landsystem
Glaciological geomorphologicabnd sedimentologicatudies on teestriat and maringerminatingice streams have
enabled the developmentafeneralandsystemmodek (Fig. 1a; Dyke and Morris, 1988; Kleman ari@brgstrom, 1996;
Clark and Stokes, 2003)which isare critical for reconstrudng spatial and temporal variations in the distribution of
80 palaeeice strears, as well asunderstanihg the processform relationships of their geomorphic imprints across the
landscapéDenton ancHughes, 1981; Patterson, 1997;nalorrow et al., 2004; Margold et al., 2018)e areas where
theice startschannelizing in the wgiream part of ice strean(i.e. onset areg) are characterized tsfow ice flow anda
large spectrum of flow orientatislue to the convergence wiultiple tributariesiceis then incorporated within narrow
and weltdefined trunk with high flow velocities (>300 mgr'; Clark andStokes, 2003nd marked byswarms of

85 streamlined bedformslongated parallel to ice flow directigfig.1; megascaleglacial lineationsflutes,drumlinsand [Mis en forme : Police :Gras

megagrooves Menzies, 1979Stokesand Clark, 2001 2002 Newton et al., 2018 Ice stream trunks adelimited by

abrupt lateral shear margirfsequently underlined bgoninuousandlinear shear moraineDyke and Morris, 1988;

Dyke et al., 1992; Stokemnd Clark, 2002b. feeding-channetwith-high-flow-velecities(>300-my*-Clark-andStokes,

2003) Terminalzones of ice strears are characterizeckitherby marinebasedice shelves andalving frons, or land

90 based marginal lobatiofBtokes andClark, 2001) At the marginof terrestrial terminating ice streanfelts of sediment

ridges and mounds mimickintipe lobe curvature can forrin responseo the icelobe activity: stagnatios produce

hummocky moraineée.g.Johnson and Clayton, 2008bert and Kleman, 2004advances produgaish morainesend

moraines and overridden morain€Botten,1969;Boulton, 1986 Evans and Hiemstra, 2005and retrea produce

recessional morainé€handler et al., 2036
95 i

palaeco-ice-streamlite a-.special-concern-is-given-to-ribbed bedforms-anid tifierent modes-of formation—which

helps-set-the-context-for-ir@eeurreneeWithin this general model, thégsificance of ribbed bedforms remains unclear:

different types and shapes have been described, different theoretical models have been proposed for their formation,

100 various interpretations exist for their timing and conditions of formation compared t@nitesubglacial drainage

dynamics, and their spatial distribution wittgtaciallandsystems is still debated.
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a DISTRIBUTION OF RIBBED BEDFORMS IN
A LANDSYSTEM OF TERRESTRIAL ICE-STREAMS
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Figure 1. (a) Distribution of ribbed bedforms, as currently envisaged, in an "ideal" isochronous landsystem of terrestrial
palaecice stream (modified after Clarkand Stokes, 2003)(b) Ribbed bedforms located in the colébased onset area (Zone 1),
upstream of the streamlined bedforms recordinghe warm-based trunk of an ice stream (Fisher Lake, Prince of Wales Island,
Canada). (c) Patches of ribbed bedforms with abrupt borders with surrounding streantined bedforms (Zone 2; Lake
Naococane, Canada). 0 documented, and shown on aput not shownwith specific examples are progressive downstream
transitions from ribbed bedforms to drumlins (Zone 3) and marginal relationships between hummocky and ribbed bedforms
(Zone 4) (© Landsa / Copernicus- © Google Earth).
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Jypes and shapes

Ribbed bedforms arendulatingsubglaciaridgesof sediment, periodiavith-a-regularspacin@ndtransverser obligue
to the palaedce flow (Fig. 1). We use le termfiribbed bedform asa descriptivemorphologicterm, wnhoutageneuc
connotationthata

|ng
te%hapstze\emgeegraphl&%gwﬁhl&temembraces the followingedorms described in the literaturéi) Rogen
veder(Lundqvist, 1969)(ii) ribbed moraines

theFNeFt#AmemaFreeumerar(ﬁughes 1964yiii) egascale transverse bedforif@reenwoodandKleman, 2010)
and (iv)
intermediatesized bedforménterpreted ashe topographic expression toéction ribs SergienkcandHindmarsh, 2013

Stokes et al.,

Code de champ modifié

RibbedandRogenmorainegefer to sediment ridgeoriginally described during the 1960North America and in Roqen\ Mis en forme : Frangais(France)

Lake (Sweden) respectivelfhese bedforms exhibit a range of possible shapes and orientations, from transverse {Mis en forme : Francais (France)

oblique with respect to the palaéee flow direction(Aylsworth and Shilts, 198@unlop and Clark, 2006b). Theyre Code de champ modifié

O )

hundredsof metres taa few kilometesin length a few hundredsof metres in width (I/'w = 2.5) andtensof metresin

height and their spacing is an order of magnitude lower than the icent/ssiPaterson, 1972; Dunlop and Clark, 2006b)

Megascaletransverse bedforms are 20 to 40 km in length, 3 to 6 km in Wilth= 5.7) and 5 to 10 m in height

(GreenwoodandKleman, 2010)TheyBeth are depictedvith a perpendiculan-erthegenate-sub-erthegenalorientation
relative to thdeealice flowdirection andheir spacing is an order of magnitude higher than the thickness of the overlying

ice.

Intermediatesized ribbed bedforms, interpreted as the morphological expresstoraction ribsare 1 to 6 knong, 0.4

to 22 km wide (I/w = 2.9) and10 to20 m high.-; Ttheyarebelieved to fornperpendiculaf90°) to oblique (20°) to ice
flow direction and below ice thicknessesgjual to oran order of magnitudwer than their spacin¢Sergieko and
Hindmarsh, 2013Stokes et al., 2016)

Crevassesqueezed ridges alswesubglacial periodic ridges emplaced transversebliqueto flow (Evans et al., 2015;

6
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2016. However, thei shapes and metrics differ frothose ofthe bedforms described above and are therefore not
consideredas ribbed bedformisere

2.2. Spatial distribution in ice stream landsystems 3 [ Mis en forme : Titre 2

The mlaeoeglacid community agrees thasome ribbed bedforms evelop along rough icebed interface (frozen,

unlubricated omssociated tstiff beds) with high basal shear stressesler slowflowing portions of ice shés Ribbed
bedformsareebservedthusbelieved to aboung)-eutside-ofice-streaimrfrom the inner, colebased, regions of ice sheets
(Aylsworth and Shilts, 1989; Dyke et al., 1992; Hattestrand and Kleman, 886nwood and Kleman, 2018tokes,
2018)-{i-n up to theonset areasf ice streamst the transition between celdnd wam-based icewhere the ice flow
velocity increases downstrea(fig. 1b - Zone 1, Bouchard, 1989; Dyke et al., 1992; Hattestrand and Kleman, 1999)
They are thought to be less commdi)-in ice stream trunkswvhere they wuld occuronly as isolated patchesithin a

mosaic of sticky and slippery spassociated with streamlined bedfor(fsy. 1c- Zones 2, 3 Cowan, 188; Boulton
and-Hindmarsh;-198Aylsworth and Shilts, 1989; Bouchard, 1989; Dyke et al., 198@&es and Clark, 2003, Stokes et
al., 2006a, 2008 nd{iv) in submarginal areasvhere they would bassociated with hummocky moraines withtagnant
ablation complexeg¢Fig. 1 - Zone 4 Marich et al., 2005; Moller, 200@010) To sumnarize, within an isochronous

glaciallandsystem, ribbed bedformase believed téorm belowlargescale portion®f slow-flowing ice (ice doms and

stagnanimargirs of ice sheed) andbelow localized patches of slow iagithin fastflowing ice strears (sticky spot$.

According to this model hey would developcontemporaneously to streamlined bedfgreither upstrean(from ice

domesto onset agas of ice streamsdownstreanalong maginal ablation complexes) d¢aterally (within sticky spots)

2.3. Theoretical models of formation ~ [ Mis en forme : Titre 2

basal thermal conditions, meltwater flows initial bed topograph to explain the shape amkriodicity of ritbed

bedforms :-Four categories oformation processesafie beemroposed (i) everriding,deformationor reshaping opre-
existing sedimentary moundssuch as former streamlined or marginal landforimsoverriding ice(Boulton, 1987;
Lundqvist, 1989; Modller, 2006)(ii) ice-fracturingand extensiomf frozenbedsalongtransitiors fromef warm-to-cold
ice bass, where tensional stressincrease(Hattestrandand Kleman, 1999 Sarala 2006);_(iii) subglacial meltwater
floodsresponsible fothe formation ofnvertederosional marks at the ice base.liefi by sediments (ShawQ@2}; (ivii)

till deformatiorfeldingand-thrusting-edubglaciabediment ersedimentich-basaHeén response tthe flow of ice over

bed heterogeneitigesulting from variations iporewater pressurdyasal thermal regimendbedstrengtlilewatered-till

o U )

andtopeograplerelief(Terzaghi, 1931Shaw, 1979; Bouchard, 1982amb, 1991; Tulaczyk et al., 2000kndén et al., [Mis en forme : Francais(France)
2008; Stokes et al., 20Q8)nd—{iv—in-sit—generation—of .The last process is _consistent W‘Mysicallybased‘ [Code de champ modifié
mathematical modsldemonstrating that ribbed bedformaturally ariging from wavy-instabilitiesin the eoupled (mis en forme : Francais (France)
combinedflow of ice, basal melvater and sedimentviscoplastictill_atthesubglacialbed-pessiblyenhancedy bed {(is en forme - Anglais (Royaume-Uni

(Hindmarsh, 1998,b; Fowler, 2000; Schoof, 200Tjark, 2010;Chapwanya et al., 2018ergienko and Hindmarsh,

2013;FowlerandChapwanya, 20%4~annon et al., 2037—
In conclusion, ribbed bedformsccur ina highly varied distribution within ice sheets anite strears and nultiple

hypothesesave been proposed for their formatidnsize and shape continuumas beembservecsuggestedbetween
7
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ribbed, hummocky and stredined bedforms, suggesting that these subglacial bedforms could form in response to the
same governing processes modulated by either icevi@acity or ice flow duratior{Aario, 1977; Rose, 1987; Dunlop

and Clark, 2006b; Stokes et al., 2013a; Ely et24116; Fannon et al., 201Mloreover, ribbed bedforms are frequently
overprinted by drumlinend embeddedvithin polygenetic landsystems, corresponding-aultiphase staesy, which
complicate their interpretation(Cowan, 1968; Aylsworthand Shilts, 1989; Stokes et al., 200§)revious studies
emphasizahe importance of ribbed bedforms in the reconstruction of basal sheaesti@sbed interactions, basal
processes and ice dynam{@yke andMorris, 1988 Alley, 1993;Stokes et al 2008 Stokes et al., 20 Bergienkeand
Hindmarsh, 2013; Sergienko et al., 2014

3. Methods
3.1. Analog modelling

The development of subglacial bedforms potentially involices mass transfé#ree processe$ erosion,transport

deposition andleformatiori that canoccursimultaneouslyand interacbeneath ice streamandfour componentsice,
water, till, andbedrocki that have complex and distinct rheological behaviours (Paterson, T894nderstand the
formation ofribbed bedforms, numéeal mockls have been deveped using naturbt-occurringtypical values forthe
physical properties of these componeiishese models thgrowthinitiation of subglacial bedforms based orfi) the
development of alonffow instabilities which creates wailike bedformsresultingfrom infinitesimal perturbations at
the surface of aisceusdeformabldill layer (Hindmarsh, 1998, Fowler, 2000; Schoof, 2007; Chapwanya et al., 2011;
Fowler and Chapwanya, 2014; Fannon et al., 2GHw(ii) till entrainment and depositieasulting fran till flux (driven

by bed deformation and ice pressure gradient) anditieravity deposition (Barchyn et al., 2017hreedimensional
numerical modelling of bedformemains a challengingnterprisehowever and invetigation is far from complete
mostly becausehe involved components show drastically distinthermodependentand straiprate dependent
rheologies,and thereforetemporal scales of activitgPaterson, 1994)To circumvent the challengef numerically
modelling these complex interactionkelandais et al(2016, 2018 developed a physicdaboratorymodel able to
simulate simultaneously ice flow, subglacial hydrology and subglacial erosion/transport/sedimentation/deformation. This
modelcontributed to better constrdine link between subglaciaieltwaterdrainage and thifecycle of ice strears, but
subglacial bedformdid not ariseWe usedhe samepproachwith a new experimental setugpecifically designed to
simulate the developmeof subglacial bedforms

3.1.1. Experimental setup

The experimental deviceonsistsn a stainless steel bo%,cmin depthand2 m x 2 m in horizontal sizesurrounded by
agutter5 cmin width (Fig. 2a). A 5 cm thick bed composeaf saturated fine san@nedian grain sizélmeq= 100 um,
d e n suukt=3200Q kgn?3, p o r o=sAL W,ypermeability Ks = 10ms?) fills the boxto simulatea soft porous,
permeable and erodiblubglacialbed (Fig. 2b). Grains of coloured coarsgand(grain sized =850 to 1250 um)
representindedrock blocksaresprinkled over thélat surfaceof thebed To simulate the ice sheetcacular capof
viscous and tr anspad®eBtkgnsivlii isc @iz batPasd)y3crothickin gsicantye ap80
cmin diametey coversthebed We inject a solutiorof mixedwater and UV inK b u | k @ =998 kignt-3)ythrqugh
aninjectorlocated below the centre tifesilicon capin order toproduce wateflow beneath theiliconand highlight the
flow pattern using UV lightThe central injectomwith a diameter of 8 mmis placel 1.5 cmbeneattthe surfaceof the
bedand supplied by a water pumipheinjection dischargds regulated by a flow meter (discharge Q-5® mimin?)

andis calculated to allow water circulation within the bed and akegilicon-bed interface, witta pressure of injected
8
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waterexceeding the combined weightstbébed and silicon layers—

Fifteen experiments60 min in duration were performedwith different injection scenarios: constant, binary and
discontinuousTable 1). The experimental device is scaled according to the principles describeldiulais et al. (2016,
2018) to take into acount the intimate links between glacial dynamics, subglacial hydrology and sublziadfaim
development, all physical quantities in the experiment are defioetat thedimensionless ratio between ice velocity
and incision rate of subglacial erosibfendforms has similar values in the model and in natuetandais et al. (2016,
2018)demonstrated that models based on this scaling ratio are able to refdesdifoemsrepresentative of subglacial
systems.

a]

PHOTOGRAPHIC SILICON CAP b

ACQUISITION DEVICE o (@=90cm)

(d=0,851,25 mm) ol S w

MARKERS

~3cm Py

[ ;
R 4 8mm  sxTURATED
9 CAMERAS K, SAND
(] ! (0, = 100um)
1T y N 5
PRESSURE SENSOR WATER PRESSURE SENSOR
INPUT INPUT I'AJP:JT
0-41% K=10%ms’ 0,=510Pas"

o= 2000kgm’  p, =967 kgm?

12 PRESSURE
S S e - SENSORS
SANDY PRESSURE SENSOR \
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\
WATER _— * | —
WATER INPUT A R ) )
+ \ ~ St © :
UV INK T X
) - N
p,= 998 kg.m® b\' -
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FLOWMETER
) WATER PUMP \ _
y KA\
v . \ -
WATER INJECTION PRI
ANALOG MODEL i
DEVICE MEASUREMENT DEVICE

Figure 2. (a) Seheme-of-the-Experimental model and monitoring apparatus. A cap of transparent and viscous silicon putty
flows under its own weight above &ed composed of watesaturated sand.We inject coloured water in the bed, through an
injector located below the centre of thesilicon cap. We usd a photographic acquisition device and pressure sensors to monitor
the development of bedforms at the silicon/bed interfac¢he silicon flow velocity, the water flow and the water pressure. (b)
Transverse section of the model witlthe experimentalparameters.

3.1.2. Monitoring of experimentsand postprocessing of data

The experimental device is equipped with white light LEdbsl UV LEDs, alternating every 15 seconds durdmg
experimentAn array ofnine cameras acquires photograévery 15 seconds) both in white light (all cameras) in

UV light (red camera onlyfFig. 28). The transparency of the injected water and the silicon cap in white light enables
manual mapping dfedforms and reconstruction of Digital Elevation Models (DEMs) of the bed suréanehe white

light photographs, with a precision of + 0.1 nthrpugh a photogrammetric method developed by Lelandais et al. (2016).
The morphometric properties of bedforarsd drainage featureBi¢. S1) are calculated from interpreted snapshots and
DEMs. Maps of water distribution at the silicbed interface are derived from the otographsthanks to the
fluorescence of the injected water. An automatic treatmenesétimages and a calibration with DEMs of the-silibon

bed allows fluorescence intensity to be converted into water thickness. Theatergpressure isunctuallymeasured

9
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1.5 cm beneath the bed surfasith twelve pressure sensors (8 mm in diamedestributed in two concentric circles, 15
and 30 cm in radius respectivelpdcentered oithe central water injectoF{gs. 23 b). The horizontal positions of UV
markers, 1 mm in diameter and placed withimitial spacing of 5 cm on the silicon surégare monitored with a time
step of 90 sKig. 2b). Horizontal velocity (Vu) and deformation maps for the surface of the silicon cap are then calculated
and interpolated from the temporal record of the marker displacements. The horizontal deforfrthagosilizon cap

surface is quantified withwtohreeindicators, (i) thestrain rateand orientatiorof the principalaxes of the instantaneous

strain ellipser—o-t—at—i—o6-A—ahn-g+e— (Bhdndinga O ahdUfmiredng) < Olex;|)}-ofihg-horizoriah strain-ellipse [Mis en forme : Non Exposant/ Indice

{Ramsay & Huber, 1987pnd (ii) the absolute magnitude of the horizontal shear strain(rafe; Nye, 1959) Those [Mis en forme : Indice
indicators are computed for eactatgle of a mesh, established by a Delaunay triangulatiaii ife UV markersKig.
S2).
Experiment Channelized drainage beneath lobes
Water injection scenario
number Well-developed | Poorly-developed
1 y
2 y
Constant
3 ) : y
25 mimin' (60 min)

4 y

5 y

6 y

7 Constant Yy

8 37.5 mimin't (60 min) y

9 y

10 Yy

Binary
11 Y
25 mimin' (30 min)- 50 mimin* (30 min)

12 Y

13 Discontinuous y

14 12.5 mimin (15 min)- 25 mimin? (15 min)- 0 mtmin't (15 min)- y

15 25 mimin (5 min)- 37.5 mimin (5 min) - 50 mimin* (5 min) y
Table 1. Water injection scenarios and type of water drainage observed in each experiment.
3.1.3.Physics of silicon-water-bed interactionsin the experiment 3 [ Mis en forme : Titre 3

The model is designed to explorthe basic mechanical interactions betweesimplified wateirouting system a

deformable and erodibleedimentary bednd an impermeable viscous covEne formation of sulsilicon bedformsn

the experiments involves interactions between the silicon putty, the injected water and the s@odhpaded with ice,

the silicon puttyis Newtonian isotropicandimpermeableUnderthe experimental conditions (betweé&b-20°C and at

atmospheric mssurg its viscosity is nearly independent on temperatang the bed isonstantlywet and saturated

Consequentlytemperaturalependent processeshéar heatindieat softening, meltin@nd freezinyandshear softening

or shear hardening relatedttee nonNewtonianbehaviouror the anisotroppf ice are noteproducible Unlike ice, the

Newtonian silicon putty ithusunable to localiseiscous deformatiowhenthestress increaséin particular along lateral

shear margins) or to produfracturesn the rame of experimental flow velocitiese can simulateConsequentlyspatial

velocity gradients are expected to be smaller ireffperimentthan in nature, anthe width of experimental lateral shear

margins is overestimated compatedhe width ofexperimental icetreamsTheuse of silicon putty also induces a major

scalinglimitation since the viscosity ratmbetween the camaterials either ice or silicon puttyand the basal fluid, water

in both casesare much different.The siz of erosive channelized featureoduced in the analog modate thus
10
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overestimated compared to tHenensions ofxperimentaice streams Self-production of meltwatercomplex spatial

variations of subglacial hydroloandlobe marginablation andetreatare not reproducibleither The watersaturated

sandbedis homogeneous and can deform by both localised and diffuse intergranular shearing; the flow of both water and

silicon can thus produce both internal deformation of the bed and erosiospdraand deposition of grains at the

bed/water or bedilgcon interface. The transpoof sand grains through supsdicon entrainment and incorporation into

basal silicon are not simulated.

Themodel like most modelsis not perfectly realistic sindé reproducesieither acompleteandscaledminiaturization

of nature noall subglacial physical process@&sevious physicabgerimentgeproduced subglacial channelized features

(tunnel valleys) and marginal landforms ficentact fans and outburst fans), and suggested a close relationship between
the development of tunnel valleys and the stabilization of analog ice streams (LelardlaigCt6, 2018)lt turns out

thatexperimentamodel, althougimperfectly scalegreproducetandformsvisually conforming to subglaciédndforms

emphasizingthGunr easonabl e ef maeling(Radaeeas, 2@ of apal og

[Mis en forme : Anglais (Royaume-Uni)

3.2.Mapping and morphometric analysis on paheo-ice stream landsystera

To identify, map and characterize ribbeetiformsassociatedvith naturalpalaeeice streanedgemargins we compiled
Digital Elevation Mbdels (DEMs) hillshadesand ice streamcontous of the North American Laurentid Ice $eet
(Margold et al., 2015n a Geographic Information Systefourdistinct regiongFig. 3), covering &ew thousand square
kilometres,overlapping thdateral shear androntal lobe margins othree palaedce stream beds were studi€i:the
Amundsen Gulf Ice Stream (211.812.9 cal ka BR)(ii) the Central Alberta Ice Stream (20.3.7 cal ka BP) and (iii) the
Hay River Ice Stream (131912.9 cal ka BPMargold et al., 2018 We useda 15 m LiDAR bareearth DEM supplied

by theAlbertaGeological Survey fothe Central Alberta and Hay Rivéce streams, and a 10 m Digital Surface Model
computed by optical steremmagery (ArcticDEM;Porter et al., 2018pr the Amundsen Gulfde Stream. By means of

break inslopes observed on hillshades, we digitized ribbed bedforms, streamlined bedforms indicative of predominant
ice flow directions and othdandformsindicative of ice stream faral and frontal margins at thease 1:50 000 The

length (longaxis), width (shoraxis) and orientation of ribbed bedforms compared to ice flow direction were extracted

u s i n gMinimbne Bodnding Geometitool in ArcGIS. The orientation values of ribbdzbdforms and streamlined

bedforms were compiled in rose diagrams for each selected region.
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Figure 3. Extent of the North American Laurentide Ice Sheet during the Last Glacial Maximum with positions oknown ice
stream tracks (modified from Margold et al., 2018). The areas mapped in this studyre-identified-by-blackrectangledn three
ice streams (Amundsen Gulf, Hay River and Central Alberta ISare identified by black rectangles

4. Results
4.1.1ce stream dynamicsand development ofribbed bedformsin the experiment

Without obvious dependence @vident-link-withthe distinet-experimental-setuipgection scenarigsthe experiments
listed in Table 1 producel two types of streams and lobes related to two diffekerds of water drainage netwosk

beneath the silicon cap: (@ well-developed channelized drainage (n = 12 experiments) and foprly-developed
channelized drainage (n = 3 experiments). In the following section, we present the evolution of silicon stegaitsdyn
and ribbed bedforms for one experimegpresentativef eachkind: experimentsl0 and 14, respectivelyTable 1). In
those two experimentthe water injectiomlischargevas doubled in sge3 (Q =50 mimin't) compared to sigesl and

2 (Q = 25ml'min’).

In both experiments, menwaterinjection startsa circularwater pocket formand grove alongthe silicortbed interface
until it reachesa diameter of 15 to 25 crithis pocketmigrates towards the margin of the silicon capacontinuous
water film,until it suddenlydrainsoutside the caprhepresence and migratiaf the water pocket inducesazalincrease

in silicon flow velocity (from Vsut = 0.2x102 mms? to Vsut = 10 x 102 mms?) forming a 20 cm wide stream that
propagates from the margin towards the centre of the silicodapeformsat the extremity of the fadkowing corridor

in response to this drainaged surgesvent In Experiment10, sevenwater pockets successively form gombduceas
maman equal number afrainage events arldbe advancesin Experiment 14only one drainage event occyf&ig. 4).
Thedrainage events generatarginaldeltas along the silicon margiognstitutedby sand grains eroded from the bed
during themigration of the water pockethe sustainabilityof a water film at thesilicon-bedinterface once the initial
drainageeventis over, contributes to maintain a fast and durable silicon flothe silicon stream switchesn and the

siliconlobekeepsgrowing.

12



Landformsproduced in the xperimentsare illustrated andannotatedin Fig. 5: these include groovesibbed and

375 hummocky bedformbeneath the streamendmarginal deltas and pushed sedimémfsont of the lobe. The successive
stageqFigs. 6 to 9) aredescribed belovin relationto: (i) the stream evolution derived from surface measurensnts
theirkinematies(ii) the formation, evolution arttemorphometricharacteristics of bedforms derived from photographs
in white lightandDEMSs, and(iii) the evolution of water drainage systems derived from UV photographs and.DEM

_ 30 51 60
5
. — ~
: I £
E) 4 ol
8 Experiment 10 2 ] 31 E
a H H
S e i — :
g Water pocket L sustomaie] | 20
5 g | @ “ematen " Adi @ atorfim 8
g | s s ¥
Time (sec) 10 20 0 40 50 &0

380 Figure 4. Evolution of pore water pressure (solid lines) measured in the trunk axis (see Fig. 5a for position) and water flow
injected in the bed through the waterinjector (dotted lines), for Experiments 10 and 14. Points numbered 1 to 3 correspond to
stages described in sections 4.1, 4.2 and 4.3.

Figure 5. lllustration of bedform assemblages produced during the experiments. (a) Overall surface view of the silicon cap at
385 the end of an experimental run, showing the distribution of bedforms beneath a stream/lobe system characterized by a well
developed channeted drainage (Experiment 10). The white dot indicates the position of the pressure sensor where pore water
pressure presented in Fig. 4 is measured. (b) Closg on oblique ribbed and hummocky bedforms observed at the right lateral
trupk—shear margin. (c) Transverse ribbedbedforms parallel to the lobefrontal margin and formed submarginally. Tunnel
valley and associated marginatielta. (d) Transverse ribbed bedforms paallel to the lobefrontal margin and pushed marginal
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sedimentsbulldozed by the lobe margin (e) Network d meltwater channels extending parallel and perpendicular to the silicon
flow (not located on @), because it was observed inperiment 14, characterized by a poorlydeveloped channelized drainage).
(f) Field of grooves inscribed in the bed and orientedgrallel to silicon flow with embedded sand grains at their dowsstream
extremities.

4.11. Stageat - Initiation of ribbed bedformsbeneath incipientshear and lobemargins

The streams flowen to twenty timeaster Fig. 7a: Vsut= 0.08 mns?; Fig. 9a: Vsur= 0.17 mns?) than the intestream

areas (Mur < 0.01 mns?), inducing velocity gradientsacrossthe lateral margins ofhe streams.The retation

anglecompressing strairateof the strain ellipse and the shear strain rate are zero in the centre of the stream triank and

the surrounding ice cap, while they are maadimlong lateral margins of the streams whitaevelocity gradient igshe
highest(Figs. 7a, &; U— = tpkr-+-16-20% Besmpressin= - 2.5 X 104 s shebd= 3 to 5 x 16 s2). Thesepatterrs of
high sheardeformationdefine symmetrical bands on the silicon surfeas] resemblethose ofnaturallateral shear

margins(Echelmeyer et al., 1994; Raymond et 2001)
In experment 10(Fig. 7a), the streamvelocity decreaseBom the centre (M = 0.08 mns?) toward thefrontal and

sheailateralmargirs (respectively, Vut= 0.06 mns!andVsus = 0.04mms?), while the silicorbed interfacesf these

marginsare dewatere(Fig. 7a water thickness = OBeneattthelobe, meltwater channels, 50 to 70 mm in length and 4

to 8 mm in width, start to developredingprogressively-upstreamregressive erosiofftom the marginand initiate

channelizéion of the water flowKigs. @, 8a). Sand grains washed away by bed erosion are transported within these

incipient channels towards the marginal delféigg. 5¢, 6a). Radial gowth and advance of thelobeover the marginal
deltas form ridges of pushed sediments, 5 mm in width and 40 mm in Iéfigsh %, 6a). Below the stream@ig. 6a,
8a), somecoarse sand grairsse lodged in the base thfe fastflowing silicon andcarvethe bedo form sets of parkl
grooves (Imm wide, 10 to 20 mm long) highlighting the stream trunk and the direction of the silicortFigsv ).
Below frontal andsheadateralmargins,fields of periodic ridgeslevelop transverse to ice flowith undulating crests

andan averagevavelengthof 8 mm(Figs. 6a, &). They areon average a fewnillimetresmm thick, 7 mmwide and 30
mmlong, i.e.4 times larger in length than in width. Their shaf@sdulating crest, elongation ratiahdperiodicspatial
organizatiorperiedicity) (Figs. 5b, g are-similartoesemblahose of ribbed bedforms observed ingjhl landsystem
In the experimerst most-ef-theribbed bedforms initiatetmestparalielperpendiculaf90°) to oblique (60°) to the
compresing axs of theinstantaneoustrain ellipse measured at the surface ofderlyingsilicon (Fig. 7a, 99. Most

of themform belowte the lobe marginsand-_perpendicular tdhe silicon flow direction_and-but some scattered and

isolatedonesform below lateral margingbbed-bedformsariseperpendicular (90°) toblique £845°) tothesilicon flow.

Other bedforms with circular to ovoid shapes (mounds) farbetweerelose-tothe ribbed bedforms. These mounds are

typically less than 0.1 minigh, 4 mmwide and 6 mmlong, with an averagespacing of 10 mm. Tlielong-axesdo not
showa preferentialorientation Figs. 6a, &). The shape anspatial organisationf these moundg-ig. 5b) are-similar
teresemblehose ofsomehummocky bedforms in glacial landsystem

41.2. Stageb2i Channelization of the drainage system belowprotruding lobes andevolution of ribbed bedforms

After 30 minutebalf-an-heudychannelizedirainagenetworlks developbeneattthe silicon lobedraining watefed from
theupstream water filmowardsthe margin The morphological evolution of these networks differs betweentpés
of experimentsand we suggess a controlling influence othedistinctive evolution of stream dynamiftem this point
Fromthe previous stagethe incipient netvork of meltwater channels iExperiment 10evolvesd into tunnel valleys:
characterized by undulating long profiles with oderepening and aévse slopes (Fig. 5¢), increasing in width (up to
1.2 cm), length (15 cm) and depth (0.07 cm), and margieléhs continugto grow (Fig. 6b). Three individual tunnel

valley systemsare-ebservedrig-6b):-two slightly sinuous valleys with some tributaries and one anastomosed valley
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440

network are observedHig 6b). Simultaneously, thetreamvelocity decreased by half, resulting ina slowdown in the
advance of th&ontallobe margin(Fig. 6b: 28 cm in widthFig. 7b: Vsus= 0.04 mns?). Proportionally taheslowdown
intensity, theateralshear margins record a halving of shear strain Fite {b: shel= 1.25 x 16* s1) and strain ellipse
—o-t—ati—o-mk=10W)eformatibn regpg = - 1.3 X104 s1).

In contrast to the above, Experiment 14he preexisting meltwater channels remain shallawd keep a constant width,

but lengtherdownstreanin response tthe migration of thelobe margin ig. 8b: 0.4 cmwide, 12 cmlong, 0.04 cm
deep. Meltwater channels are rectilinear with poorly developed tributaries and lackatehairdownstreamextremities
(Fig. 5e). In parallel,the siliconstream flow maintains a high velogitgithougha small deceleratiomccurs(Fig. 9b:
Vsui= 0.13 mns?t), sustaining lobe growth (36 cm in width). As a result,|étieralshear margins record a smadicrease
of the shear strain rat€if. 9b: shebd= 3.5 x 10" s%) and a downstreaito-upstreamdeincrease of theetation-and
elongationofstrainellipsedeformatiors (0—=—u—p-Uskenhg = & 848104 5% cokdresing = - 1.9 X 10 slp=tpto
32%).
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Figure 6. Temporal evolution (stages a, b and @)f the silicon stream and lobe system, for a typical experiment with a well
developel channelized drainage system (Eperiment 10), illustrated with snapshots representative of the three main stages of
development. The upper, intermediate and lower panels show, respectively, (i) whitght photographs of the surface of the
model, (i) interpretations of bedforms observe on the photographs and (iii) thickness (in mm) of the water film flowing

beneath the silicon cap, derived from UV photographs.
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Figure 7. Temporal evolution (same stages a, b and asthan Fig. 6) of the silicon stream andobe system, for a typical
experiment with a welldeveloped channelized drainage (periment 10). The upperintermediate and lower panels show
respectlvely (|) the velocity field of silicon flow (mns?) and the displacementv elocny vector maps of thesmcon cap upper
surfaci &
axisrand (iit) extrapolated maps of absolute shear strain rate {3 and the orientation of the pnncu)al axesof the |nstantaneous
strain ellipse whose length correspond eitheextendingor compressingstrain rate (Uin §%).. Maps highlight the development
of the fast-flowing corridor (i.e. silicon stream) surrounded by stagnant or very slowmoving silicon(i.e.inter streamarea) and
the formation of two symmetrical shear bamis on both sides of thestream (i.e the |ateral shearmargins).

Within the trunk of both experimentsthe orientation and direction of thgrooves matchesthe direction—and
veleeityvelocity vectoss of the silicon flow The grooves anestrictedto the fastflowing corridor and display lengtup

Commenté [J1]:
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Figure 7 has been modified as mentioned in

ellipse (U in A),

[Mis en forme : Exposant

to 5 cm and 8 cm forxperiments 0 and l4respectivelyandthey tend to keep a constant width of approximately 0.1

cm.Groovegemainrectilinear angbarallel to meafiow-directiersilicon displacemerin the upstream part of tistreans
butdiverge and curvén the downstream area following tfen-shaperadiat-flow pattern ofsilicon velocityvectors in
thelobe Figs. B, 8b). During this second stage, thbbedbedforms keep growing but differ beldateralsheamargins
(i.e. lateral ribbed bedformsindfrontal lobes(i.e. submarginakibbed bedformsjnargins Below sheamargins, new
lateralribbed bedformsvith arcuateplanforms progressivelydevelopoblique @5 to 60°) to silicon velocity vectoss and
perpendtular to compresig axes of thehorizontalstrain ellipse; Theyfirst appeairg near thdobeand therdevelop
towardtheupstream area dfietrunk borders Pre-existingandnewly formedateralribbed bedforméncrease in length
and width parallel to theextendng axes and perpendicular to ttmmpresig axes of thehorizontal strain ellipse
respectivelyFigs. &, 8b; 1 cm wide and 5 cm long)
40°relative-tothe silicon-flow-direction—Ther wavelength is typicly 0.6 to 0.7 cm in Eperiment 10 Eig. 6b), while
itis 1.0 to 1.5 cm in Eperiment 14 Fig. 8b). Beneath théobe marginof Experiment D, the water filmceases to exist
in-betweenthe tunnel valleys(Fig. 6b). These watefree areasoincidewith the growth of preexistingsubmarginal
ribbed bedfomsand theformation ofnewsubmarginatibbed-bedfamsonesparallel to the lobe margand perpendicular
to siliconvelocity vectors andompresig axegFig. 7b). They develogfpelow the lobdrom (i) the initial sandy bednd

(i) the recycledmarginal landforms (i.e. marginal deltas and pushed sedim@&hisflevelopment anthe coalescence
of thesebedformsbelow the lobeend to form &elt composed dbroad arcuate and transversabmargnal ribs (Fig.
6b: up to 1.6 cm in width, up to 8 cm in length and 1.1 cm in wavelengtfgxperiment 14 characterizedby smaller

meltwater channs] only fewand scatteredubmargnal ribbed bedform§ mostareinherited fromthe previous stage

andafew newly formed of smallerdimensionsappear(Fig. 8b: up to 0.8 crmin width and up to 4 cnin length. The
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480 population ofmounds resemblinpummocly bedforms keeps increasing (frdito 40 in Experiment D, and from 0 to
17 in Experiment 14. Some moundsbserved in the puousstage hag evolved intaibbed bedformsand new mounds

form with constant dimensits (0.5 cm in width, 0.7 cm in length), especially in the bending zone between lobe borders

andsheamargins Figs. &, 8b).

485 Figure 8. Temporal evolution (stages a, b and c) of the silicon stream and lobe systdor a typical experiment with a poorly-
developed channelized drainage (gperiment 14). Same panelasthan Figure 6.
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