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Abstract. We presentadarinterferogram®f rock glaciers
in the BeaconValley sectorof the McMurdo Dry Valleys,

in EastAntarctica,aspartof a comprehensie studyof sur

faceprocessedn the area. Due to the relative absenceof

netprecipitation(snaw) in this region andthe stability of the
surface, the rock glaciersmaintain excellent coherenceof

theradarreturnsover severalyears.As aresult,we obtaina

spatiallycontinuoussurfacevelocityfield with aprecisionof

fractionsof a millimeter peryear On distinctrock glaciers
enteringBeaconValley, we find coherentvelocity patterns,
with peakvelocitiesapproachingtO mm peryear Theice

supplyfrom theserock glaciersnourisheshecentralportion

of BeaconValley, wherevelocitiesarefound to be vanish-
ingly small,andpartly compensatefor masdossesnduced
by sublimation.This analysids consistentvith thetantaliz-
ing notionthatBeaconValley ice is the oldeston Earth.

1. Introduction

InterferometricSynthetic-Apertur®adanInSAR) hasgained
widerecognitionasaleadingtechniqueto documenground
surfacedisplacemenpatternsn areaswith activefaults,vol-
canism,or land subsidencee.g., Rosenet al., 2000). In
glaciology thetechniquehasbeenusedwidely to document
the spatialpatternof surfacevelocitiestypically measured
over intenals of a few dayson valley glaciers(Michel and
Rignot, 1999), ice streamsand ice sheets(Joughinet al.,
1999), and the patternsof tidal motion of ice shehesand
floating ice tongues(Rignot et al., 2000). In contrast,the
techniquehasonly beenusedin few studiesof geomorphic
interest,including vertical soil motion due to freeze/tha
(Zhijun and Shusun,1999), slow slopemotion (Rott et al.,
1999)andlandslidedisplacementé-runeaetal., 1996).

Hereinwe focus on the rate of surfacemotion of a rock
debrissurfaceunderlainby ice, in anareathatincludesdis-
tinct rock glaciers,aswell asextensive permafroswith re-



gionsthatlack obvious signsof coherentdown-valley mo-
tion. Significantmotion may, however, occurin theseareas
dueto slow deformatiorof ice or frozensoil atdepth.

2. Rock Glaciersin Beacon Valley

Rockglaciersareof interestbecause¢hey areconspicuous
but poorly understoodyeomorphideaturesin mary alpine
areas(e.g. Wahrhaftigand Cox, 1959). They may contain
rich ice-corerecordsof pastclimatesfor alpineareaqSteig
etal.,1998;Haeberlietal., 1999)andfor vastregionswhere
no glaciersor ice sheetexist. Moreover, the origin andspa-
tial distribution of theice in rock glaciersremainsa source
of lively controversyafterdecadesf researclie.g.,Clark et
al., 1998;Steigetal., 1998;Haeberliet al., 1998).

Although subsuréceice in BeaconValley haslong been
known (Linkletter et al., 1973), a recentinvestigationsug-
gestgheiceis of Mioceneage(Sugderetal., 1995)making
it perhapghe oldestice on Earth. Accordingto this recent
report,theice is a remnantof a large ice tonguethat once
flowed up BeaconValley from Taylor Glaciet which now
entersonly the lower part of BeaconValley, andis older
thanunderlyingrock debristhatcontainsa seeminglyundis-
turbedashlayer, with a*CAr/3°Ar ageof 8.1Myr. Thenotion
thatBeacornValley iceis old, sayolderthan1 Myr, receves
supportfrom cosmogenigsotopedatafrom the rock debris
overlyingtheice (Schaferetal.,2000)andfrom pairedsam-
plesof ice andquartzgrainsfrom anice core(Stoneet al.,
2000).

This interpretationand Mioceneageof the ice hasbeen
guestionedhowever, becauseahe long-termsurvival of ice
overlain by debriswith a seeminglyundisturbedashlayer
precludesmuch sublimationand significant reworking of
the surface,andyet both processesppearsignificant. Es-
timatesof sublimationratesin BeaconValley (Stoneetal.,
2000; Hindsmarstet al., 1998) anda nearbyarea(McKay
etal., 1998)shown thatsomuchice (10'sto 100’s of meters)
would belostover severalmillion yearsthatthe surfacema-
terialwould probablybereworked. Moreover, ongoingstud-
ies of active periglacialprocessesuggesthatthe repeated
cracking of the groundin BeaconValley due to thermal
contractionandinfilling of the cracksby wind-blown sand
and snov would penasively rework the surfacerelatively
quickly. This reworking would make the reportedpreser
vationof an8.1 Myr-old ashlayer at the surface(Marchant
etal., 1996)nearlyimpossible.

Interestin theburiedice andthesdssues|ed usto launch
a comprehensie study of contemporaryprocessesn the
area,which was largely guided by the following require-
ment. The presencef suchancientice closeto the surface
andthe apparentack of disturbancef the ashlayerrequire
extremestability of the surface,low sublimationrates,and



negligible ice velocities. INSAR is ideally suitedfor exam-
ining the latterrequirement.Theinterferometryresultsalso
bearon sublimationratesand,hence pnthepotentialfor the
long-termsurvival of ice closeto the surfacein very cold
anddry ervironments. This is of considerablénterestnot
only for researchersorkingin Antarctica but alsofor those
examiningthe possibility for long-lived buriedice on Mars
asa likely sourceof waterto accountfor the new evidence
for relatively recentseepageandrunoff (Malin andEdgett,
2000).

BeaconValley is in the McMurdo Dry Valleys region of
Antarctica. Figure 1 shavs two rock glaciersenteringand
merginginto thecentralportionof thevalley, which consists
of two distinctsectiongnotshowvnin thefigure). Theupper
sectionis about1.9 km wide and 3.1 km long, andis dis-
tinguishedby its vanishingsurfacegradient. On a scaleof
hundredsf metersthe surfaceis essentiallyflat, dropping
only 10min 3.1 km. Theold subsuréceice reportedn this
area(Sugderetal., 1995)is locatedin the centerof the up-
persection.Thelower sectiondrops 300min 5 km andits
down valley endextendsunderTaylor Glacier

3. Methods

Surfacedisplacementsyhichreflectthe presencandde-
formation of ice and permafrostat depth, have long been
studiedon rock glaciersthrough direct sureying of sur
face markers (Wahrhaftingand Cox, 1959; Konradet al.,
1999). Recently modernphotogrammetritechniquesave
beenusedwith high-qualityaerialphotograph$o document
surfacevelocity fields (Kaabetal., 1997). TheInSAR tech-
nigue complementthesestudiesby providing corvenient
meansof defining surfacevelocity fields at the millimeter
scale(RottandSiggel, 1999),at high spatialresolution over
extensie areasfrom a vantagepointin space.

The interferogramusedin this analysis(Figure 2) com-
binedradarimagesacquiredatthe C-bandfrequeny (wave-
length, A = 5.6cm) by the Earth RemoteSensingSatellite
ERS-1on March4, 1996andERS-20n July 13, 1999, i.e.
3.36yearsapart. The baselineseparatiorbetweerthe ERS-
1 andERS-2orbits,measuredh the directionperpendicular
to the radarillumination,wasB_L 7 m. In thesenearideal
imagingconditions,a 500-mvariationin terrainelevationis
necessaryo produceonecycle of interferometricphasepr
28-mmdisplacementf the surfacetowardthe radarillumi-
nation. The topographicsignalpresenin the interferogram
waseffectively removedusinga U.S.G.S Digital Elevation
Model (DEM) at 30-m spacing(Figure 2 and 3a,d),with a
verticalprecisionof 10m, to revealgrounddeformatiorover
3.36yearsplusnoise.

In the relatively flat portionsof the scene(e.g., Beacon
Valley), phasenoiseis lessthan2 mm in 3.36 years(Fig-



ure 3b,e). Phasenoiseincrease$o 6 mm over mountainous
terrain,wherethe DEM is lessprecise. We find no visual
evidencefor phasedisturbancegossibly causedby turbu-
lent watervapormixing or ionosphericactiity in the data,
asexpectedin the cold, dry regionsof BeaconValley, dur-
ing a periodof low solaractvity (lastsolarmaximawerein
1992and2000).

4. 1cemotion in Beacon Valley.

Theresultsin Figure2 show clearpatternsof surfacemo-
tion in the valleys occupiedby rock-glaciersthat resemble
the deformationpatterntypical of glacierice, and a rel-
atively flat signal reflectinglittle or no motion in Beacon
Valley proper Areasthatexhibit little phasecoherencen-
clude: 1) mountainousgerrainshadevedor foreshortenety
the radarillumination becauseof excessie surfaceslope;
and 2) snow/ice-coveredterrain, which lost coherencalue
to snav densificationgblationandwind scouring,andlarge
displacementm 3.36years.In contrastphasecoherencés
high onice/snav freeterrain.

It is instructive to comparethe patternof fringeson the
rock-glaciergFigure 2) with the micro-topographyFigure
1). Thefringesroughlyparallelsomeof thetrans\erseridges
andlobesthatareconspicuou®n the rock-glaciersurfaces,
reflectingtrans\erseaswell aslongitudinalgradientsn sur
facevelocity. Theclearfringesdo not extendinto the main
portionof BeacorValley, suggestingjttle or norelative mo-
tion there,which is consistenwith more subduednicroto-
pographyanddistinctsoil developmenteportedy Linklet-
teretal. (1973)in BeacornValley proper

Themeasurementhownnin Figure2 areline-of-sightdis-
placement®f thereflectingsurface,i.e. a one-dimensional
measurementn adirection23® awayfrom thevertical. Tak-
ing into accounthetime betweerimagesthesesurfacedis-
placementganbe expressedistwo velocity componentsn
a vertical planealongthe local valley orientation,one par
allel to the surface,u, andone normalto it, v. The two
componentdor eachpixel canbe calculatedfrom a single
phase-shifivaluebecauséhey areinter-relatedin a manner
consistentwith the conseration of massandflow of rock
glaciers.lce masscanbe assumedo be conseredbecause
sublimationratesare insignificant(<« 1mm/yr) relative to
flow rates,wherethey are resohable with INSAR. These
rockglaciersconsistof adebrislayeraboutameterthick un-
derlainby massie ice with rheologicalpropertiesassumed
to be similar to thoseof glaciers(Konradetal., 1999). This
assumptionis questionablédbecausdhe few dataavailable
on internal deformationof rock glaciersin the Alps reveal
considerablynorecomple velocity profilesthanin glaciers
(e.g.,Haeberliet al., 1998, 1999), and yet it seemsquite
reasonablelsevhere(Konradetal., 1999). For the Beacon



Valley rockglacierstheassumptiomppearpermissiblebe-
causeshallov excavationsrevealcleanice indistinguishable
from glacierice underathin mantleof rock debrisandaerial
photographshaw thattherock glaciersgradeup valley into
distinctcirqueglaciers.

Noting that basalsliding is mostlikely to be insignifi-
cantat the extremely low temperature®f BeaconValley,
we usetheInSAR-derivedsurfacedisplacementandDEM-
derivedsurfaceslopesto estimatethe surfacevelocity com-
ponentsandthe thicknessandflux of deformingice. Fol-
lowing Konradetal. (1999),we usedGlen’sflow law with a
flow-law parametem = 3, anda deformationconstantA =
1.36x 10724 51 kPa~1/3 (consistentvith the meanannual
groundtemperaturef -23°C measuredh thecentralportion
of BeacorValley severalhundredneterdowerthantherock
glaciers),andconsideregimplelaminarflow, to calculatea
first approximationof the surface-parallelelocity compo-
nent,u, andthe depthof the deformingportion of the rock
glacier h. The normalcomponenty, is simply relatedto
thedivergencan iceflux, g, asfollows: v= —dg/dx, where
g = uh, theproductof thevertically averagedrelocity, uand
ice thicknessh. The notionthatthe shearingateof theice
dependson both the gravitational driving stressand gradi-
entsin longitudinalstresswasrepresentedimply by using
a smoothedsurfacevelocitiesandsurfaceslopes jnsteadof
usinglocal valuesonly; a lineartaperthat extendsover ap-
proximately250m, 5 to 10 timesthe estimatedock glacier
thicknesswasusedin the smoothing.Estimatesf the two
velocity componentsindice depththatwereconsistentvith
both the radarsignalandthe ice flux divergencewerethen
improveditteratively by minimizing the mismatchbetween
computedandobseredradarsignals.

In theupperpartof thevalley, betweerkm 0 andkm 4 in
Figure3c andf, velocitiesarewell above noisein theradar
data(Figure 3), in which casethe thicknessandflux of ice
canbe calculatedreliably. The thicknessof the deforming
ice layer rangesfrom 100 m wherethe main rock glaciers
form directly below thecirqueto about40 m wheretherock
glaciersenterBeaconValley. Integratingthevelocity profile
with depthand taking into accountthe rock glacierwidth
within the 1500-1600m elevation band, we calculatethat
100to 1000m? of ice entersthevalley peryear

5. Age of Beacon Valley ice

Basedon InSAR-determinedsurface-parallelvelocities
thataveragearound10-20mm/yr for the rock glaciers(Fig.
3c andf), andtheir lengthof about3 km, it would typically
take 0.15-0.30Myr for ice to descendrom thecirquesto the
lowestdistinctportion of therock-glaciers.This time scale
is only approximatebecauseock glaciershave mostprob-
ably variedthroughtime becausef variationsin ice accu-



mulationandtemperatureNeverthelesstheice in therock
glaciersis expectedo be muchyoungerthanicein thecen-
ter partof BeaconValley, andit shouldbe consideredjuite
distinct(Stoneetal., 2000).

The residenceime for ice in BeaconValley canbe es-
timatedfrom the flux of ice enteringthe centralportion of
Beacoralley from therock glaciersattheupperend.Here,
we focuson the uppersectionof BeaconValley wherean-
cientice is locatedand wherethe surfacegradientis neg-
ligible. Consistenwith the interferogramwe assumehat
down-valley ice motionis negligible at leastat the down-
valley end of this section,and that the rock glacierscon-
stitutethe only currentsourceof ice for this valley section.
Little informationexistsaboutthethicknesof icein Beacon
Valley, hencewe considera rangeof depthsto estimatethe
volumeof ice in this uppersectionof the valley. The resi-
dencetime is thensimply theratio of thisice volumeto the
flux of icefrom therockglaciersattheupperend. Theresult
increasedinearly with the assumedlepthof ice in Central
Beacon from 0.3to 12 Myr for ice thicknessrangingfrom
50 to 200 m. This thicknessrangeis not well constrained
but it is deemedreasonablén view of ground-penetrating
radardatasuggestie of ice depthsof at least50 m, and of
consenative extrapolationof the steepbedrockvalley walls
thatpoint hundredf metersbelow thesurfaceatthecenter
of thevalley. Theupperageis similarto a minimumtransit
timeof 10Myr for icethroughBeacorValley estimatedrom
theratio of the valley length (10 km) to the highestsurface
velocity (1 mm/yr) thatis consistentvith theinterferogram.

If we considerthe flat upperpartof BeaconValley to be
equialentto a puddleof ice with no outflow down valley, as
suggestedy INSAR aswell asby theflat topographyof the
areain the DEM, the puddlewould thickenwith time dueto
theinflux of ice from the rock glaciersthat supplythis sec-
tion of Beacon Basedn our estimateof thisiceflux andthe
6-kn? areaof the puddle,the rateof thickeningis 0.02-0.2
mm/yr in the absencef sublimationor accumulation.Al-
ternatvely, a steady-stat¢hickness(and surfaceelevation)
couldbe attainedif netsublimation(sublimationminusac-
cumulation)occurredat thatrate.

Conclusions

The 0.02-0.2mm/yr sublimationrate over 8 Myr would
amountto 160-1,600m of ice loss. Theseratesbracletthe
robust net sublimationrate of 0.05 mm/yr which hasbeen
obtainedusingcosmogenigsotopesn subsuréceice (Stone
etal., 2000). Theseobsenationshencesuggesthatthe el-
evation of the BeaconValley surfacemay be neara steady
statewith ice influx from rock glaciersbeingoffsetby sub-
limation. The fact that velocitiesare vanishinglysmall for
the entire centralportion of BeaconValley makesit possi-



ble for ice androck to persistthereessentiallyindefinitely,
anddoesnot conflict with the tantalizingnotionthatice in
BeaconValley is the oldeston Earth. Thelossof hundreds
of meterof ice by sublimation,however, makesit difficult
to acceptheinterpretatiorthatthe surfaceis largely undis-
turbed(Sudgeretal., 1995).
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Figure 1. Aerial photographof Mullins and Friedmann
rock glaciers,Antarctica. TMA 3080 Frame276 taken on

November21, 1993, partof the Taylor Valley LTER series,
U.S.G.SSCARlibrary.

Figure 1. Aerial photograptof Mullins andFriedmanmockglaciers Antarctica. TMA 3080Frame276takenon November
21,1993, partof the Taylor Valley LTER seriesU.S.G.SSCARlibrary.

Figure 2. Interferogranof BeaconValley, extendingto the
Taylor Glacier Phasevariationsof +36C° (or +28-mmdis-
placementalong the radarillumination) are coloredfrom
blueto purple,yellow andblue again,with a colorintensity
modulatedby radarbrightness.A, B, C denotethe profile
locationsusedin Figure3. Thin, black,100-mcontourlines
representhe terrain topographyfrom the U.S.G.S.DEM.
Theradarlooking directionis indicatedby a blackarrow in
theupperleft cornerof thefigure.

Figure 2. Interferogranof BeacoriValley, extendingto the Taylor Glacier Phasevariationsof +36( (or +28-mmdisplace-
mentalongtheradarillumination) arecoloredfrom blueto purple,yellow andblueagain,with a colorintensitymodulated
by radarbrightness A, B, C denotethe profile locationsusedin Figure3. Thin, black,100-mcontourlinesrepresenthe
terraintopographyfromtheU.S.G.SDEM. Theradarookingdirectionis indicatedoy ablackarraw in theuppereft corner
of thefigure.

Figure 3. (a) Surfaceelevation (m) along profile A-B, (b)

rangedisplacemenfmm); (c) calculatedsurface-paralleVve-

locity, u in red (mm/yr), surface-normalselocity, vin green
(mml/yr), andice thicknessh in blue (m). (d-f) are,respec-
tively, the samevariablesfor profile A-C in Figure2.

Figure 3. (a) Surfaceelevation(m) alongprofile A-B, (b) rangedisplacemengmm); (c) calculatedsurface-paralleVelocity,
u in red (mm/yr), surface-normalselocity, v in green(mm/yr), andice thicknessh in blue (m). (d-f) are,respectiely, the
samevariabledfor profile A-C in Figure2.
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