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Abstract

Measurementsacquiredby the Mars Orbiter LaserAltimeter on board

Mars Global Surveyor indicatethat large drainagesystemson Mars have

geomorphiccharacteristicsthat areinconsistentwith prolongederosionby

surfacerunoff. We �nd thetopography hasnotevolvedto anexpectedequi-

librium terrainform,evenin areaswhererunoff incisionhasbeenpreviously

interpreted.By analogywith terrestrialexamples,groundwatersappingmay

have playedanimportantrole in theincision. Longitudinally �at �oor seg-

mentsmayprovideadirectindicationof lithologic layersin thebedrock,al-

teringthesubsurfacehydrology. However, it is unlikely thatthe�oor levels

areentirelydueto inheritedstructuresdueto their planarcrosscuttingrela-

tions. Theseconclusionsarebasedon previously unavailableobservations

including extensive piece-wiselinear longitudinalpro�les, frequentknick-

points,hangingvalleysandsmallbasinconcavity exponents.

Intr oduction

Valley networksandchannelsonMarswerediscoveredduringtheMariner9 mis-

sion(1, 2). Alternativesfor their origin have beensuggested,but themostwidely

acceptedformationhypothesisis by erosion,andthemostlikely erosive agentis

water(3, 4). Theinterpretationof ubiquitouserosionby surfacerunoff hasoften

beentakento imply a warmer, wetterclimateon earlyMarsthanthepresentcold

andtenuousatmospherecansupport(e.g.5, 6). Recentpreciseobservationsof

Martian topography (7) afford for the �rst time the opportunityto carry out the

typeof watershedanalysisthathasbeentraditionallyrestrictedto Earth,develop-

ing quantitativemeasuresrelevantto erosionstyleandintensity.

Channelincision resultsfrom both surfacerunoff andgroundwatersapping.

Theformerprocessresultsfrom theshearstressesinducedby overland�o w, the

latter from the removal of materialand massmovementas groundwater seeps

out to the surface. The relative contributionsof surfacerunoff andgroundwater

sappingto carvingthe valley networks andchannelson Mars is of primary im-

portancebecauselargeamountsof precipitationrequiredfor runoff origin imply
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climatic conditionsthataresubstantiallydifferentfrom thepresentones.If chan-

nel incision anddrainagebasinevolution by runoff erosioncanbe shown to be

weak,thenrequirementsfor persistentwarmer, clement,climatic conditionsare

weakened.However, lackingrainfall, theproblemof rechargingthelargeaquifers

necessaryfor voluminousseepageremains.

Morphometriccriteria have beendevelopedto detectincision by groundwa-

ter sapping(8–11). A distinctioncanbe madeby the changeof valley widths,

which increasesdownstreamfor runoff featuresbut remainsessentiallyconstant

for sappingfeatures;by theshapeof valley heads,which aretaperedin riversbut

theater-formedfor sappingfeatures;andby dendriticnetworksthatareindicative

of surfacerunoff. Suchcriteria requireonly planimetricimages.Knowledgeof

the topography permitsextensionof suchanalysesusingadditionalquantitative

criteria.Longitudinalstreampro�les, locationsof channelsrelative to surfaceto-

pography, andtransversecross-sectionsof valleys (12, 13) may now be usedto

constrainthegenesisandevolutionof Martianvalleys.

Method

Watershedanalysisof drainagesystemscarriedout herehasbeendevelopedand

testedextensively in terrestriallandscapes(14). Themethodis usedto determine

�o w directionand local slopeat eachgrid cell, henceproviding the integrated

contributingarea,thelocationsof streamsandbasinboundariesfor agivenregion

of interest.

Flow directionfor eachgrid-cell is de�nedby thesteepestdownhill slope.The

slopemagnitudesarecomputedas

S(~r ) =
T(~r ) � T(~r 0)

j~r � ~r 0j
; (1)

where~r and~r 0arethelocationsof two neighboringcells,andT(r ) is theelevation
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�eld. For eachcell the8 immediateneighborsareconsidered.Cellswith unde-

�ned �o w directionsareresolved iteratively, by assigningthemthe directionof

their lowestneighborwith a de�ned �o w direction. The total areadraininginto

eachcell is referredto asthecontributing areaA. Givena region of interest,the

outlet is thecell with thehighestdrainagearea.A mainstreamis determinedby

tracingthepathof largestdrainageareasstartingfrom theoutlet,until thebasin

boundaryis reached.Smaller“pits” arearti�cially �lled, allowing thecomputa-

tion to proceedthroughthem.Thelevel of the�lling is selectedsuchthatthe�o w

is uninterruptedin themainchannel.

Terrestrial Analog

On Earth,the lower EscalanteRiver, locatedon the ColoradoPlateau,provides

a usefulanalog(8). While presumablysubjectto similar climatic conditions,the

easternandwesterntributaryarmsof theriverhaveerodedin drasticallydifferent

styles. Morphologicalanalysis(8) hasindicatedthat tributarieswestof the Es-

calanteriverevolvedprimarilyby surfacerunoff erosion.Eastof theriver, channel

incisionappearsto have progressedvia head-warderosionof thecliff-face,aided

by seepageof groundwaterat its base.The topography of runoff channelswest

of theEscalanteriver is almostwithoutexceptionconcaveupwards.Longitudinal

pro�les alongstreamsareusuallysmooth.The basins,incisedby dendriticnet-

works,exhibit astrongcorrelationbetweenlocalslopeandcontributingarea.The

mainstreamtypically tendstowardsthedrainagebasincenter. In contrast,eastof

theriver thecanyon �oors arelinearor only slightly concave,andindividual sec-

tionsareseparatedby knickpoints.For example,in Bown'sCanyon(Figure1) the

steepknickpoint in the longitudinalpro�le (panelb), is clearlyseen.The lowest

�oor segmentfollows an impermeablelithologic layer identi�ed asthe Kayenta

Formation,althoughin placesthe streamincisesthroughthe layer. The over-

land supplychannelsfor the canyonsshow no systematicpro�le shape.Terrain
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concavity is small or non-existent,andhencelocal slopeis largely uncorrelated

with drainagearea.Thecanyonsat thissiteoftentendtowardsthedrainagebasin

boundaries.

StreamPro�les on Mars

Previousmodelsof theMartiantopography (15) did not permita reliablequanti-

tativecharacterizationof �uvial morphologies.Photometricandstereotechniques

wereusedto derive local topography (12, 16, 17) but lackedpreciseslopeinfor-

mation.However, recentmeasurementsmadeby theMarsOrbiterLaserAltimeter

(MOLA) (7) on boardtheMarsGlobalSurveyor (MGS) (18) allow construction

of a digital elevationmodel(DEM) from topographicpro�les of typical vertical

accuracy � 1 m, interpolatedon a grid with spatialresolution1 km � 1 km. The

derivedDEM is undersampledin thelatitudinaldirection,sincealongtrackshot-

spacingis � 300m, andis oversampledin the longitudinaldirectionsincetrack

spacingis typically � 2 km at theequatoranddecreasespolewards.

Severalprominentdrainagesystemson Marswereanalyzed.The�rst exam-

ple, Ma'adim Vallis, is situatedat the north margins of Terra Cimmeriain the

southernhighlands.Thevalley is incisedin ancientNoachianterrain,anddrains

into Gusev craterin thenorth. Incisionby runoff erosionhasbeeninferred(19–

21) basedon interpretationof featuresin Viking images,includingV-shapedval-

leys draininginto themainchanneltrunk andtheir associatedtributarynetworks.

A reclassi�cationasa longitudinalvalley waslater preferred(4). Sappingpro-

cesseswerelatersuggested(22) to playa role in carvingthevalley, with multiple

episodesof �o w.

Drainagebasinboundariesandthe main stream,ascomputedby watershed

analysis,areshown in a mapview of the topography in Figure2a. The outlet

(endpoint)of the streamcorrespondsto oneof the craterssuperimposedon the

channel.Figure2b shows thelongitudinaltopography pro�le of themainstream
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as a function of distancealong the channel. Downstreamfrom approximately

290 km, wheredrainageareais high, the channel�oor hasa relatively constant

slope(i.e. no concavity is present). A relatively steepknickpoint is presentat

about270 km. Uphill, approximatelyin the �rst 0-260km, small upwardscon-

cavity is observed. Short convex segmentsareseenalong the pro�le. Convex

segmentsareparticularlyproneto erosionandhenceattestto thejuvenile �uvial

characterof the system. In addition, in Figure2a the bisectionof the drainage

basinby the main streamis stronglyasymmetrical.This geometryis character-

istic of terrestrialsappingcanyons, but is atypical in well developedover-land

�o w (9). Figure2c shows thecontributing areamapfor this region. To obtaina

continuouswatershed,a largenumberof local minimamustbearti�cially �lled,

re�ecting theunevolvednatureof thesurfacewith respectto runoff erosion(23).

This is alsoevident in Figure2c by thelow densityof tributariesandthepaucity

of high order streamsthat are not signi�cantly different inside and outsidethe

drainagebasinboundaries.Further, the drainagedensityis low whencompared

with typical terrestrialrunoff environments(24, 25).

Althoughpreviouslyconsideredarunoff channel(e.g.4, andreferencestherein),

theresultsfrom analysisof theAl-QahiraVallis aresimilar to thoseof Ma'adim

Vallis in that runoff erosionappearsunderdeveloped. Figure3 shows the basin

(a) andstream(b) topography. Thestreampro�le consistsof several linearseg-

ments,with little or no concavity. Hangingvalleys, or tributarystreamselevated

with respectto themain trunk, areobservedat � 210-360km and� 360-540km

alongchannel(alsorecognizedfor examplein Nirgal Vallis (4)). Thedeepmini-

mumat � 350km alongthechannelmaybeastructurethatpostdatesthechannel

formation.

Lithological structuresandzonesof weaknessin Mars' bedrockmay be ev-

ident in the longitudinally �at �oor segments,knickpointsandhangingvalleys.

The indicationof layersmaybe independentof theprecisenatureof theerosion

process,asthe interfacebetweentwo layersof differentstrengthor permeability
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is a likely siteof intensi�ederosionfor arangeof mechanisms.Onsmallerscales,

pervasive layeringhasbeenobserved(26,27) throughouttheuppercrust,andthe

groundwaterhydrologicalsystemswould certainlybecontrolledby any subsur-

facestructures(4, 28, 29). However, a comparisonof strike anddip orientations

of planarsurfaces�tted to �oor pro�les revealsthatthesesurfacesarefrequently

crosscuttingevenwithin onevalley system.Wethereforeconcludethatwhile in-

heritedstructuresmayberesponsiblefor individual streamfeatures,they cannot

easilyaccountfor theoverall topography of thevalley system.

BasinConcavity

Many studiesin terrestrialdrainageenvironments(e.g.30–32)), laboratoryexper-

iments(33), andnumericalsimulations(34, 35) �nd generaldrainagecharacter-

istics that are seldomviolated. Among thesecharacteristicsare smoothvalley

pro�les with distinctiveupwards-concaveshape,thatis equivalentto a localslope

decreasein thedown-valley direction. This observation is oftenwritten in terms

of apower law relationshipbetweenlocal slopeS andcontributingareaA,

S � A � � ; (2)

where� is theconcavity exponent.For terrestrial�uvial systems,theexponent�

is typically in therange0:3 � 0:7 (30, 36,37).

Theconcavity absentfrom longitudinalpro�les onMarsis alsoweakin basin

averagedquantities. Figure4 shows averagelocal slopeS plottedagainstcon-

tributingareaA for eachof thetwo aforementionedMartiandrainagebasins.The

slopedatais sortedin logarithmicallyspacedbinsin A, andthelogarithmsof the

slopesareaveragedwithin eachbin. The exponent� canbe inferred from the

slopeof curvesplottedin log-log space.Theresultsfor Ma'adim andAl Qahira

Vallesareconsistent:over � 3 ordersof magnitudein A, whereA > 30km2, �
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is small. Thescatterin theslopesintroducesvariability in � , andS only weakly

dependson A. Also shown for referencearelines correspondingto � = 0:3, a

valuethatis comparatively low but still appropriatefor someterrestrialrunoff en-

vironments(37, 38). In therangeof highdrainageareas,�ts to theaveragedslope

datayield valuesfor � indistinguishablefrom thoseexpectedfor randomtopogra-

phy (39). Hence,theslope-arearelationsshow no evidencefor extensive �uvial

sculptingof theterrainin anenvironmentwhere�o w dischargeincreasessteadily

downstream,aswould be expectedfor sustained,runoff-driven erosion. At the

low drainageareasupplyregion, whereA < 30km2, � is in the range0.2-0.3,

consistentwith expectationsfor transport-limitederosionof �ne-grainedmaterial

(38). However, eventheslightly higherexponentat lowerdrainageareasis similar

to thatobserved for undissectedtopography of MarsandEarth,aswell assome

randomsurfaces(39).

Summary

Similarresultsareobtainedfor other�uvial systemsonMars,suchasNanediVal-

lis andcanyonsonthesouthwall of VallesMarineris(9). While severalprocesses

andacomplex evolutionaryhistorymayberequiredto explain �uvial featureson

Mars, we �nd that for the examplesconsideredhere,surfacerunoff appearsto

have playedat mosta super�cial role in theevolution of theMartian landscape.

Therelative infrequency of dissectionover muchof theMartiansurface(24, 25)

down to thescalesof highestresolutionimages(40), hasalsobeenusedto argue

againstvoluminousrunoff, andtherequiredimplicationof anearlywarmclimate.

Morphologicevidencefor surface-runoff certainlyexists (6), but theresultshere

indicatethat therehasnot beena signi�cant amountof landscapeevolution by

�uvial erosionin areaswhererunoff incisionhasbeenpreviously interpreted.Al-

thoughothervalley incisionprocessesarenot ruledout by this analysis,multiple

physiographiccharacteristicssupportgroundwatersappingasan importantcon-

8



tributor to theformationof thechannelsexamined.

Takentogether, thesetopographically-derivedmeasurementsindicatethatthe

channelsandassociateddrainagebasinsconsideredherehave not beensubject

to signi�cant, sustainedrunoff erosion. Dendritic networks have long beenob-

servednearMa'adim andAl-QahiraValles,andtheir topographicpropertiesap-

pearin low drainagearearegions.Theemerging pictureis thatthelargevolumes

of incision arerelatively unevolved with respectto overlandrunoff erosion,and

runoff networksincisethesurfacesuper�cially at theuphill sourceregions.While

thetopography of an individual segmentmaybelithologically controlled,exten-

sive layersareinconsistentwith theorientationsof multiple segmentswithin the

drainagesystems.Quantitative analysisof �uvial topography in concertwith fur-

therstudyof terrestrialanalogshold thepromiseof evaluatingtheextentto which

lithologic heterogeneity, intensityof erosion,anderosionprocesshave in�uenced

morphologyof river channelsandhencetheancienthydrologyof Mars.
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4 Slope-arearelationsfor Ma'adim (crosses)and Al-Qahira (cir-
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