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Abstract

Measurementacquiredby the Mars Orbiter LaserAltimeter on board
Mars Global Sunweyor indicatethat large drainagesystemson Mars have
geomorphiccharacteristicshat areinconsistenwith prolongederosionby
surfacerunofi. We nd thetopograply hasnotevolvedto anexpectedequi-
librium terrainform, evenin areasvhererunof incisionhasbeenpreviously
interpreted By analogywith terrestrialexamplesgroundvatersappingmay
have playedanimportantrole in theincision. Longitudinally at oor sey-
mentsmay provide adirectindicationof lithologic layersin thebedrockal-
teringthe subsuracehydrology However, it is unlikely thatthe oor levels
areentirelydueto inheritedstructuresiueto their planarcrosscuttingrela-
tions. Theseconclusionsare basedon previously unavailable obsenations
including extensie piece-wiselinear longitudinalpro les, frequentknick-
points,hangingvalleys andsmallbasinconcaity exponents.

Intr oduction

Valley networksandchannelson Marswerediscoseredduringthe Mariner9 mis-
sion(1, 2). Alternativesfor their origin have beensuggestedyut the mostwidely
acceptedormationhypothesigs by erosion,andthe mostlikely erosve agentis
water (3, 4). Theinterpretatiorof ubiquitouserosionby surfacerunoff hasoften
beentakento imply awarmer wetterclimateon early Marsthanthe presentold
andtenuousatmospherean support(e.g.5, 6). Recentpreciseobsenationsof
Martian topograply (7) afford for the rst time the opportunityto carry out the
type of watershedinalysighathasbeentraditionallyrestrictecto Earth,develop-
ing quantitatve measureselevantto erosionstyleandintensity

Channelincision resultsfrom both surfacerunof and groundvater sapping.
The former procesgesultsfrom the shearstressesnducedby overland o w, the
latter from the removal of materialand massmovementas groundvater seeps
out to the surface. The relative contributionsof surfacerunoff andgroundvater
sappingto carvingthe valley networks andchannelson Marsis of primaryim-

portancebecausdarge amountsof precipitationrequiredfor runoff origin imply
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climatic conditionsthataresubstantiallydifferentfrom the presenbnes.If chan-
nel incision and drainagebasinevolution by runoff erosioncanbe showvn to be
weak,thenrequirementgor persistentvarmer clement,climatic conditionsare
wealened.However, lackingrainfall, theproblemof rechaging thelargeaquifers
necessaryor voluminousseepageemains.

Morphometriccriteria have beendevelopedto detectincision by groundva-
ter sapping(8-11). A distinction canbe madeby the changeof valley widths,
which increaseslovnstreamfor runoff featuresbut remainsessentiallyconstant
for sappingfeaturespy the shapeof valley headswhich aretaperedn riversbut
theaterfformedfor sappingfeaturesandby dendriticnetworksthatareindicative
of surfacerunoff. Suchcriteriarequireonly planimetricimages. Knowledgeof
the topograply permitsextensionof suchanalysesusing additionalquantitatve
criteria. Longitudinalstreampro les, locationsof channelgelative to surfaceto-
pograply, andtrans\ersecross-sectionsf valleys (12, 13) may now be usedto

constrainthe genesisandevolution of Martianvalleys.

Method

Watershedanalysisof drainagesystemsarriedout herehasbeendevelopedand
testedextensvely in terrestriallandscape§l4). The methodis usedto determine
o w directionand local slopeat eachgrid cell, henceproviding the integrated
contributing area thelocationsof streamsandbasinboundariegor agivenregion
of interest.

Flow directionfor eachgrid-cellis de ned by thesteepestionnhill slope.The
slopemagnitudesrecomputedas

S(r) = M; Q)

j#

wherer andrParethelocationsof two neighboringcells,andT (r) is theelevation



eld. For eachcell the 8 immediateneighborsare considered.Cells with unde-
ned o w directionsareresolhed iteratively, by assigningthemthe direction of
their lowestneighborwith a de ned o w direction. The total areadraininginto
eachcell is referredto asthe contrituting areaA. Givenaregion of interestthe
outletis the cell with the highestdrainagearea.A main streamis determinecdy
tracingthe pathof largestdrainageareasstartingfrom the outlet, until the basin
boundaryis reached.Smaller“pits” areatrti cially lled, allowing the computa-
tion to proceedhroughthem. Thelevel of the lling is selectedsuchthatthe o w

is uninterruptedn themainchannel.

Terrestrial Analog

On Earth, the lower EscalanteRiver, locatedon the ColoradoPlateau provides
ausefulanalog(8). While presumablysubjectto similar climatic conditions the
easterrandwesterntributaryarmsof theriver have erodedn drasticallydifferent
styles. Morphologicalanalysis(8) hasindicatedthat tributarieswestof the Es-
calanteriverevolvedprimarily by surfacerunoff erosion.Eastof theriver, channel
incisionappeardo have progressedia head-vard erosionof thecliff-face,aided
by seepagef groundvaterat its base. The topograply of runoff channelsvest
of the Escalanteiveris almostwithout exceptionconcae upwards.Longitudinal
pro les alongstreamsare usually smooth. The basins,incisedby dendritic net-
works,exhibit astrongcorrelationbetweerlocal slopeandcontrituting area.The
mainstreamtypically tendstowardsthe drainagebasincenter In contrasteastof

theriverthecaryon oors arelinearor only slightly concae, andindividual sec-
tionsareseparatedy knickpoints.For example,in Bown's Caryon (Figurel) the
steepknickpointin thelongitudinalpro le (panelb), is clearly seen.The lowest
oor sggmentfollows animpermeabldithologic layeridenti ed asthe Kayenta
Formation, althoughin placesthe streamincisesthroughthe layer The over

land supply channeldor the canyonsshowv no systematigoro le shape.Terrain



concaity is small or non-eistent,andhencelocal slopeis largely uncorrelated
with drainagearea.Thecaryonsatthis site oftentendtowardsthe drainagebasin

boundaries.

StreamPro les on Mars

Previous modelsof the Martiantopograply (15) did not permita reliablequanti-
tative characterizatioonf uvial morphologiesPhotometri@andstereaechniques
wereusedto derive local topograply (12, 16, 17) but lacked preciseslopeinfor-
mation.However, recenimeasurementsadeby theMarsOrbiterLaserAltimeter
(MOLA) (7) on boardthe Mars Global Sureyor (MGS) (18) allow construction
of adigital elevation model(DEM) from topographigoro les of typical vertical
accurag 1 m,interpolatedonagrid with spatialresolutionl km 1 km. The
derived DEM is undersampleth the latitudinaldirection,sincealongtrack shot-
spacingis  300m, andis oversampledn the longitudinaldirectionsincetrack
spacingstypically 2 km attheequatoranddecreasepolevards.

Several prominentdrainagesystemson Marswereanalyzed.The rst exam-
ple, Ma'adim Vallis, is situatedat the north magins of Terra Cimmeriain the
southerrhighlands.Thevalley is incisedin ancientNoachianterrain,anddrains
into Guse craterin the north. Incision by runoff erosionhasbeeninferred (19—
21) basedoninterpretatiorof featuresn Viking imagesjncluding V-shapedal-
leys draininginto the main channekrunk andtheir associatedributary networks.
A reclassi cationasa longitudinalvalley waslater preferred(4). Sappingpro-
cessesverelatersuggeste@22) to play arolein carvingthevalley, with multiple
episode®f ow.

Drainagebasinboundariesand the main stream,as computedby watershed
analysis,are shavn in a mapview of the topograply in Figure 2a. The outlet
(endpoint)of the streamcorrespondso one of the craterssuperimposean the

channel.Figure2b shavs the longitudinaltopograply pro le of the mainstream



as a function of distancealongthe channel. Downstreamfrom approximately
290 km, wheredrainageareais high, the channel oor hasa relatively constant
slope(i.e. no concaity is present). A relatively steepknickpointis presentat
about270km. Uphill, approximatelyin the rst 0-260km, small upwardscon-
cavity is obsened. Shortcorvex segmentsare seenalongthe pro le. Corvex
segmentsareparticularlyproneto erosionandhenceattestto thejuvenile uvial
characterof the system. In addition,in Figure 2athe bisectionof the drainage
basinby the main streamis stronglyasymmetrical. This geometryis character
istic of terrestrialsappingcaryons, but is atypicalin well developedoverland
ow (9). Figure2c shaws the contributing areamapfor this region. To obtaina
continuouswvatersheda large numberof local minimamustbe arti cially lled,
re ecting the unevolved natureof the surfacewith respecto runoff erosion(23).
Thisis alsoevidentin Figure2c by the low densityof tributariesandthe paucity
of high order streamsthat are not signi cantly differentinside and outsidethe
drainagebasinboundaries.Further the drainagedensityis low whencompared
with typicalterrestrialrunoff ervironmentg24, 25).

Althoughpreviously considereérunoff channele.g.4, andreferencegherein),
theresultsfrom analysisof the Al-Qahira Vallis aresimilar to thoseof Ma'adim
Vallis in that runoff erosionappearainderdeeloped. Figure 3 shavs the basin
(a) andstream(b) topograply. The streampro le consistsof severallinear sey-
ments,with little or no concaity. Hangingvalleys, or tributary streamselevated
with respecto the maintrunk, areobsernedat 210-360km and 360-540km
alongchannel(alsorecognizedor examplein Nirgal Vallis (4)). Thedeepmini-
mumat 350km alongthechannelmaybea structurethatpostdateshe channel
formation.

Lithological structuresand zonesof weaknessn Mars' bedrockmay be ev-
identin the longitudinally at oor segments,knickpointsand hangingvalleys.
The indicationof layersmay be independenbf the precisenatureof the erosion

processastheinterfacebetweenwo layersof differentstrengthor permeability



is alikely siteof intensi ed erosionfor arangeof mechanismsOn smallerscales,
penasve layeringhasbeenobsened (26, 27) throughouthe uppercrust,andthe
groundwaterhydrologicalsystemswvould certainlybe controlledby arny subsur
facestructureq4, 28, 29). However, a comparisorof strike anddip orientations
of planarsurfacestted to oor pro les revealsthatthesesurfacesarefrequently
crosscuttingevenwithin onevalley system.We thereforeconcludethatwhile in-
heritedstructuresmay be responsibldor individual streamfeaturesthey cannot

easilyaccounfor the overall topograply of thevalley system.

Basin Concavity

Many studiedn terrestrialdrainagesrnvironmentye.g.30-32), laboratoryexper
iments(33), andnumericalsimulations(34, 35 nd generaldrainagecharacter
istics that are seldomviolated. Among thesecharacteristicare smoothvalley
pro les with distinctive upwards-concee shapethatis equivalentto alocal slope
decreasén the down-valley direction. This obsenationis oftenwritten in terms

of apower law relationshipbetweeriocal slopeS andcontrituting areaA,
S A ; 2)

where is theconcaity exponent.For terrestrial uvial systemsthe exponent
is typically in therange0:3  0:7 (30, 36, 37).

Theconcaity absenfrom longitudinalpro les on Marsis alsoweakin basin
averagedquantities. Figure 4 shavs averagelocal slopeS plotted againstcon-
tributing areaA for eachof thetwo aforementioned/artiandrainagebasins.The
slopedatais sortedin logarithmicallyspacedinsin A, andthelogarithmsof the
slopesare averagedwithin eachbin. The exponent canbe inferredfrom the
slopeof curvesplottedin log-log space.Theresultsfor Ma'adim andAl Qahira

Vallesareconsistent.over 3 ordersof magnitudein A, whereA > 30km?,



is small. The scatterin the slopesintroducesvariability in , andS only weakly
dependson A. Also shawn for referencearelines correspondingo = 0:3, a
valuethatis comparatrely low but still appropriatdor someterrestrialrunoff en-
vironmentg37, 38). In therangeof highdrainageareas,ts to theaveragedslope
datayield valuesfor indistinguishabldérom thoseexpectedor randomtopogra-
phy (39). Hence,the slope-areaelationsshav no evidencefor extensve uvial

sculptingof theterrainin anervironmentwhere o w dischageincreasesteadily
downstream,as would be expectedfor sustainedyunoff-driven erosion. At the
low drainageareasupplyregion, whereA < 30km?, is in therange0.2-0.3,
consistentvith expectationdor transport-limitecerosionof ne-grainedmaterial
(38). However, eventheslightly higherexponentatlowerdrainageareass similar
to that obsened for undissectedopograply of Mars andEarth,aswell assome

randomsurfaces39).

Summary

Similarresultsareobtainedor other uvial systemsnMars,suchasNanediVal-
lis andcaryonsonthesouthwall of VallesMarineris(9). While severalprocesses
andacomple evolutionaryhistorymay berequiredto explain uvial featureson
Mars, we nd that for the examplesconsideredchere, surfacerunoff appeargo
have playedat mosta super cial role in the evolution of the Martian landscape.
Therelatve infrequeng of dissectiorover muchof the Martian surface(24, 25)
down to the scalesof highestresolutionimages(40), hasalsobeenusedto argue
againstvoluminousrunoff, andtherequiredmplicationof anearlywarmclimate.
Morphologicevidencefor surface-rundf certainlyexists (6), but the resultshere
indicatethat therehasnot beena signi cant amountof landscapesvolution by
uvial erosionin areasvhererunoff incisionhasbeenpreviously interpreted Al-
thoughothervalley incision processearenot ruled out by this analysis multiple

physiographiccharacteristicsupportgroundvater sappingas an importantcon-



tributor to theformationof the channelsxamined.
Takentogetheythesetopographically-deved measurementsidicatethatthe
channelsand associatedirainagebasinsconsiderechere have not beensubject
to signi cant, sustainedunof erosion. Dendritic networks have long beenob-
sened nearMa'adim and Al-Qahira Valles,andtheir topographigoropertiesap-
pearin low drainagearearegions. Theemeging pictureis thatthelarge volumes
of incision arerelatively unevolved with respecto overlandrunoff erosion,and
runoff networksincisethesuriacesuper cially attheuphill sourceregions.While
thetopograply of anindividual sgmentmay be lithologically controlled,exten-
sive layersareinconsistentith the orientationsof multiple segmentswithin the
drainagesystemsQuantitatve analysisof uvial topograply in concertwith fur-
therstudyof terrestrialanalogshold the promiseof evaluatingthe extentto which
lithologic heterogeneityintensityof erosionanderosionprocesdave in uenced

morphologyof river channelsandhencethe ancienthydrology of Mars.

Acknowledgments

We acknavledgehelpfuldiscussionsvith RogerPhillips,RebeccadVilliams, Robert
CraddockandNoahSryder. This studywassupportedy thegenerouskerr Fel-
lowship, the Mars Global Suneyor Project,andby DOE GrantDE FG02-99ER
15004.

References

[1] McCaulg, J.F., Carr, M. H., Cutts,J. A., HartmannW. K., Masursk, H.,
Milton, D. J.,SharpR. P, & Wilhelms,D. E. (1972)Icarus17, 289-327.

[2] Masursky, H. (1973)J. GeophysRes.78, 4009—-4030.



[3] Carr, M. H. (1981)in The Surfaceof Mars (Yale University Press,New

Haven).

[4] Baker, V. R. (1982) The Channelsof Mars (University of Texas Press,
Austin).

[5] Sa@n,C.,Toon,O.B., & GieraschP. J.(1973)Sciencel81, 1045-1049.
[6] CraddockRobertA. & Howard,Alan D. (submitted)). GeophysRes.

[7] Smith, David E., Zuber Maria T., Frey, HerbertV., Garvin, JamesB.,
Head, JamesW., Muhleman, DuaneO., Pettengill, GordonH., Phillips,
RogerJ., Solomon,SeanC., Zwally, H. Jay Banerdt,W. Bruce, Duxbury,
ThomasC., Golombek,Matthev P, Lemoine, Frank G., Neumann,Gre-
gory A., Rowlands, David D., Aharonson,Oded, Ford, PeterG., Ivanoy,
Anton B., JohnsonCatherinel., McGovern, Patrick J., Abshire,JamesB.,
Afzal, RobertS.,& Sun,Xiaoli (2001)J. GeophysRes.106E10),23,689—
23,722.

[8] Laity, J.E.& Malin, M. C. (1985)Geol.Soc.Am.Bull. 96, 203-217.

[9] Kochel,R.C. & Piper J.F. (1986)J. GeophysRes 91, E175-E192.
[10] Gulick, V. C. & Baker, V. R. (1990)J. GeophysRes.95, 14,325-14,344.
[11] Gulick, VirginiaC. (2001)Geomorpholgy 37, 241-268.

[12] Goldspiel J.M. & SquyresS.W. (2000)Icarus148 176—192.

[13] Williams, RebeccaM. E. & Phillips, RogerJ. (2001) J. Geophys.Res.
106(E10),23,737-23,751.

[14] TarbotonD. G. (1997)Water ResourRes.33(2), 309—-3109.

[15] Espositof. B., BanerdtW. B., Lindal, G. F,, Sjogren,W. L., Slade M. A.,
Bills, B. G., Smith,D. E., & Balmino,G. (1992)Gravity andtopograply, in

10



Mars, eds.Kieffer, H. H., Jalosky, B. M., Sryder, C. W., & Matthevs,M. S.
(Univ. of Ariz. Press;Tucson),pp.209-248.

[16] Pieri,D. C.(1980)Science210, 895-897.

[17] Goldspiel,J. M., Squyres,S. W., & Janlowski, D. G. (1993)Icarus 105
479-500.

[18] Albee, Arden L., Arvidson, RaymondE., Palluconi, Frank, & Thorpe,
Thomag(2001)J. GeophysRes.106E10),23,291-23,316.

[19] Sharp,R.P & Malin, M. C. (1975)Geol.Soc.Am.Bull. 86, 593-609.

[20] Masursly, H., Boyce, J. V., Dial, A. L., SchabertG. G., & Strobell,M. E.
(1977)J. GeophysRes.82, 4016-4037.

[21] Carr, M. H. & Clow, G.D. (1981)Icarus48, 91-117.

[22] Cabrol,N. A., Grin,E. A., & R, Landheim(1998)Icarus1322), 362—-377.
[23] BanerdtW. B. & Vidal, A. (2001)Lunar Planet.Sci.XXXII , #1488.

[24] Carr, M. H. (1995)J. GeophysRes.100, 7479-7507.

[25] Carr, M. H. & ChuangF. C. (1997)J. GeophysRes.102 9145-9152.

[26] Malin, M. C.,Carr, M. H., DanielsonG. E., Davies,M. E.,HartmannW. K.,
Ingersoll, A. P, JamesP. B., Masursk, H., McEwen, A. S., Soderblom,
L. A., ThomasP, Veverka,J.,Caplinger M. A., Ravine, M. A., Soulanille,
T.A., & Warren,J.L. (1998)Science279, 1681-1685.

[27] Malin, MichaelC. & Edgett,KennethS. (2000)Science290, 1927-1937.

[28] Baker, V. R.,Strom,R. G.,Gulick, V. C.,Kargel,J.S.,KomatsuG., & Kale,
V. S.(1991)Nature 352, 589-594.

[29] Clifford, S.M. (1993)J. GeophysRes98, 10,973-11,016.

11



[30] Flint, J.J.(1974)Wat. ResourRes.10, 969-973.

[31] Howard,A. D. & Kerby, C. (1983)Geol.Soc.Am.Bull. 94, 739-752.

[32] Whipple,K. X., Kirby, E., & BrocklehurstS.H. (1999)Nature 401, 39-43.
[33] Howard,A. D. & McLane,C. F. (1988)Water ResourRes.24, 1659-1674.

[34] Willgoose,G., Bras,R. L., & Rodriguez-lturbel. (1991)Wat. ResourRes.
27,1697-1702,

[35] Howard,A. D. (1994)Wat. ResourRes.30, 2261-2285.

[36] Tarboton,D. G., Bras,R. L., & Rodﬁguez-lturbe,l. (1989) Water Resour
Res.25(9), 2037-2051.

[37] Whipple,K. X. & Tucker, G. E. (1999)J. GeophysRes.104, 17661-17674.

[38] Howard, A. D., Dietrich, W. E., & Seidl, M. A. (1994) J. GeophysRes.
99(B7),13,971-13,986.

[39] Schoghofer N. & Rothmanp. H. (2001)Phys.Rev. E 63, 026112.

[40] Malin, M. C. & Carr, M. H. (1999)Nature 397, 589-591.

12



List of Figures

1  Topograply of Bown's Caryon, Utah(a) mapview, and(b) longi-
tudinalpro le. In (a),thedrainagebasinboundaryis indicatedby
a dashedine, andthe main streamby a solid white line. In both
panels.1 kmintenalsalongthe streamareindicatedby circles.. . 14
2  Topograply of Ma'adim Vallis, Mars (a) mapview, and(b) lon-
gitudinalpro le. Panel(c) shavs adrainageareamap,computed
by the watershednethodologyasdescribed.The basinboundary
andmainstreamareindicatedasin Figurel. Circlesindicate100
km intervalsalongthe stream.To identify themainchannein the
watershedanalysissmall pits in the topograply have been lled.
Thelongitudinalpro le shavstheun lled topograply. . . . . .. 15
3  Topograply of Al-QahiraVallis, Mars (a) mapview, and(b) lon-
gitudinal pro le. The basinboundary main streamand 100-km
intenalsareindicatedasin Figurel. . . . . ... ... ... ... 16
4  Slope-areaelationsfor Ma'adim (crosses)and Al-Qahira (cir-
cles)Valles. Vertical barsindicatethe standarcerrorsin themean
slope.Also shovn arereferencdines(dashedyith concavity ex-
ponent = 0:3. Sincelocalslopefalls off g with areamoreslowly
thanin known uvially erodedbasinswe deducethaterosionby

surfacerunoff waslimited in theseareaonMars. . . . . . . . .. 17
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